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Abstract. The magnetic method is the oldest and one of the most widely used geophysical
techniques for exploring the earth's subsurface. It is a relatively easy and inexpensive tool
to employ, being applicable to a wide variety of subsurface exploration problems involving
horizontal magnetic property variations occurring from near the base of the crust to within
the uppermost meter of soil. Successful applications of the magnetic method require an
in-depth understanding of its basic principles and careful field work, data reduction, and
interpretation. Commonly, interpretations are limited to qualitative approaches which simply
map the spatial location of anomalous subsurface conditions, but under favourable
circumstances the technological status of the method will permit more quantitative
interpretations involving specification of the nature of the anomalous sources. No other
geophysical method provides critical input to such a wide variety of problems. However,
seldom does the magnetic method provide the complete answer to an investigation problem.
As a result, it is generally used in concert with other geophysical and geological data to limit
its interpretational ambiguities.
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1. Introduction
Magnetic exploration is based on mapping perturbations or anomalies of the
geomagnetic field related to lateral magnetic property variations of the subsurface.
Magnetic anomalies detected by conventional magnetometers range from small-scale
features derived from magnetic property differences within the uppermost meter of
soil to very long wavelength anomalies related to broad-scale variations of the
magnetic properties near the base of the lithosphere. Hence, the magnetic method is
used in the solution of geologic problems over a considerable number of applications
ranging from archaeological and engineering site investigations, to exploration for
economic resources, and studies of crustal tectonic features and processes.
The geomagnetic field is a potential field so that any set of magnetic observations
can be related to an infinite number of magnetic source distributions. This inherent
ambiquity of the magnetic method plus additional uncertainties resulting from the
observation, reduction and processing of these data limit the accuracy of geologic
interpretation. This ambiguity can be significantly diminished, however, with the use
of constraining geologic and geophysical data.
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1.1 Applyin9 the magnetic method

The application of the magnetic method to the solution of geologic problems requires
a multiple step process involving data acquisition, data reduction, anomaly isolation,
anomaly inversion for source characteristics, and geologic interpretation. In the data
acquisition phase, considerations must be given to observing the data at a detail and
a precision which allow an interpretation appropriate to the problem. These
requirements are dictated by the range of characteristics of the anticipated geologic
objectives translated into their magnetic expression either by experience or mathematical modelling. Furthermore, the data must be acquired over a broad enough
region so that the anomalous features can be isolated from the background magnetic
signatures.
Reducing magnetic data to interpretable form is necessary because the data as
observed in the field are subject to a wide range of extraneous spatial and temporal
variations in addition to the anomalous signals from the geologic sources of interest
to the study. These extreneous variations (noise) must be removed or minimized by
the observational procedure or subsequent calculations so that the signal-to-noise
ratio is great enough to permit interpretation of the anomaly. This step in the
application of the magnetic method generally requires collateral information which
can complicate and increase the cost of the geophysical surveying.
After all predictable extraneous variations in the magnetic field are eliminated from
the observed data, the anomaly field consists of a range of magnetic signatures from
unknown geologic sources. Hence, the anomaly of the source of interest must be
isolated from these other sources. The difficulty of this task is determined by the
uniqueness of the anomaly of interest relative to other existing anomalies. ,,The task
can be accomplished by a variety of techniques which isolate the critical anomalies
or enhance them by emphasizing particular key attributes. In simple, qualitative
interpretation, the process of applying the magnetic method is terminated at this
point because the anomalous geologic source is identified and its position established.
However, the characteristics of the anomaly can be quantitatively analysed to interpret
additional attributes of the source.
Anomaly characteristics of size, shape, amplitude, gradients, etc., when combined
with geologic knowledge of the study area, will suggest a conceptual model of the
magnetic source and a preliminary estimate of its geometry, size, depth and magnetic
property contrast with the surrounding "country" rock. This initial physical model
of the source is commonly refined through inversion techniques where a subset of
source parameters is estimated directly from the observed anomaly while the rest of
the parameters are assumed to be known and fixed. A basic and time-honoured
approach to anomaly inversion involves the "trial-and-error" use of forward modelling
to match attributes of the observed anomaly. In this approach, the theoretical anomaly
is computed from the conceptual model and compared with the observed anomaly.
The process is repeated with continued modifications of a relatively small number of
source characteristics until the observed and compiled anomaly match to a specified
degree of similarity. This approach, however, is not feasible when the number of
source parameters which must be determined from the anomaly data becomes large.
For more complex problems involving many unknown source parameters and
anomaly observations, linear inversion methods are commonly adopted.
The model of the geologic source which is interpreted from the magnetic anomaly
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is necessarily idealized and expressed in terms of relatively simplistic quantitative
attributes to facilitate the computational procedures. Hence, in the final step, the
quantitative model is translated into a geologic context using geologic principles and
the geology of the study region.

2. Fundamental relationships
Magnetic survey applications involve measuring perturbations of the geomagnetic
field caused by subsurface anomalous sources at or near the earth's surface, extracting
the geological component from these measurements, and translating the anomaly
data into the anomalous geology, Perturbations of the geomagnetic field are caused
by horizontal variations in the magnetic polarization of the earth, and hence by
horizontal variations of the magnetic properties of the subsurface. Magnetic anomaly
fields are potential fields, and thus obey Laplace's equation. Their magnitudes are a
function of the change in potential energy (work) so that they depend upon the relative
position of the anomalous source and the point of measurement. Magnetic anomaly
fields are the summation of the effects of all anomalous sources regardless of quantity
and distance.

3. Isolation and enhancement of anomalies
Magnetic anomaly fields combine the effects of all horizontal variations in magnetic
polarization within the earth, and thus the anomalies of interest in a particular geologic
application are commonly distorted by overlapping anomalies. Magnetic anomaly
fields include the effects of deeper, broader sources called regional anomalies, local
sources which are considered noise, as well as the anomalies of interest which are the
so-called residual anomalies. The definition of the residual anomaly is not very precise,
but perhaps can best be defined as the anomaly of geologic interest in a particular
study. Broader anomalies are regional and smaller anomalies are noise. Thus, the
specification of an anomaly as a residual is problem-dependent. The separation of
the residual anomaly from the magnetic field is a critical problem that controls the
accuracy of the interpretational process. The subjectivity of the residual determination
process makes it potentially one of the major limitations of applying the magnetic
method.
Over the years numerous graphical and numerical techniques, which are in reality
filters, have been devised to focus on a particular anomaly type, of specified
characteristics, within a field of superimposed anomalies of varying properties. These
techniques can be divided into two broad categories as isolation and enhancement
methods. Isolation techniques are used to eliminate from the anomaly field all
anomalies which do not have a certain set of specified characteristics. Thus, the
remaining anomaly, the residual anomaly, is the isolated magnetic expression of the
geologically-significant source. The fundamental premise of the "isolation" approach
is that the geologically significant anomaly is only slightly modified. Therefore, the
anomaly that is retained is in a form that can be used for quantitative analysis and
modelling. In contrast, enhancement techniques accentuate a particular characteristic
or group of characteristics of anomalies which are definitive of anomalies that have
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special geologic significance. In the process of enhancing these characteristics, the
anomalies are accentuated to increase their perceptibility. Thus, the anomalies are
distorted and are no longer generally useful in modelling. The "enhanced" magnetic
fields are primarily used in qualitative visual inspection analysis and interpretation.
Elimination of regionals and noise from magnetic field data is a filtering process.
The ideal residual determination method will "pass" without distortion only those
anomalies which are significant to the particular problem and will attenuate all others.
Properly selected methods have very useful filtering characteristics, but the cut-offs
are seldom sharp and can lead to both amplitude and phase distortions. This is
complicated by the wide spectrum of frequencies that may be present in an anomaly.
The frequencies--or more properly wavenumber because we are considering the
space rather than the time-domain--and their reciprocal wavelengths are the basis
of most filtering procedures. However, filtering can also be based on the magnitudes,
gradients and directions of anomalies. These anomaly characteristics can be used in
an inspection interpretation, but as the residual anomalies become similar to the
regional and/or noise it is helpful to utilize arithmetic filters based on one or more
of the anomaly characteristics.
3.1 Techniques
Of all the techniques for isolating the residual anomalies, the simplest and most
effective is the geological method. In this method the anomalous effect of known
geology is computed and subtracted from the observed anomaly. It is best to eliminate
all known effects in this way, but geologic and physical property information are
seldom sufficiently complete to warrant these computations.
Widely used approaches to isolation of residual anomalies include a variety of
techniques which are variations of graphical procedures. These techniques are
empirical and are most satisfactory for simple regional anomalies which are markedly
different from the residuals (Nettleton 1954). In the profile method, smooth regional
curves are visually estimated and drawn through the profiles and this smoothed profile
is subtracted from the observed anomaly to obtain the residual. In turn, the observed
anomaly can be smoothed to eliminate noise in the data. A degree of control can be
imparted to this subjective process by establishing a network of intersecting profiles
and requiring the smoothed regionals to be equal at intersecting points. Another
graphical method employs smooth contours of the observed magnetic fields to obtain
the residual anomalies. Also, parallel profiles drawn perpendicular to the strike of
the regional anomaly pattern can be stacked together by averaging values located at
the same position on parallel profiles to obtain the mean regional anomaly which
then can be subtracted from the observed anomalies to isolate the residual anomalies.
This method assumes that the regional anomaly is constant in amplitude and phase
from one profile to another and the residual anomaly values show a normal
distribution about the regional.
Trend surface analysis (Agocs 1951; Oldham and Sutherland 1955; Skeels 1967) is
a variation of the graphical procedure which minimizes the subjective nature of the
process. In this method the regional is approximated from the observed values by
least-squares methods. The regional is subtracted from the observed values to obtain
the residual anomaly. Furthermore, the anomaly field may be closely approximated
by least squares to eliminate noise. Thus, two equations, one approximating the
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regional and the other the original function, may be subtracted from one another to
obtain an effective bandpass filter.
The most widely used method of isolating and enhancing anomaly data is digital
filtering (Peters 1949; Henderson 1960; Byerly 1965; Fraser et al 1966; Fuller 1967;
Grant 1972) which can be carried out in either the spatial or wavenumber domains.
In the space domain this is accomplished by the mathematical equivalent of passing
an anomalous field through a linear filter. This filtering operation can be expressed as
c(z)l(x - z)dz,

