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ABSTRACT 

 

There are many basalts in the stratigraphic column of the Northern Territory. The most extensive are in the 

Kalkarindji Large Igneous Province (511-505 Ma) found under approximately 40% of the Northern 

Territory's 1,300,000 km², at depths ranging from the surface to a few hundred metres. The presence of the 

hard, massive rock constrains the depth of possible mines and wells, often discouraging explorers. New 

information indicating areas where the basalt is sufficiently deep, would encourage explorers to return to 

those areas. Basalt is also a massive source of alkalinity, reduction and sulphides, so geochemical modelling 

of ore genesis would be aided by knowing how deep the basalts lie. Boreholes are sparse across the Northern 

Territory, so direct knowledge of depths to the basalts is poor. On the other hand, the magnetic coverage of 

the Northern Territory is good, so this data provides a potential means of estimating basalt depths across 

large areas. To that end, three papers have been published.  Throughout, the magnetic dipole is used as the 

element in inverse and forward modelling, as depth can be obtained directly from the slope of its power 

spectrum.   

 
The first paper provides a method for rapid depth estimation for compact magnetic sources in line data, 

modelling them as single magnetic dipoles.  Measures are provided to counter the interference pervasive in 

the study of small sources. The established method of obtaining depth to source from power spectra requires 

an interpreter to subjectively select just a single slope along the power spectrum.  However many slopes 

along the spectrum are, at least partially, indicative of the depth if the shape of the source is known.  In 

particular, if the target is assumed to be a point dipole, all spectral slopes are determined by the depth, noise 

permitting.   

 
The concept of a "depth spectrum" is introduced, where the power spectrum in a travelling window, or gate 

of line data is remapped so that a single dipole in the gate would be represented as a straight line at its depth 

on the Y-axis of the spectrum.  In demonstration, the depths of two known ironstones are correctly 

displayed.  

 
When a second body is in the gate, the two anomalies interfere, leaving interference patterns on the depth 

spectra that are themselves diagnostic.  A formula has been derived to calculate separation of the bodies 

from one of the patterns.  

 
Because there is no need for manual selection of slopes along the spectrum, the process runs rapidly along 

flight lines with a continuously varying display, where the interpreter can pick out a persistent depth signal 

among the more rapidly varying noise.  Interaction is nevertheless necessary, because the interpreter often 

needs to pass across an anomaly of interest several times, separating out interfering bodies, and resolving 

the slant range to the body from adjacent flight lines.  

 
Because a lookup table is used rather than a formula, the elementary structure used for the mapping can be 

adapted by including an extra dipole, possibly with a different inclination. 
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The extensive gridded magnetic data across the Northern Territory called for an automated procedure for 

mapping depths.  In the second paper, an extension to the conventional formula for spectral depths was 

developed for the purpose.   

 
The magnetic signal is assumed to arise from the heterogeneity of the source material alone.  Heterogeneous 

slabs at various depths are simulated with a large number of randomly located dipoles and their power 

spectra correlated with the modelled depth.  The correlation provides the formula to estimate a set of depths 

from the power spectrum.  Applying the formula to a sample of gridded data yields a vertical profile of 

depths to the equivalent layers of dipoles that would give rise to the same signal. 

 
Depth profiles are too noisy to be used singly, but when a series of depth profiles are lined up side-by-side 

as a transect, significant magnetic layers can be traced for large distances.  Transects frequently show a 

second layer and sometimes a third.  The formula is quite general in its derivation and would apply to any 

mid-latitude area where significant magnetic bodies can be modelled as extensive layers. 

 
Because the method requires a radial power spectrum, it fails to provide signal at depths much shallower 

than the flight line spacing.  The method is convenient for a fast first pass at depth estimation, but its 

horizontal resolution is coarse and horizontal errors can be quite large. 

 
A method of forward modelling, based on Fourier convolution, is brought forward in the third paper.  Using 

randomly located dipoles to simulate heterogeneity, it tests the limitations and answers questions arising 

from the wealth of results from the new formula.   Three-dimensional Fourier convolution obtains TMI 

grids and depths to equivalent layers for hypothetical structures.  The method extends the range of 

applications of forward modelling.   