O(x) =
-T

where l(x) is the data along a profile to be filtered by a function c(x) of length 2T,
O(x) is the filtered output, and dT is the data increment. The simplest form of this
filtering function is the running mean where da~a for an equal distance on either side
of a central value are averaged to estimate the regional (smoothed) value at the central
point. The regional minus the central value provides the residual value. In twodimensions this approach (Griffin 1949) is used for map data by moving an imaginary
grid across the map, estimating the regional value at the centre of the grid from values
at grid points symmetrically arranged around the central point, and subtracting this
regional value from the central value to determine the residual anomaly at the centre
point. The residual anomaly map can be prepared by moving the grid over the map
~n a regular pattern. Although more objective than graphical methods, the so-called
'grid' approach can lead to serious distortion of residual anomalies depending on the
coefficients of the filtering function and the size of the grid.
Digital filtering is more efficiently accomplished in the wavenumber domain (Dean
1958; Bhattacharyya 1965) when dealing with large data sets. In this procedure, the
input data set is Fourier-transformed into the wavenumber domain (its spectrum) by
the direct transform, multiplied by an appropriat e filtering function, and then
transformed back into the space domain by the inverse Fourier transform. This is an
efficient process on digital computers and filters can be simply designed to carry out
a wide variety of digital filtering processes.
The reduction-to-pole filter (Baranov 1957; Baranov and Naudy 1964) is used to
remove from magnetic anomaly data the distorting effect of the varying inclination
and azimuth of magnetic polarization assuming the magnetism is totally induced by
the earth's field. This is accomplished by a filter operator which adjusts the data to
the idealized condition of vertical polarization which is only practically achieved at
the magnetic poles. As a result of this filtering, the correlation between a magnetic
anomaly and its source is enhanced.
The wavelen#th (or wavenumber) filter (Zurflueh 1967; Lidiak et al 1985) is one of
the more useful of the filtering processes. This filter can be designed to remove: (i) the
high-wavenumber noise due to small, near-surface sources with a low-pass filter, (ii) the
longer wavelength component of the regional anomalies with a high-pass filter, or (iii)
both long- and short-wavelength components with a band-pass filter. Although source
depth is a major factor affecting the source of a spectrum, it is difficult to use the
wavelength filter as a 'depth filter' because of the effect of the geometry and size of
the sources. However, a high-pass filter designed to pass only wavelengths of less
than six times the depth to the sources will provide a reasonably close approximation.
An alternative to wavelength filtering is to prepare shaded-relief maps in which the
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anomaly values are assigned a vertical scale proportional to the reflections from
topography illuminated from a specified light source. The effect is to enhance anomalies
with energy primarily in the higher wavenumbers and which strike perpendicular to
the illumination direction (Chandler 1985; Dods et al 1985; Broome 1986).
Derivative filters (Peters 1949; Mesko 1966) are a powerful technique for enhancing
the higher wavenumber components of an anomaly field. Both vertical and horizontal
derivatives are readily computed to focus upon the anomalies of the smaller and
near-surface anomalous sources and thus are especially useful for enhancing anomaly
details. However, they are particularly susceptible to distortion from noise. Horizontal
and vertical derivatives depict the gradient or the variation in the gradient of the
anomaly field and emphasize higher gradients which are related to near surface sources
and are associated with the positions of the boundaries of magnetic anomaly sources.
Consequently, derivative filter data will provide aproximate shape outlines ofanomaly
sources. However, the shape of the derivative anomalies is unlike the observed anomaly
data and the amplitude of the original anomaly is lost. Therefore, care must be used
in interpreting the data directly.
Continuation filters (Peters 1949; Henderson 1949; Dean 1958; Negi 1967; Keller
et al 1985; Yarger 1985) project the observed anomaly field to higher elevations
(upward continuation) or to lower elevations (downward continuation) and therefore
effectively serve as low-pass and high-pass filters respectively. Upward continuation
minimizes the effect of higher wavenumber components associated with more local,
shallower source anomalies. In contrast, downward continuation emphasizes these
components and increases the resolution of the anomaly field to individual sources.
Downward continuation is a particularly powerful tool in the study of near-surface
sources, but its usefulness is dependent on the elimination of noise which can cause
instability in the solutions. One of the critical advantages of the continuation methods
is that the character of the geopotential field anomaly is retained as long as the
continuation does not extend into the sources and thus quantitative calculations can
be performed on the results of anomaly continuation.
The strike-sensitive filter (Chandler 1985; Lidiak et al 1985) is used to selectively
pass or reject wavenumber components which trend over a limited range of directions.
However, the power of the filter is tempered by the distortion of the anomalies which
minimizes its interpretational effectiveness. Emphasis is placed on the change in the
relative amplitudes of the anomalies upon being filtered with this procedure and
terminations and disruptions in the linearity of the anomalies.

4. Interpretation
The level of interpretation achieved in magnetic exploration is highly variable
depending on the survey objectives, the quality of the data, and the available time
and resources. Interpretation can range from simple identification and location of
anomalous magnetic property contrasts in the subsurface to three-dimensional
modelling leading to complete characterization of anomaly sources. A key element
in magnetic interpretation is the availability and quality of ancillary data regarding
the subsurface. Interpretation is ambiguous because the observed anomaly can be
reproduced by an infinite number of source distributions shallower than the actual
source of the anomaly and because of imprecision in the data. As a result, ancillary
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data, especially direct geologic data, provide important constraints to interpretation.
These data can be used to develop conceptual subsurface models (hypotheses) to be
tested by the data interpretation. Interpretation is commonly performed in an
interative manner utilizing previous interpretations as well as other geologic and
geophysical data to develop improved models for testing until an interpretation is
achieved which is compatible with all data sets.
A generalized approach to interpretation of magnetic anomalies is as follows after
the data are assembled and conceptual models of the anomaly sources are developed:
(i) Use enhancement techniques together with anomaly data to locate residual
anomalies. Qualitative interpretation will stop here. (ii) Use isolation techniques to
define residual anomaly. (iii) Apply approximate interpretation techniques for
preliminary characterization of source. (iv) Perform anomaly inversion and modelling
to determine source characteristics. (v) Translate source characteristics into geologic
terms.
Commonly, magnetic data are acquired along a series of parallel profiles. Thus,
the data can be viewed and interpreted either as profiles, or in two-dimensions as a
map of isoanomaly contours. Both profile and map interpretation have their peculiar
attributes and advantages. Map interpretation presents the data in a form which
focuses on the two-dimensional spatial distribution of the anomalies that is familar
to all geoscientists. However, contouring of data is in effect a high-cut filtering process,
and hence the low amplitude, high wavenumber (frequency) anomalies are lost or at
least minimized. To eliminate this problem and to focus on gradients which are very
important in interpretation, data are often presented and analysed in profile form.
This is particularly appropriate for magnetic data which are generally observed at a
closer spacing along profiles than the distance between profiles. Furthermore, profile
interpretation tends to be an efficient process in comparison to map interpretation.
Thus, profile interpretation is often an initial step to three-dimensional modelling of
anomalies in map form. Profile interpretation is theoretically valid, if the anomaly
sources strike perpendicular to the profile and are 'two-dimensional' or strike infinite.
Two-dimensionality is considered to be a reasonable approximation if the sources
strike a minimum of five times the smallest distance dimension on either side of the
profile.
4.1 Approximation techniques
There are a number of approximation or "rule of thumb' techniques that have been
developed for the analysis of magnetic anomalies. Although some of these are
empirical, for the most part they are derived from simplification of theory by making
certain basic assumptions. These methods are useful for rapid or preliminary analysis
of data and are often all the interpretation that is justified by the problem or the
data. The reader is referred to geophysical texts (e.g. Grant and West 1965; Telford
et al 1976) for a comprehensive discussion. Here, we will only present a few of the
most-used techniques.
Numerous techniques have been developed for approximating the depth to sources
from a measure of the gradient of observed anomalies (e.g. Reford and Sumner 1964;
Am 1972). These techniques provide maximum depth to the top or centre of the
source and are based upon recognizing the geometric form of the anomaly source
from the anomaly characteristics. In general, the magnetic method provides greater
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1. Depthto the centre(Zc)or top
(Zr) of ideal magneticsources based on
one-half the width of the anomaly(X1/2)
at one-halfits maximumamplitude.
Table