 
The loss of shallow depth signal in the magnetic transects is shown to arise mainly from the limitation of 

the line spacing of the underlying surveys.  Depths of bodies at less than half the line spacing of the survey 

are not resolved at all and depths less than the line spacing itself appear deeper than the actual source depth.   

 
Fourier convolution works equally well with non-layered, non-prismatic bodies.  Modelling of an inclined, 

elliptical body is demonstrated by way of example.  The associated depth profile shows a clear equivalent 

layer at a depth representative for such a body.  The result allows interpretation of a characteristic pattern 

in magnetic depth transects as indicating the depth to a relatively compact non-layered body. 

 
Fourier convolution has a considerable speed advantage over spatial convolution at all array sizes used in 

the study.  Convolutions of model arrays of 1000 x 1000 x 500 were calculated within a few minutes.  
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Introduction 

 

The Northern Territory Geological Survey identified a need to improve knowledge of depths to the buried 

basalts of the Northern Territory.  This thesis reports the development of tools to estimate their depths using 

the magnetic field, and a further tool to test the depth signature of body shapes interpreted from their results. 

 

There are many basalts in the stratigraphic column of the Northern Territory.  Most are relatively flat lying, 

as the area has been relatively undisturbed since the Proterozoic (Ahmad and Munson, 2014).  The most 

extensive are in the Kalkarindji Large Igneous Province, dated 510-505 Ma (Glass, 2002), found under 

approximately 40% of the Northern Territory's 1,300,000 km², at depths ranging from the surface to a few 

hundred metres. 

 

The presence of the hard, massive rock constrains the depth of possible mines and wells, often discouraging 

explorers.  New information indicating areas where the basalt is sufficiently deep, would encourage 

explorers to return to those areas.  Basalt is also a massive source of alkalinity, reduction and sulphides, so 

geochemical modelling of ore genesis would be aided by knowing how deep the basalts lie. 

 

Boreholes are sparse across the Northern Territory, so direct knowledge of depths to the basalts is poor.  

On the other hand, the magnetic coverage of the Northern Territory is good and a combined grid, or stitch 

of the Territory is routinely updated (Clifton, 2015a) with new surveys.   Accordingly, the Northern 

Territory Geological Survey initiated the current project, to establish magnetic methods of finding the depth 

to the basalts of the Northern Territory. 

 

The thesis is centred around three published papers, each of them detailing a method of extracting depths 

from the magnetic field or predicting the magnetic field above a model.  This, Chapter 1 sketches the 

principles behind each.  Chapter 2 reviews the relevant literature and points out some gaps in knowledge 

that my published papers purport to fill.  Chapters 3, 4, 5 contain the papers, in order of preparation.  Each 

Chapter has a short preamble summarising the contents of the Chapter that follows.  There is a local table 

of contents following each preamble.  However readers may also refer to the more extensive Table of 

Contents at the start of the thesis. 

 

Methods used 
 
One way to improve the signal-to-noise content of a dataset is to extract a subspace that contains most of 

the signal and little of the noise (Clifton, 1990).  Since TMI data is collected in or near the horizontal plane, 

the horizontal positions of the anomalies are consequently expressed in the phase of its complex Fourier 

transform.  Since depth to the sources is vertical, depth has little or no signature in the phase, although it is 

still expressed in the relative amplitude of the various wavelengths.  Taking a power spectrum rejects the 

phase subspace, conveniently separating the valuable depth signal from the irrelevant horizontal detail.   

 

Flightline method of inversion 
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Chapter 3 reproduces with minor corrections a paper titled "Rapid depth estimation for compact magnetic 

sources using a semi-automated spectrum-based method" (Clifton, 2016a).  Its theoretical basis having been 

presented at an ASEG Conference (Clifton, 2007), the paper develops the estimation of depth to a single 

dipole from its power spectrum in flightline data.  Realistic data is too noisy to allow automated extraction 

of a single value for depth by this method, instead a set of depth estimates is obtained.  When arranged by 

frequency, a "depth spectrum" is presented that allows a user to instantly recognise the depth, or at least, 

the range to a compact body.   

 

An object program was written to allow an interpreter to interactively search for depth spectra on Tennant 

Creek ironstones, and the methodology was demonstrated at a subsequent ASEG conference (Clifton, 

2010).  Lessons learnt from the writing and operation of this program are reported in Clifton (2016a). 

 

The work on depth spectra had begun with the intention of finding depth to occasional compact bodies of 

enhanced magnetic susceptibility within an otherwise homogeneous basalt sheet.  If such a body appeared 

alone, its power spectrum would resemble that of an isolated dipole and its depth could be obtained 

automatically.  However the depth spectra rarely resembled that of an isolated dipole and when they did, 

the depth estimates obtained were not consistent across the locality. 

 

Conversely, a hole in a homogeneous basalt flow, perhaps caused by a hill in the underlying surface, would 

also have a depth signal, of a body of the same shape and negative susceptibility (Blakely, 1996).  Compared 

to isolated localities of enhanced magnetic susceptibility in a homogeneous background, the absence of 

basalt in the bottom of a homogeneous sheet would offer a better target because the contrast in the magnetic 

susceptibility would be constant.  Such targets were sought in areas where an uneven bottom to the basalt 

flow might be expected.  However these targets are necessarily deeper and cannot be picked out from the 

noise due to susceptibility variations closer to the observer. 

 

In effect, the work found instead that the basalt is not magnetically homogeneous, but pervasively 

heterogeneous.  The finding is turned to advantage in the second paper. 

 

The flightline method works better outside the areas of basalt.  It reliably provides rapid depth recognition 

when the anomaly within the gate is of a single compact body, but the presence of a second body causes a 

confusing interference between the two anomalies.  The interference gives rise to patterns that can be 

interpreted, although with difficulty.  One frequent pattern is matched by an analytic expression of the 

horizontal separation between two similar bodies, so an equation was derived to allow the interpreter, and 

potentially the software, to estimate the separation. 

 

By taking a single flightline out of a much larger dataset, the flightline method accesses the highest spatial 

frequency1 acquired (and thus the shortest wavelengths) for signal from shallow targets.  As the method 

                                                           
1 Strictly speaking, the quantity is "wavenumber", but this thesis follows common usage in exploration 
geophysics by using the term "frequency" as meaning the same quantity, in cycles per distance. 
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also requires long wavelengths, it cannot collect the signal required to identify the presence of bodies much 

deeper than about a third of the gate length, thus 300 m in a gate of 1000 m. 

 

Whereas the line data supplies shallow information from its short wavelengths, gridding the data suppresses 

the shortest wavelengths while enhancing the longer wavelengths, including the transverse wavelengths 

expressed across the adjacent parallel lines. 

 

The target basalts consist of horizontal slabs that would be elusive if homogeneous.  However, the finding 

that they are instead pervasively heterogeneous suggests that the heterogeneity may have a depth signal that 

can be measured.  The amount of order in the heterogeneity cannot be known in advance, so the most 

disordered form, randomness, is a conservative choice.   

 

Grid method of inversion 

 

In the paper (Clifton, 2015b), reproduced with minor corrections in Chapter 4, heterogeneity is simulated 

by a random cloud of dipoles.  To create a reference dataset, the anomalies for thin slabs of random dipoles 

at a range of depths were each calculated by taking a spatial convolution of the anomaly of a single dipole 

of that depth.  By matching the reference set of power spectra of model slabs against the power spectra of 

field data, depths to "equivalent layers" can be assigned to field sources.    

 

The grid method usually estimates depths to one or two equivalent layers and occasionally three.  It relies 

on taking the power spectrum of the (interpolated) grid, so it cannot provide credible estimates at depths 

less than about half the flightline spacing.   

 

Because the grid method inverts all data to provide the depth to an equivalent layer, artefacts are produced 

by non-layered bodies that nevertheless indicate approximate depths to their sources. 