Geometricform
Sphere (dipole)
Horizontal cylinder
(line of dipoles)
Vertical cylinder
(monopole)
Edge of narrow dike
(line of monopoles)

Magneticdepth
Zc~<2"0Xt/2
Zc~<2'0X1/2
Z r <<.1.3X1/2

Zr ~<1"0X1/2

depth resolution than the gravity method and thus is preferred wherever possible.
The greater resolution is a result of the higher exponent in the 1/r~ decay function
and the relative insensitivity of the magnetic method to depth extent. One of the
useful depth techniques is the half-width measurement where one-half the width of
the anomaly at one-half the amplitude is related to maximum depth (Nettleton 1940).
In the magnetic case, these are based upon an assumption of vertical magnetic
polarization. These relationships are given in table 1. Smith (1959) derived depth
determination techniques for magnetic anomalies based on their horizontal derivatives.
Vacquier et al (1951) developed empirical relationships between depth to the source
of magnetic anomalies based on the length of the horizontal projection of the 'straight
line' part at the inflection point on the steepest gradient of the anomaly curve. This
relationship varies with source and other key variables, but in magnetic anomalies
it is approximated by Z(depth)= (I'I)XssL, where XSSLis the horizontal projection
of the straight-line portion of the anomaly curve through the maximum gradient.
These methods as all other depth determination techniques are potentially erroneous
depending upon the quality of the measurements and the degree to which the
simplifying assumptions are met by the geologic conditions.
4.2 Anomaly inversion and modellin#
The general problem of estimating quantitative parameters of the source from the
anomaly data is known as anomaly inversion. The inversion of residual anomalies is
used to determine shape attributes, volume, depth, depth extent, magnetic properties,
etc. of the geologic sources. Solving the inversion problem requires postulating a
mathematical model of the source with parameters which can be related to variations
in the anomaly data. Evaluating anomaly values from the mathematical model of the
source is called forward modelling. The solution of the inverse problem is based on
how well anomaly predictions derived from forward modelling compare with the
residual anomaly. However, a close match between predicted and residual anomalies
does not guarantee a unique solution, but rather the solution is only one of a family
of possible interpretations. This is because of the source ambiguity of potential fields,
solution uncertainties related to errors in the residual anomaly values, and errors in
postulating the mathematical model which in every instance represents a simplified
approximation of the source.
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A classical and time-honoured approach to anomaly inversion involves the use of
forward modelling to match observed anomaly values based on "trial-and-error"
alterations of the parameters of the mathematical model of the source. This is the
most used and successful method of interpreting magnetic anomaly data (Bhattacharyya
1978). An analytical or numerical representation of a source is dictated by a conceptual
model of the subsurface which commonly includes preliminary source characteristics
derived from the anomaly by "rule of thumb" methods. The objective in forward
modelling is to refine preliminary estimates and develop further details of the source
in the subsurface.
Forward modelling is widely used in interpretation, either in the "trial-and-error"
mode or in a more focused strategy of inversion. It involves the computation of an
anomaly from an assumed model with iterative re-computation based on modifications
to the model characteristics until a "close" correlation with the residual anomaly is
achieved. "Close" correlation between the residual and calculated anomalies is highly
subjective with criteria for judgement likely to vary with interpreter, amount of
geologic and geophysical control, purpose, and resources. However, the most critical
aspect of modelling is the similarity of horizontal gradients which can be checked by
calculating and comparing the observed and modelled horizontal derivatives. The
amplitude of the modelled anomaly can be matched at the final stage by adjustment
to the magnetic property contrast. This form of modelling can be carried out manually
or by semi-automatic techniques. In the latter approach, initial model estimates are
made and subsequent adjustments are imposed upon the model based on established
criteria until the model matches the residual anomaly to a specified degree of precision.
Numerous equations and algorithms exist in the literature for computing magnetic
anomalies of geologic sources which are used in the forward modelling component
of anomaly inversion. Relatively complex computations of magnetic anomalies derived
from arbitrarily shaped two- and three-dimensional sources are routinely performed
by established procedures (e.g. Talwani and Heirtzler 1964; Talwani 1965; Shuey and
Pasquale 1973; Plouff 1976; Ku 1977; Cady 1980; von Frese et al 1981b). Simpler
computations which idealize the anomaly source in terms of symmetric shapes are
presented in geophysical texts and in several original references (e.g. Nettleton 1942;
Reford 1964; Breiner 1973; Reford 1986). A ntlmber of equations for computing the
magnetic anomalies of idealized sources are summarized in table 2.
The most widely used approach to magnetic anomaly interpretation involves the
"trial-and-error" application of these idealized and generalized anomaly computing
algorithms in forward modelling. This approach is feasible as long as the number of
source parameters which must be considered in the inversion is small. However, for
problems with many variables, it becomes difficult to know which of the variables to
modify for each iteration and convergence to a solution can become so slow as to
make this approach impractical. Linear inversion methods are commonly adopted
to solve these more complex problems involving many unknowns and residual
anomaly observations (e.g. Bott 1973; Emilia 1973; Mayhew 1979; Peterson 1979; yon
Frese et al 1981a).
Linear inversion assumes that the observational data can be related to a system
of simultaneous equations which are linear in the unknown variables of the problem.
This formulation is particularly well suited for magnetic anomaly analysis because
potential field theory guarantees that any combination bf anomaly values can be
expressed as a linear superposition of magnetic source effects. Of course, an
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Table 2.
sources.

Equations for computing magnetic anomalies of ideal

Source
Basic
Sphere
Vertical cylinder
(infinite)
Horizontal cylinder
(infinite)
Narrow vertical
sheet
Vertical fault
Finite slab

Magnetic anomaly
T = k H V / r ~, where k = (kin)(% magnetite)
T = ( 8 n k H R 3 / 3 d 3 ) ( 1 - x2/2d2)(1 + x 2 / d 2 ) T = ( n d k H R 2 ) ( x 2 + d 2)-3/2 E >>d
T = (2gkHR2(d 2

--

5/2

x2))(x 2 -~- d2) -2

T = ( 2 k H t ) [ ( d l / ( x 2 + d2)) -

(d2/(x 2 + d2))]

d 2)
02), E <<d

T = (2kHtx)/(x 2 +
T= (2kH)(O 1 -

where T is the magnetic anomaly in oersteds in a vertical polarizing
magnetic field caused by a magnetic susceptibility contrast (k) in
emu/cm3; k . is the susceptibility of magnetite (-'- 0"25); H is the vertical
magnetic field in oersteds; V is volume; r is the distance between
observation point and centre (sphere) or axis (cylinder) or centreline; x
is the horizontal distance from observation point to centre (sphere) or
axis (cylinder) or centreline (sheet) or edge (fault); d is depth to centre
(sphere) or axis (cylinder) or top (dl) or bottom (d2) of sheet or centreline
(fault); t is thickness; R is radius; E is depth extent; 0 is angle from
horizontal. All distances are measured in common linear units (e.g.,
centimeters, meters, kilometers, inches, feet, yards, kilofeet, miles, etc.).