 

The grid method is the second of the two inversion methods, first presented at the ASEG Conference of 

2013 (Clifton, 2013).  It is reproduced here in Chapter 4 with minor corrections to its published form, 

Clifton (2015b), titled "Magnetic depths to basalts: extension of spectral depths method".   

 

By processing the NT stitch grid, the method obtains depths across the NT, from a top horizon of a few 

hundred metres, depending on survey parameters, down to about one thousand metres.  The results have 

been prepared as a database of depth profiles, that is, depths to equivalent layers across the Northern 

Territory.  With the depth profiles assembled as transects, the set of magnetic depths will be found in a 

publication of the NTGS, available to the public and industry (Clifton, 2018).  The procedure to obtain 

magnetic depths from grids has been included in the software package, Intrepid.  (DFA, 2018)   

 

The grid method of inversion has its limitations.  Although the depth to the equivalent layer frequently 

provides a good depth to the top of a magnetically dominant body, it does not show its thickness.  The 

shallowest depth recorded on a transect requires interpretation as its estimation can be distorted by the 
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survey parameters used to collect the data.  Although the method is designed for flat-lying bodies, non-

layered bodies also give rise to an equivalent layer. 

 

Because the inversion method arose from the convolution of dipoles, testing its peculiarities requires a 

matching forward modelling method using convolutions of dipoles.  The models lend themselves to 

handling in the Fourier domain, where convolutions are made very much faster than the equivalent spatial 

convolutions.  Although Fourier techniques have been used before (Gerard and Debeglia, 1975), the recent 

introduction of 64-bit address spaces allows very large arrays to be processed in fast memory. 

 

Fourier method of forward modelling 

 

Chapter 5 is a published and revised paper titled "Forward modelling of spectral depths using 3D Fourier 

convolution" (Clifton, 2016b).  Presented at the ASEG Conference of 2015 (Clifton, 2015c), it provides a 

method of rapid forward modelling to test the limits and implications of the method of equivalent layers, 

described in the previous paper (Clifton 2015).   

 

In the process of applying the new method to answer the questions raised, three-dimensional Fourier 

convolution is demonstrated as a powerful means of forward modelling bodies of any shape.  The success 

of the demonstration suggests that the use of Fourier convolutions will become widespread throughout the 

industry as its potential for forward modelling becomes known. 

 

An overview of the project is provided in Chapter 6.  Outstanding questions are addressed in Chapter 7, 

with recommendations for further work.  Chapter 8 summarises the results of the project. 
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CHAPTER 2 

 

 

REVIEW OF METHODS FOR MAGNETIC DEPTH TO SOURCE 

 
 

Preamble  

 

The state-of-the-art of obtaining depths from the magnetic field is reviewed.  The most important papers 

are acknowledged and some of the more interesting papers discussed in more detail. 

 

A persistent theme of opportunities for developing techniques based on the heterogeneity of real geology 

emerges.  As the possibility for inversions based on heterogeneity becomes apparent, the need for a 

complementary forward model is implied. 
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Introduction 

 

 

A magnetic survey provides one of the earliest and most common datasets collected during mineral 

exploration (Dentith and Mudge, 2014).  The data is most frequently used in map form to delineate features 

of interest in what is basically an exercise in geological pattern recognition, see for example Isles and 

Rankin (2013).  The extraction of depth information is often restricted to selected features in the data 

considered to be significant, which are modelled in two to three dimensions (Gunn, 1997).  Semi-automated 

interpretation methods that extract basic information on magnetic source depths and types across the whole 

dataset are also available, although their use is less universal.   Based on the premise that such methods are 

underutilised and improvements are possible, this chapter reviews published methods of estimating 

magnetic source depth as a means of setting the scene for the new methods proposed.  Following a review 

of published methods for estimating depth to magnetic sources, I consider both the advantages and 

disadvantages of these approaches, prior to developing my own method based on responses from magnetic 

dipoles. 

 

Early inverse methods of estimating source depth were graphical and manual.  For completeness these are 

briefly reviewed.  As the quality of field measurements improved and computing power became available, 

it became possible to pick out mathematical relationships from a succession of field values (a window) that 

are used to estimate source characteristics of any anomalies that lie within the window.  These window-

based methods are classified here into three basic types: 

 Methods based on curve fitting 

 Methods based on the degree of curvature of the magnetic field within the window   

 Methods based on the relative amplitudes of different wavelength components within the window, 

often referred to as spectral methods 

 

As discussed at the end of the chapter, a review of the various methods suggests several important 

limitations.  For example, it is universally assumed that the sources of the magnetic anomalies are 

homogeneous.   
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Estimating source depth using inverse methods 

 

Graphical methods 

 

During the early period of magnetic surveys, signal-to-noise ratios were poor and computing power was 

rudimentary or unavailable, so interpretation was necessarily restricted to relatively qualitative methods.  

An interpreter was required to recognise anomalous patterns characteristic of the sources of interest, 

allowing first-pass mapping of the local geology.  The scale of the anomalies gave an immediate indication 

of a combination of size and depth of its source.   

 

Simple graphical techniques evolved to estimate more quantitative properties of the sources from the shape 

of their anomalies in the data.  Magnetic data was typically displayed in profile form or as a stack plot, i.e. 

with the relative locations and amplitudes of the anomalies preserved.  This format allowed an interpreter 

with a rule and pencil to rapidly identify various ‘critical points’ on an individual anomaly, with horizontal 

lengths between such points being associated with depth and dip etc. of the sources.   

 

There are numerous graphical methods, of similar basis and utility.  Parasnis (1972) details a variety of 

such relationships for manual interpretation of field data, including the so-called ‘Smith Rules' (Smith, 

1959, 1961).  Most manual methods estimated source position and depth, but dip estimates were also 

sought, for which the Parker Gay (1963) method is especially known.  A useful review of methods for 

graphical estimation of depth is provided by Åm (1972).  In addition to critiquing the various methods, he 

showed how the depth estimators are related to the analytical expressions for the magnetic responses of 

prism- and dike-shaped sources.    

 

A well-known early graphical method is that of Peters (1949), who estimated depth to magnetic dikes with 

a “half slope” formula.  Peters’ method is illustrated in Figure 1.  The method requires the interpreter to 

establish the maximum slope on the profile being analysed.  A line with half this slope is then drawn and it 

is determined where on either side it is tangential to the profile.  The horizontal distance between these two 

tangential points approximates 1.6 times the depth to the source.  Other authors speak of a less specific 

relationship, where the depth is between 1.2 and 2.0 times the Peters length.   
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Figure 1.  Several depth estimators illustrated on a hypothetical (mono-)pole anomaly at the geomagnetic 

pole.  In practice, an anomaly is more asymmetric, placing the maximum slope on one side, with the 

consequent Peters length and Demi Pentes length, placing the Sokolov slope and “Straight slope” on the 

other.  (From Am, 1972) 

 

 

Also illustrated by Figure 1 is the Demi Pentes (half-slopes) method.  Here the horizontal distance between 

the intersections of the tangent of maximum slope and the two tangents of half slope is determined.  Depth 

to the source is taken as equal to this distance.  Purely empirical, it appears to approximate depth rather 

better than the Peters length.   

 

A third common method is based on the ‘straight slope’.  Magnetic anomaly profiles contain a negative 

inflection point, i.e. where the gradient of the profile changes from increasing to decreasing.  Around this 

inflection point the profile appears to be straight, although as pointed out by Am (1972) it is in fact an 

optical illusion since the profile is never actually linear.  The horizontal projection of the ‘straight’ section 

of the profile is indicative of source depth.  Finally, the Sokolov length is based on the tangent at the 

inflection point.  The horizontal distance between where the tangent is equal to the anomaly maximum and 

the anomaly minimum is taken as twice the depth to the source. 
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Commentary 

 

All the graphical methods are fundamentally based on parameters that are controlled by gradients and 

wavelengths, as would be expected given the fundamental relationships between these quantities and source 

depths.  Am (1972) derives a set of dimensionless ratios from the dike model, to compare with the rules-

of-thumb manual measurements.  He concludes that graphical methods may give surprisingly good results 

in experienced hands.  However, he also notes that user preconceptions/bias can be detrimental to good 

results.   