investigator may also consider a source model which is not linear in the variables of
interest, but the solution of the nonlinear inverse problem requires the application
of significantly more complex and numerically intensive computations. Because of
the great computational efficiency of linear inversion, there is considerable incentive
to linearize the inverse problem whenever possible. Accordingly, nonlinear problems
of inversion are often approximately transformed into linear problems by expanding
the source model to first or second order in a Taylor's expansion as a function of the
variables of interest (e.g. Bevington 1969).
4.3 Linear inversion
The linear inverse problem in magnetic anomaly interpretation can be expressed in
matrix notation by (yon Frese et al 1988)
Q x = OBS,

(1)

where Q is an n by p matrix containing the coefficients of the parameters of the
source model which are assumed to be known, X is a p by 1 column matrix containing
the solution coefficients for the unknown parameters of the source, and OBS is an n
by 1 column matrix containing the residual anomaly values. For geologic applications,
the number of unknowns is generally less than the number of observations (i.e. p < n)
and the system of linear equations given in equation (1) is related to an incomplete
set of anomaly data which contain inaccuracies in measuring the anomaly values and
their spatial coordinates and other errors. Hence, a least-squares soultion of equation
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(1) is normally considered, as given by

X = (QrQ)- 1QrOBS,

(2)

which minimizes the sum of squared differences between predicted and observed
anomalies. In equation (2), Qr is the transpose of Q.
Efficient procedures for obtaining the least-squares solution in equation (2) avoid
computing the inverse of QrQ directly, using instead rapid Gaussian elimination
techniques to process the system of normal equations given by

QrQX = QrOBS.

(3)

In theory, QrQ is a symmetric, positive definite, real matrix and hence there is an
upper triangular matrix R so that QrQ = RrR (Lawson and Hanson 1974). Replacing
the matrix QrQ by its Choleski factorization, RrR, permits especially rapid and
efficient processing of the system in equation (3) to yield the fastest method for
obtaining the least-squares solution (Bhattacharyya 1980).
To generate the least-squares solution of equation (2), it is necessary that QrQ be
nonsingular. Singularity of the system occurs if a row (or column) contains only zeros
or if two or more rows (or columns) can be related by a linear transformation. A
more common condition in geologic applications is for the system to be near-singular,
so that in the computer's working precision the elements of a row (or column) are
nearly zero or two or more of the rows (or columns) are nearly linear multiples of
each other. Near-singularity of the linear system is characterized by a soultion with
large and erratic values, and hence large variance. In this case the solution is said to
be unstable and its transformations may be geologically meaningless, even though
the solution may model the anomaly observations with great accuracy.
The variance of the least-squares solution of equation (12) is related to the variance
in the anomaly observations by (Draper and Smith 1966)
var(X) = (Qr Q)- Xvar(OBS).

(4)

When the problem is ill-conditioned or near-singular, one or more of the eigenvalues
of QrQ will be very much smaller than 1 (Hoerl and Kennard 1970a, b). The effect
of these eigenvalues on equation (4) can be seen by considering the singular value
decomposition of (QrQ)-1 which is given by
(QTQ)- 1 = VD- 2 V T,

(5)

where V is a p by p matrix whose columns are the eigenvectors of QrQ, and D is a
square, diagonal matrix containing the p eigenvalues of Q, which are the square roots
of the eigenvalues of QrQ. By inserting the result of (5) into (4), the presence of very
small eigenvalues corresponding to near-singularities of the system can be seen to
cause the elements of D-2 to blow up and dominate the instability of the solution.
Uncertainties in the anomaly amplitudes OBS do not influence the singularity of the
system, but rather they combine with these conditions via equation (4) to produce
uncertainties in the least-squares solution X.
In potential field theory, the linear system can be made singular only if source
points and observation points are specified at the same locations. In practice, however,
singularity or near-singularity may be introduced by many factors, including errors
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in specifying the variables used to compute the coefficients of Q, or improper scaling
of these computations where the significant figures of the variables are only partially
accounted for within the computer's working precision. In general, the stability of
magnetic anomaly inversion is likely to be a complicated function of the integrated
effects of many parameters. To engineer a useful solution, the investigator may be
able to modify some of the parameters readily, but for others it may prove very
difficult, if not impossible, to reparametrize the inversion problem effectively.
The need for detailed reparametrization of an inversion can be mitigated somewhat
by using the general linear inverse (Jackson 1972; Wiggens 1972) to obtain a
least-squares solution which principally reflects the less singular portion of the linear
system established by a chosen parametrization. The procedure involves computing
eigenvalues and associated eigenvectors of the linear system from QrQ and forming
the Lanczos or natural inverse (Lanczos 1961) given by
(QrQ)-IQr = VD-1 U r

(6)

to evaluate equation (2). Here, U = Q V D - t is an n by p matrix whose columns are
the eigenvectors of QQr that correspond to the p eigenvalues of Q. To manage the
variance of the least-squares soultion, the procedure is simply to modify the Lanczos
inverse (6) by setting an eigenvalue to zero if it is less than some appropriate threshold
value. Details of the procedure and its use in designing inverses for ill-posed linear
systems are given in Jackson (1972) and Wiggens (1972).
An elegant adaptation of the generalized inverse for the stability analysis of magnetic
anomaly inversion is described by Langel et al (1984). However, when dealing with
systems involving a large number of unknowns, the numerical determination of the
eigenvalues and eigenvectors is often not feasible. Also, criteria are required to
discriminate between the larger, relevant eigenvalues of the problem and the smaller,
unimportant ones which must be discarded. For many types of problems, the
appropriate division of eigenvalues is suggested by a break or sharp change in the
gradient of the eigenvalue spectrum. However, as shown in the example considered
by Langel et al (1984), magnetic anomaly inversions can yield eigenvalue spectra
which provide relatively little explicit insight for choosing appropriate threshold limits.
An alternative least-squares procedure for obtaining a stable solution is to retain
the smaller, problematic eigenvalues, but weighted now by the addition of a small,
positive constant EV to dampen their effects on the linear system. This approach is
equivalent to solving the linear system in equation (1) for the damped least-squares
solution given by
X' = [QrQ + (EV)I]- 1QrOBS,

(7)

where I is the identity matrix, and EV is called by various names including the
damping factor, the Marquardt parameter and the error variance. For ill-conditioned
systems, an appropriate choice of the damping constant EV will reduce the variance
of the solution and hence improve substantially the mean square error of least-squares
estimation and prediction.
The damped least-squares solution is computationaUy much more efficient to
implement for magnetic anomaly inversion than the generalized inverse of equation
(6) which requires an eigensystem decomposition of the problem. This is because the
damped solution in (7) can be obtained using the fast and elegant Choleski
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factorization. Also, objective procedures can be readily devised to identify a Value of
the error variance EV which minimizes the destabilizing effects of the parameters that
cause the inversion to be ill-posed. For example, several solutions for different EV
values can be rapidly computed from equation (7) and compared in terms of trade-off
diagrams where the solution variances and the mean-squared differences between
predicted and observed anomalies are plotted as functions of the EV values. The
intersection of these two curves will identify an EV value which is nearly optimal in
the sense that it is just large enough to stabilize the solution, yet small enough that
the predictive properties of the solution are maximized. Further details and examples
concerning linear inversion in magnetic anomaly analysis are given by von Frese et al
(1988).
Upon completion of the modelling procedures and the consequent definition of
the anomaly source characteristics, there remains the problem of putting the physical
model and the magnetic property contrast into a geologic context. This calls for
integration of geologic principles and laws and rock properties with the magnetic
model.

5. Geological applications of magnetics
The magnetic method is the oldest and one of the most widely used geophysical
techniques for investigating the subsurface earth. Prior to the mid-1940s, magnetic
observations for geoexploration purposes were made solely from stationary positions
at the earth's surface with instruments based on measuring the deflection of a
counterbalanced magnetic element. As a result, the method was generally applied on
a local basis to specific geologic mapping problems. However, with the advent in the
mid-1940s of instrumentation for measuring the scalar magnetic field to a precision
of roughly 2 parts in a hundred thousand from a moving platform, the application
of the magnetic method markedly increased. No longer were magnetic surveys limited
to relatively small, accessible land areas. Mobil magnetometers and related technology
made it possible to make precise observations from landbased vehicles, aircraft, ships
and satellites. Thus, precise surveys can be made rapidly and inexpensively of vast
regions, even remote, relatively inaccessible areas. The result is that traditional
land-based, stationary observations designed to solve specific geologic problems are
now augmented by surveys of extensive regions that are used to investigate a wide
variety of geological problems. Seldom does the magnetic method provide the
complete answer to any geologic problem, but no other geophysical method provides
critical input to such a wide variety of problems. Furthermore, the cost efficiency of
the magnetic method is an attractive quality to the point where the method is
sometimes used without assurance of its application to a problem, simply because it
is inexpensive and in most situations will add important information to the solution
of the problem.
Magnetic property contrasts occur within the earth at a wide range of scales such
that magnetic observation intervals used to locate and characterize these contrasts
range from meters to kilometers. Thus surveys cover regions measured in tens of
meters to entire continents. Obviously the applications over this range are markedly
different. Although limited-area surveys continue to be made and show their usefulness,
the regional magnetic anomaly maps measured in hundreds or even thousands of
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kilometers have received increasing attention because they are the most efficient
scheme for mapping the buried crystalline rocks that carry the primary magnetization
contrasts of the earth (Hinze and Zietz 1985). In limited cases, these regional maps
are prepared from single dedicated surveys, but more commonly they are prepared
by compositing multiple surveys made over long-time intervals.
In the following paragraphs, we illustrate the broad application of magnetics in
geoexploration by discussing the geologic information derived from magnetic
anomalies that range from continental to local scale. No attempt is made here to
cover all applications, but only to provide examples that will illustrate to the
non-solid-earth geophysicist the variety of applications of the magnetic method over
a wide range of scales.
5.1 Coastal magnetic anomalies

A common characteristic of rifted continental margins in contrast to transform fault
or subduction margins is the occurrence of intense marginal magnetic anomalies
(Heirtzler 1985). This anomaly type is particularly prominent along the east coast of
USA where it crudely coincides with the edge of the continental shelf over much of
its length from Nova Scotia to Georgia where it turns into the North American
continent. Taylor et al (1968) after modelling the anomaly favour a felsic basementintrusive source along the pre-Paleozoic continent/ocean bour/dary. Subsequently,
other workers suggested an origin associated with the magnetic edge effect between
the Continental and oceanic crust. However, others (e.g. Alsop and Talwani 1984;
Behrendt and Grim 1985) support the concept that the anomaly is the sum of effects
from the continental edge and volcanic rocks associated with the rifting of the original
continental mass. McBride and Nelson (1988) show (figure 1) that the magnetic
anomaly along the east coast of USA can be accounted for with an oceanward dipping,
positive-magnetization-contrast source. They suggest that this source may be lower
continental or oceanic crust thrust upward during late Paleozoic continental collision
or mafic igneous rocks intruded during Mesozoic rifting.
5.2 Magnetic anomalies along 90~

USA

Geophysical anomalies are commonly used to study crustal structure and the nature
of the crust. Figure 2 shows a range of geophysical anomalies and crustal attributes
determined by crustal seismic refraction measurements over an approximately
2000 km profile from the Precambrian Shield at the USA/Canada border south along
90~ longitude to the Gulf of Mexico (Hinze and Braile 1988). Included together
with the near-surface and upward continued to 40 km total intensity magnetic and
Bouguer gravity anomalies are the free-air gravity anomaly, the depth to the crystalline
basement, the average crustal p-wave velocity, the upper mantle p-wave velocity (pn),
and the depth to the Moho. It is important to note that there is a direct correlation
between several of the smoothed (upward continued) magnetic and gravity anomalies
that indicate a common source for.the two anomaly fields--and hence a relationship
that can be used in interpreting the anomalies (Chandler et al 1981). On the other
hand, many magnetic and gravity anomalies are uncorrelated suggesting caution be
used in relating magnetic and gravity anomalies. It is also interesting that the magnetic
anomalies have no obvious correlation with the average p-wave velocity despite the
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Figure 1. Magnetic anomaly models with magnetic susceptibility contrasts (cgs) and
simplified line drawings of the reflectiveportion of the inferredAlleghanian 'suture' zone. A
is located in western Georgia and Florida, B is located in eastern Georgia, and C is located
on the continental shelfoffshoreof North Carolina (McBrideand Nelson 1988).
fact that both generally increase with increasing mafic content of the crustal rocks.
Petrologic studies and magnetization measurements on rock samples derived from
the upper mantle suggest that ferrimagnetic minerals and thus magnetic anomaly
sources are limited to the crust (Wasilewski et al 1979). Although the existence of
deeper sources cannot be ruled out because of specialized rocks or minerals that may
occur in the upper mantle (Haggerty 1978), the available evidence supports the direct
relationship between thickens of the crust and long-wavelength magnetic anomalies
(i.e. as the crust thickness the magnetic anomaly should increase). This situation, as
in most other regions of the world, does not occur along this profile presumably
because of the distorting effect of magnetic polarization variations within the crust.
One of the more obvious relationships observed between the surface magnetic
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anomalies and the crustal characteristics is the inverse relationship between the
gradient of the anomalies and the depth to the basement rocks. At the Canadian
border (on the left-hand margin of figure 2) the basement magnetic rocks are at the
surface, thus the magnetic anomaly gradients are high in contrast to the low gradients
in the Gulf of Mexico where the basement is very deep. This is an example of one of
the most important applications of the magnetic method, that is determining the
depth-to-basement crystalline rocks from magnetic anomaly gradients. This is a
particularly significant application in petroleum exploration where the thickness of
a magnetically-transparent sediment package with its potential hydrocarbon deposits
can be evaluated by mapping the basement rocks. This is illustrated in figure 3 which
shows the modelled east-west total intensity magnetic anomalies of a two-dimensional
crustal geologic model illustrating the anomalies of individual sources as well as the
combined anomaly from all sources. The model approximates the conditions observed
over cratonic sedimentary basins of the north-central midcontinent. It is apparent
from this model that the primary source of magnetic anomalies resides in the upper
crust and that the gradient of the anomalies decreases with increasing depth to the
basement at the centre of figure 3. For example, the two magnetic highs on the western
(left) side of the profile are derived from identical sources, however, the westernmost
anomaly is a few kilometers closer to the surface. As a result, the amplitude and
gradients of this anomaly are greater.
5.3 Midcontinent Rift magnetic anomaly
The Midcontinent Rift is an 1100 Ma paleorift that extends in a nearly continuous,
but segmented pattern for 2000km across the craton of the USA from Kansas to
Lake Superior and then southerly to southeastern Michigan. Phanerozoic sedimentary
rocks overlie the feature except in the Lake Superior basin region and even there the
exposed rift rocks are restricted to the margins of the structure and the upper part
of the stratigraphic section (Van Schmus and Hinze 1985; Hinze and Kelly 1988).
Therefore, its location and attributes are known from limited, poorly-distributed deep
drill holes and its profound magnetic and gravity anomalies. The rift fill package
consists of a lower basalt sequence that reaches thicknesses of 20 km and an upper
sedimentary rock unit made up primarily of fluvial clastics that reach thicknesses of
7 kin. A late-stage compressional event has resulted in high-angle reverse faulting
along the original normal faults of the rift with as much as 5 km of vertical
displacement. The high density, high magnetic polarization volcanic rocks in
juxtaposition with the low density, low magnetic polarization sedimentary rocks and
older Precambrian crystalline rocks lead to profound gravity and magnetic anomalies.
The ambiguity inherent in modelling the geopotential data is greatly reduced by the
availability of deep crustal reflection sections. Combined magnetic and gravity
modelling constrained by seismic data is illustrated in figure 4 from Chandler et al
(1989). This model shows the basalts (plus sign) in juxtaposition with rift sedimentary
rocks (dots and broken horizontal lines) on a roughly west-east profile across the St.
Croix horst of the rift in Minnesota and Wisconsin. It illustrates the importance of
magnetic modelling taking into account remanent magnetization, particularly in
concert with other geophysical/geologic data.
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Figure 3. Total intensity magnetic anomalies of a two-dimensional crustal geologic model
illustrating individual anomalies and the combined anomaly from all sources. Magnetic
susceptibility contrast in emu/cm 3 (Hinze and Hildenbrand 1988).
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Figure 4. Gravity and magnetic anomaly models across the St, Croix horst of the
Midcontinent Rift in Minnesotaand Wisconsin.Shownare interpreted structure,density
contrast (pattern), and magnetizationcontrasts (intensityand direction are indicated by
arrows) and observed(solidlines)and model(opencircles)anomalyvalues(Chandleret al
1989).

5.4 New York-Alabama lineament
The New York-Alabama lineament (NYAL) is one of the most .prominent magnetic
anomalies in North America. It extends roughly 1700 km as a linear break in magnetic
anomaly characteristics and a generally continuous southeast-sloping anomaly
gradient from west-central Alabama to West Virginia and perhaps into southern
New York (King and Zietz 1978). The intense magnetic anomaly expression of the
lineament indicates a source within the 1100 Ma Grenville basement rocks that are
unknown because of a thick cover of younger sedimentary rocks.
The NYAL is observed not only as a linear magnetic anomaly, but also as a change
in the anomaly pattern (figure 5). To the northwest, the magnetic anomalies reflect
the northerly strike of the prevailing Grenvillian trends while to the southeast the
anomalies trend northeasterly parallel to the geologic features of the Appalachian
orogen. In general, the amplitudes of the magnetic anomalies are relatively subdued
to the southeast of the NYAL. In a similar manner, the gravity anomalies change
pattern at the NYAL although there is no prominent gravity anomaly associated
with it. These changes in both magnetic and gravity anomalies are emphasized by a
variety of derived maps obtained by filtering the gridded digital data in the
wavenumber domain (Hinze and German 1989). King and Zietz (1978) suggested that
the anomaly is the manifestation of a major strike-slip fault. However, an alternative
hypothesis suggested by Hinze and German (1989) is that the NYAL is the western
limit of stretched crust developed during late Preeambrian break-up of eastern North
America and represents a structural/metamorphic boundary within the Grenville
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Figure 6. Generalizedlocation of the New York-Alabama Lineamentsuperimposed on
earthquake epicentres from 1534-1984(Hinze and Hildenbrand 1989).
basement rocks that is directly related to deformation and thermal events of the
various orogenic episodes that have affected the Appalachian o~gen.
The location of NYAL is superimposed upon an earthquage epicenter map of
southeastern USA in figure 6. Much of the interpreted length of the lineament is
aseismic, but in general it is a line of demarcation between the seismicity of the
Appalachian orogen to the east from the more diffuse seismicity of the stable interior
to the west.
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5.5 New Madrid rift complex
In the central region of the North American craton at the northern end of the
embayment of the Mississippi River, magnetic and gravity studies have provided
significant information on geologic features buried beneath the sediments of the
embayment that are responsible for intense historical seismicity in the New Madrid,
Missouri region. This region is noted for the several major eai'thquakes that occurred
over a few month period of time in 1811 and 1812 and its continuing seismicity. Ervin
and McGinnis (1975), Braile et al (1986) and Hildenbrand (1985) have used magnetic,
gravity, and seismic profiling to delineate a Late Precambrian or Early Paleozoic
failed-arm rift beneath the embayment. The second vertical derivative magnetic
anomaly map shown in figure 7 clearly delimits a north-northeast-trending zone of
subdued magnetic expression that represents the buried graben assoicated with rifting.
Depth analysis on the magnetic data (Hildenbrand et al 1979) indicates a 2 km deep
graben. Of particular interest is the prominent present-day seismicity and the epicenter
line of the devasting 181 i - 1812 New Madrid earthquake epicenters within the graben
structure. A linear trend of earthquakes (Hinze and Hidenbrand 1988) strikes northeast
along the graben's axis and is displaced in the north to the margin of the graben.
These trends may represent zones of crustal weakness within the rift along which
stress, produced by regional tectonic forces, is currently being relieved.
5.6 Mapping in the Precambrian shield
Mapping the geology of the Canadian Precambrian shield by direct means is
commonly a difficult problem because of the limited outcrops in many regions. It is
particularly difficult in marginal regions to the shield where the Precambrian rocks
are covered by deep sections of Phanerozoic sedimentary rocks and drill holes are
too limited to effectivelymap the basement rocks. Fortunately, the Precambrian rocks
of the shield exhibit strong magnetic contrasts and steep structures, conditions
favourable for producing strong magnetic anomalies. As a result, regional magnetic
surveys are playing increasingly important roles in mapping the geology Of the shield
rocks. The method is particularly successful where outcrop and drill hole samples
have been petrologically studied and isotopic age measurements have been made.
These samples serve as 'benchmarks' from which geological information can be
extrapolated using regional magnetic anomaly maps. Numerous examples of this type
of mapping have been published (e.g. MacLaren and Charbonneau 1968; Hinze et al
1975; Hinze and Zietz 1985; Patterson and Reeves 1985; Bickford et al 1986; Van
Schmus et a11987; Lucius and von Frese 1988). The aeromagnetic method is especially
successful in mapping geology in Precambrian shields wtlere the data are observed
in a low-altitude (< 150m) along closely-spaced (<400m) profiles as evidenced by
aeromagnetic surveying in Minnesota (Chandler 1985). The interpretation of these
data is often improved as a result of the preparation of a variety of de,rived maps
that emphasize particular attributes of the anomaly field at the expense of others (e.g.
Dods et a11985; Lidiak et a11985; Urquhart and Strangway 1985; Yunsbeng et a11985).
A useful example of regional geologic mapping with the magnetic method in the
Precambrian shield and adjacent regions has been given by Hoffman (1987). Figure
8 shows the shaded-relief magnetic anomaly map for part of northwest Canada and
figure 9 is a diagram of selected tectonic elements for the same area. The correlation
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between the magnetic anomalies and many of the tectonic elements is evident upon
visual comparison of the map. Of particular interest is the Great Slave Lake shear
zone (McDonald fault) that extends from within the Thelon Basin in the north through
the exposed Precambrian shield and under the Phanerozoic sedimentary rocks of the
Interior Plains to the foothills of the Cordillera in British Columbia. The fault is
noted for its disruption of adjacent magnetic anomaly patterns. Accordingly, the
interpretation of the magnetic anomaly data has played an important part in
recognizing its position and the associated 300-700 km of dextral displacement.
5.7 Magnetic anomalies of iron ores
The magnetic method was first applied to geoexploration in the search for iron ores
with rather simple hand-held counterbalanced magnetic elements. Subsequently, the
method has been widely used for this purpose, especially in the decade following the
development of aeromagnetic surveying technology. It was during this period
immediately following World War II that numerous iron ore bodies still being
exploited today were discovered by aeromagnetic surveying. These discoveries
followed the realization that all iron ores were not magnetic, but only those containing
the iron oxide magnetite. Furthermore, it became clear that the most intense magnetic
anomalies were not necessarily related to the richest ores. Anomalies ranging up to
five times the intensity of the earth's magnetic field were found to be related to deposits
with iron content of a few ten's of percent, while much lower anomalies were associated
with oxidized iron formation that could be used directly in iron and steel making
without the need for processing to improve iron concentration. This is illustrated in
figure l0 which shows a typical geologic cross-section and magnetic profile over the
Biwabik iron formation in the Mesabi Range of the Lake Superior district, USA
(Leney 1966). This figure illustrates that the taconite iron formation oxidized to
non-magnetic oxides causes magnetic lows in the highly magnetic, non-oxidized
taconite.
In the past few decades, iron ore has not been the object of global magnetic
exploration, however, iron formations are still surveyed because their intense
anomalies can be readily mapped and thus can be used to investigate structural
relationships and used as key makers for mapping stratigraphic relationships and
critical geologic formations.
5.8 Placer magnetic anomalies
The correlation between heavy mineral concentrations and placer gold deposits has
been known for many years 0akosky 1949). Joesting (1941) found that many placer
gold deposits in Alaska are associated with magnetic anomalies caused by concentrations of detrital magnetite. The same factors that cause the deposition of magnetite
in stream gravels (Onesti and Hinze 1970) leads to the concentration of gold and
other heavy minerals and metals. Thus, closely-spaced (___1 meter) magnetic observations may indirectly indicate the presence of ore-bearing sediments.
Unfortunately, the short-wavelength magnetic anomalies of the placers may also
originate from the near-surface bedrock where it consists of magnetite-bearing
crystalline rocks, a common occurrence. Schwarz and Wright (1987) illustrate an
interesting way to separate the anomalies. They find that the anomalies related to
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the placers sub-parallel the present direction of the Chaudiere River and its valley in
the Eastern Townships, Quebec, Canada and do not correspond to the trend of the
magnetic anomalies of regional magnetic maps prepared from aeromagnetic surveying.
Local, shortwavelength anomalies associated with the bedrock are anticipated to
duplicate the regional magnetic trend of the basement bedrock. An example of their
results is illustrated in figure 11.
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5.9 Sedimentary rock magnetic anomalies
Sedimentary rocks are known to be the source of magnetic anomalies under special
conditions such as Proterozoic sedimentary iron fromations and clastic sedimentary
rocks rich in magnetite due to nearby sources of magnetite that are concentrated by
action of moving water. However, over the past decade there has been a marked
increase in the interest in sedimentary magnetic anomalies because of their possible
association with oil and gas deposits. The best illustration of this association has
been presented by Donovan et al (1979) who have mapped short-wavelength magnetic
anomalies over the Cement oilfield in Oklahoma, USA (figure 12). The character of
these anomalies is such that they must originate within the sedimentary rocks overlying
the oil field. They speculate that these anomalies reflect abundant near-surface
magnetite formed by the reduction of hydrated iron oxides and/or hematite as a
direct result of hydrocarbon microseepage from the petroleum deposits. A related
hypothesis is that the reducing environment caused by hydrocarbon seepage may
establish the necessary condition for the preservation of detrital magnetite within the
sedimentary rocks, but which has been oxidized to a non-magnetic iron oxide beyond
the realm of the petroleum deposit seepage. These suggestions must be regarded as
hypotheses until research is completed.to investigate their validity. Some preliminary
results indicate that bacteria may be an important factor in the formation of and the
preservation of magnetite, an additional complicating factor. Whatever the source of
the observed relationship between magnetic anomalies and oil and gas deposits,
surveying for these short-wavelength, low-intensity anomalies requires the most
advanced techniques in aeromagnetic instrumentation and data reduction.

Acknowledgements
We thank Dave Taylor for aiding us with the computer graphics requirements of this
study. We also thank Prof. B P Singh for his patience and assistance in bringing this
paper to fruition. Elements of this study have been previously presented in a paper
entitled "Gravity and magnetic methods applied to engineering and environmental
problems" in the proceedings of the "Symposium on the Application of Geophysics
to Engineering and Environmental Problems", Golden, Colorado (USA), 1988.

References
Agocs W B 1951 Least-squaresresidual anomaly determination; Geophysics 16 686-696
AIsop L E and Talwani M 1984The East Coast magnetic anomaly; Science 226 1189-1191
Am K 1972The arbitrarily magnetizeddyke; interpretation by characteristics;Geoexpl. 10 63-90
Baranov V 1957 A new method for interpretation of aeromagneticmaps, psuedo-gravimetricanomalies;
Geophysics 22 359-363
Baranov V and Naudy H 1964Numericalcalculations of the formula of reduction to the magnetic pole;
Geophysics 29 67-79
Behrendt J C and Grim M S 1985 Structure of the U.S. Atlantic continental margin from derivativeand
filtered maps of the magnetic field. In: The utility of regional gravity and magnetic anomaly maps (ed.)
W J Hinze (Soc. Exploration Geophysicists)pp. 325-338
Bevington P R 1969 Data reduction and error analysis for the physical sciences, (New York: McGraw Hill)
BickfordM E, Van Schmus W R and Zietz I 1986 Proterozoichistory of the midcontinentregion of North
America; Geology 14 492-496

Magnetics in geoexploration

545

Bhattacharyya B K 1965 T~o-dirnensional harmonic analysis as a tool for magnetic interpretation;
Geophysics 30 829-857
Bhattacharyya B K 1978 Computer modelling in gravity and magnetic interpretation; Geophysics 43
912-929
Bhattacharyya B K 1980 A generalized multibody model for inversion of magnetic anom~ies: Geophysics
45 255-270
Bott M H P 1973 Inverse methods in the inlerpretation of magnetic and gravity anomalies. In: Methods
in computational physics (ed.) B A Bolt, (New York: Academic Press) vol. 13, pp. 133-162
Braile L W, Hinze W J, Keller G R, Lidiak E G and Sexton J L 1986 Tectonic development of th~ New
Madrid Rift Complex, Mississippi embaymc'nt, North America:_ Tectanophy~ics 131 1-21
Breiner S 1973, Applications manual for portable magnetometers, Geometric~ (California: Sunnyvale)
pp. 1-58
Broome J 1986 Display and enhancement of aeromagnetic data with examples from Guysborough County,
Nova Scotia, in: Interpretation of gravity and magnetic anomaliesfor non-specialists (ed~)A K Goodacre,
Notes for Can. Geophys. Union Short Course: Geol. Surv. Canada, pp. 212-252
Byerly P E 1965 Convolution fltering of gravity and magnetic maps; Geophysics 30 281-283
Cady J W 1980 Calculation of gravity and magnetic anomalies of finitelength right polygonal prisms;
Geophysics 45 1507-1512
Chandler V W 1985 Interpretation of Precambrian geology in Minnesota using low-altitude, high-resolution
aeromagnetic data. In: The utility of regional gravity and magnetic anomaly maps (ed.) W J Hinze (See.
Exploration Geophysicists)pp. 375-391
Chandler V W, Koski J S, Hinze W J and Braile L W 1981 Analysis of multisourca gravity and magnetic
data sets by moving-window application of Poisson's theorem; Geophysics 46 30-39
Chandler V W, McSwiggen P L, Morey G B, Hinze W J and Anderson R R 1989 [nterpretation of seismic
reflection, gravity, and magnetic data across Middle Proterozoic Mid-Continent Rift System,
Northwestern Wisconsin, Eastern Minnesota, and Central Iowa; Bull. Am. Assoc. Petrol. Geol., 73
261-275
Dean W C 1958 Frequency analysis for gravity and magnetic interpretation; Geophysics 23 97-127
Dods S D, Teskey D J and Hood P J 1985 The new series of l:l,000,000-scale magnetic-anomaly maps
of the Geol. Surv. of Canada: Compilation techniques and interpretation. In: The utility of regional
gravity and magnetic anomaly maps (ed.) W J Hinze (See. Exploration Geophysicists) pp. 69-87
Donovan T J, Forgey R L and Roberts A A 1979 Aeromagnetic detection of diagenetic magnetite over
oil fields; Bull. Am. Assoc. Petrol. Geol. 63 245-248
Draper N R and Smith H 1966 Applied regression analysis (New York: John Wiley)
Emilia D A 1973 Equivalent sources used as an analytical base for processing total magnetic field profiles;
Geophysics 38 339-348
Ervin C P and McGinnis L D 1975 Reelfoot rift: Reactivated precursor to the Mississippi embayment~
Geol. Soc. Am. Ball. 86 1287-1295
Fraser D C, Fuller B'D and Ward S H 1966 Some numerical techniques for application in mining
exploration; Geophysics, 31 1066-1077
Fuller B D 1967 Two-dimensional frequency analysis and design of grid operators; Mining Geophysics,
Society of Exploration Geophysicists 2 658
Grant F S 1972 Review of data processing and interpretation methods in gravity and magnetics 1964-71;
Geophysics 37 647-661
Grant F S and West G F 1965 Interpretation theory in applied geophysics (New York: McGraw Hill)
Griffin W P 1949 Residual gravity in theory and practice; Geophysics 14 39-56
Haggerty S E 1978 Mineralogical constraints on Curie isotherms in deep crustal magnetic anomalies;
Geophys. Res. Lett. 5 105-108
Heirtzler J R t985 The change in the magnetic anomaly pattern at the ocean-continental boundary. In:
The utility of regional gravity and magnetic anomaly maps (ed.) W J Hinze (See. Exploration
Geophysicists) pp. 339-346
Henderson R G 1949 The upward continuation of anomalies in total magnetic intensity fields; Geophysics
74 517-534
Henderson R G 1960 A comprehensive system of automatic computation in magnetic and gravity
interpretation; Geophysics 25 569-585
Hildenbrand T G 1985 Rift structure of the northern Mississippi embayment from the analysis of gravity
and magnetic data; J. Geophys. Res. 90 12,607-12,622

546

William J Hinze and R a l p h R B yon Frese

Hildenbrand T G, Kucks R P, Kane M F and Hendricks J P 1979 Aeromagnetic map and associated
depth map of the upper Mississippi embayment region; U.S. Geol. Surv. Misc. Field Stud. Map, MF-I 158
Hinze W J and Zietz I 1985 The composite magnetic-anomaly map of the conterminous United States.
In: The utility of regional gravity and magnetic anomaly maps (ed.) W J Hinze (Soc. Exploration
Geophysicists) pp. 1-24
Hinze W J and Kelly W C 1988 Scientific drilling into the Midcontinent Rift System: Probing the processes
and products of an ancient continental crustal rupture: EOS 69 1649; 1656-57
Hinze W J and Braile L W 1988 Geophysical aspects on the craton: U.S. In: Sedimentary Cover-North
American Craton; (ed.) L L Sloss (Boulder, CO, Geol. Soc. Am., The Geology of North America), D-2, 5-24
Hinze W J and Hildenbrand T G 1988 The utility of geopotential field data in seismotectonic studies in
the eastern United States; Seis. Res. Lett. 59 289-297
Hinze W J and German R A 1989 Geophysical characteristics and geological significance of the
New York-Alabama Lineament. In: Regional geophysical lineaments: Their tectonic and economic
significance (eds) M N Quereshy and W J Hinze (Geol. Soc. of Indian Mere. 12 111-112)
Hinze W J, Kellogg R C and O'Hara N W 1975 Geophysical studies of basement geology of the Southern
Peninsula of Michigan; Am. Assoc. Petrol. Geol. Bull. 59 1562-1584
Hoerl A E and Kennard R W 1970a Ridge regression: Biased estimation for nonorthogonal problems;
Technometrics 12 55-67
Hoerl A E and Kennard R W 1970b Ridge regression: Applications to nonorthogonal problems;
Technometrics 12 69-82
Hoffman P F 1987 Continental transform tectonics: Great Slave Lake shear zone (ca. 1.9 Ga), northwest
Canada; Geology 15 785-788
Jackson D D 1972 Interpretation of inaccurate, insufficient, and inconsistent data; Geophys. J. R. Astron.
Soc. 28 97-109
Jakosky J J 1949 Exploration geophysics (Los Angeles: Trija Publishing Co.) 1195 p.
Joesting H R 1941 Magnetometer and direct current resistivity studies in Alaska: A. I. M. E. Tech. Paper 1284
Keller G R, Smith R A, Hinze W J and Aiken C L V 1985 Regional gravity and magnetic study of west
Texa~. In: The utility of regional gravity and magnetic anomaly maps (ed.) W J Hinze (Soc. Exploration
Geophysicists) pp. 198-212
King E R and Zietz I 1978 The New York-Alabama lineament: Geophysical evidence for a major crustal
break in the basement beneath the Appalachian basin; Geology 6 312-318
Ku C C 1977 A direct computation of gravity and magnetic anomalies caused by 2- and 3-dimensional
bodies of arbitrary shape and arbitrary magnetic polarization by equivalent point method and a
simplified cubic spline; Geophysics 42 610-622
Lanczos C 1961 Linear differential operators (New York: D Van Nostrand)
Langel R A, Slud E V and Smith P J 1984 Reduction of satellite magnetic anomaly data; J. Geophys. 54
207-212
Lawson C L and Hanson R J 1974 Solving least squares problems (New York; Prentice-Hall)
Leney G W 1966 Field studies in iron ore geophysics. In: Society of Exploration Geophysicists' Mining
Geophysics, 1, Case Histories (eds) D A Hansen et al, pp. 391-417
Lidiak E G, Hinze W J, Keller G R, Reed J E, Braile L W and Johnson R W 1985 Geologic significance
of regional gravity and magnetic anomalies in the east-central Midcontinent. In: The utility of regional
gravity and magnetic anomaly maps (ed.) W J Hinze (Soc. Exploration Geophysicists) pp. 287-307
Lucius J E and yon Frese R R B 1988 Aeromagnetic and gravity anomaly constraints on the crustal
geology of Ohio; Geol. Soc. Am. Bull., 100 104-116
MacLaren A S and Charbonneau B W 1968 Characteristics of magnetic data over major subdivisions of
the Canadian Shield; Goel. Assoc. Canada Proc. 19 57-65
McBride J H and Nelson K D 1988 Integration of COCORP deep reflection and magnetic anomaly
analysis in the southern United States: Implications for the origin of the Brunswick and East Coast
magnetic anomalies; Geol. Soc. Am. Bull. 100 436-445
Mayhew M A 1979 Inversion of satellite magnetic anomaly data; J. Geophys. 45 119-128
Mesko C A 1966 Two-dimensional filtering and the second derivative method; Geophysics 31 606-617
Negi J G 1967 Convergence and divergence in downward continuation; Geophysics 32 867
Nettleton L L 1940 Geophysical prospecting for oil (New York: McGraw-Hill)
Nettleton L L 1942 Gravity and magnetic calculations; Geophysics 7 293-310
Nettleton L L 1954 Regionals, residuals and structures; Geophysics 19 1-22
Onesti L A and Hinze W J 1970 Magnetic observations over eskers in Michigan: Geol. Soc. ,4m. Bull. 81
3453-3456

Magnetics in geoexploration

547

Oldham C H G and Sutherland D B 1955 Orthogonal polynomials and their use in estimating the regional
effect; Geophysics 20 295-306
Patterson N R and Reeves C V 1985 Application of gravity and magnetic surveys: The state-of-the-art
in 1985; Geophysics 50 2558-2594
Peters L J 1949 The direct approach to magnetic interpretation and its practical application; Geophysics
14 290-320
Peterson L B 1979 Wavenumber domain methods for fast interpretation of potential field data; Geoexpl.
17 205-221
Plouff D 1976 Gravity and magnetic fields of polygonal prisms a n d application to magnetic terrain
corrections; Geophysics 41 727-741
Reford M S 1964 Magnetic anomalies over thin sheets; Geophysics 29 532-536
Reford M S 1986 Magnetic anomalies from the edge, dyke, and thin sheet. In: Interpretation of gravity
and magnetic anomalies for non-specialists, (ed.) A K Goodacre, Notes for Can. Geophys. Union Short
Course: (Geol. Surv. Canada) pp. 253-336
Reford M S and Sumner J S 1964 Aeromagnetics; Geophysics 29 482-516
Schwarz E J and Wright N 1987 Buried placers in Chaudjere River sediments indicated by ground
magnetometer survey, Eastern Townships, Quebec; Current Research, Part A, Geol. Surv. of Canada
Paper 87-1A, 423-428
Shuey R T and Pasquale A S 1973 End corrections in magnetic profile interpretation; Geophysics 38 507-512
Skeels D C 1967 What is residual gravity?; Geophysics 32 872-876
Smith R A 1959 Some depth formulae for local magnetic and gravity anomalies; Geophys. Prosp. 7 55-63
Talwani M 1965 Computation with the help of a digital computer of magnetic anomalies caused by bodies
of arbitrary shape; Geophysics 30 791-817
Talwani M and Heirtzler J R 1964 Computation of magnetic anomalies caused by two-dimensional
structures of arbitrary shape; Stanford University Pub. Geol. Sciences 9 464-480
Taylor P T, Zietz I and Dennis L S 1968 Geologic implications of aeromagnetic data for the eastern
continental margin of the United States; Geophysics 33 755-780
Telford W M, Geldart L P, Sheriff R E and Keys D A 1976 Applied geophysics (Cambridge: Univ. Press)
Urquhart W E S and Strangway D W 1985 Interpretation of part of an aeromagnetic survey in the
Matagami area of Quebec. In: The utility of regional gravity and magnetic anomaly maps (ed.) W J Hinze
(Soc. Exploration Geophysicists) pp. 426-438
Vacquier V, Steenland N C, Henderson R G and Zietz I 1951 Interpretation of aeromagnetic maps; Geol.
Soc. Am. Memoir 47
Van Schmus W R and Hinze W J 1985 The Midcontinent Rift System; Annu. Rev. Earth Planet. Sci. 13
345-383
Van Schmus W R, Bickford M E and Zietz I 1987 Early and Middle Proterozoic provinces in the central
United States. In: Proterozoic lithospheric evolution (ed.) A Kroner; Am. Geophys. Un. Geodynamics
Series 17 43-68
von Frese R R B, Hinze W J and Braile L W 1981a Spherical earth gravity and magnetic anomaly analysis
by equivalent point source inversion; Earth Planet. Sci. Lett. 53 69-83
von Frese R R B, Hinze W J, Braile L W and Luca A J 1981b Spherical earth gravity and magnetic
anomaly modeling by Gauss-Legendre quadrature integration; J. Geophys. 49 234-242
yon Frese R R B, Ravat D N, Hinze W J and McGue C A 1988 Improved inversion of geopotential field
anomales for lithospheric investigations; Geophysics 53 375-385
Wasilewski P J, Thomas H H and Mayhew M A 1979 The Moho as a magnetic boundary; Geophys. Res.
Lett. 6 541-544
Wiggens R 1972 The general linear inverse problem: implications of surface waves and free oscillations
on earth structure; Rev. Geophys. Space Phys. 10 251-285
Yarger H L 1985 Kansas basement study using spectrally filtered aeromagnetic data. In: The utility of
regional gravity and magnetic anomaly maps (ed.) W J Hinze (Soc. Exploration Geophysicists) pp. 213-232
Yunsheng S, Strangway D W and Urquhart W E S 1985 Geological interpretation of a high-resolution
aeromagnetic survey in the Amos-Barraute area of Quebec; in: The utility of regional gravity and
magnetic anomaly maps (ed.) W J Hinze (Soc. Exploration Geophysicists) pp. 413-425
Zurflueh E G 1967 Applications of two-dimensional linear wavelength filtering; Geophysics 32 1015-1035