 

Although manual techniques were laborious, they did ensure that an experienced eye was cast over each 

anomaly, allowing interpretation on the fly.  Since then, automation has reduced the labour, but has also 

reduced the control over the process by the interpreter and the associated capacity to scrutinise results.  

Gunn (1997) revisits graphical methods of the past, praising several of the methods where the interpreter 

had been directly involved, decrying full reliance on automated methods.    

 

An obvious limitation of graphical methods is that they implicitly assume simple source geometries that 

are homogenously magnetised.  There is also the problem of interference from the anomalies from nearby 

sources and also the background (regional) variations.  In both cases, identifying maximum gradients etc. 

on real anomalies may be equivocal due to the failure to approximate the isolated ideal anomalies such as 

shown in Figure 1, which in turn is a reflection of the reality that the sources are not isolated uniformly 

magnetised bodies with simple geometries.  In each case, accurate interpretation requires experience on the 

part of the interpreter.  

 

Window–Based Methods 

 

Digital geophysical data allows the analytical relationships between data and source to be rapidly assessed.  

Subsets of the data, in windows, are systematically analysed seeking information about source properties.  

The data being analysed may be in profile form (usually interpolated to a constant sampling interval) or it 

may be in the form of a grid, i.e. a regularly spaced set of data points created by interpolation of the original 

measurements.   

 

Analytic relationships between the properties of the body and the magnetic measurements are usually 

expressed as equations.  Of the properties available from magnetic analysis, horizontal and vertical (depth) 

positions are the most sought.  In an analysis where the number of simultaneous equations is less than or 

equal to the number N of independent measurements used, any property described by the equations can be 

estimated, although in practice the value of the result will be limited by the noise level.  By increasing N 

beyond the minimum required for solving the equations, we can obtain a best fit solution through the data, 

suppressing noise.   

 

If N is large, there is a correspondingly large set of N independent properties that could theoretically be 

extracted from the window.  Of course, the number of properties to be usefully extracted is still limited by 
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the noise level.  However the high dimensionality does allow separation of the noise from the most 

significant properties.  Noise is typically distributed across the dataspace, while physical factors may be 

clustered in subspaces of lower dimensionality, depending on the basis functions (Jöreskog et al., 1976).  

By taking principal components of the data, signal can be separated from most of the noise into a relatively 

small number of eigenfunctions that can then be linearly combined into physical factors (Clifton, 1990).  

As a pseudo-surface, the principal components of the TMI in a window amount to essential shapes (Clifton, 

2001).  Curvature of the pseudo-surface is a parameter particularly indicative of depth.  

 

N can also be quite small, easing computation but suffering noise in consequence.  Phillips et al. (2007) 

extract the eigenfunctions of a curvature matrix in 3x3 windows to obtain depth and strike information.  

The low dimensionality would make the procedure vulnerable to noise.  If the same area contained more 

than 3x3=9 measurements, the same functions for depth and strike could be assembled from the larger 

eigenfunctions, leaving at least some of the noise behind.  The procedure would be approximately 

equivalent to taking a best fit of each function through the larger dataset. 

 

In the current work, attention is primarily directed to the extraction of depth from the data in a window.  

However, properties that have an effect on that data, and in principle can be extracted, include the horizontal 

position, dip, strike, geometry parameter (structural index), and so on.  Many of these variables are linearly 

dependent on each other and all of them have a scatter in their results that can be extracted to provide a 

measure of quality of their fit (Fitzgerald et al., 2004). 

 

With large digital datasets and effectively unlimited computational power, multiple estimates of source 

depth are possible, but with the result that the user becomes swamped with information and often this 

information is of limited reliability and usefulness.  To a large extent this is due to interference.  Interference 

occurs primarily because the dataset being analysed does not contain a single isolated anomaly, and the 

incorrect assumptions behind the various methods allow the creation of source depth estimates regardless 

of whether the data is consistent with these assumptions. 

 

Applying windowed-based analytical methods raises some basic questions about the subset of the data 

being analysed: 

 What physical size should the window be? 

 How many data points should be interpolated in the window? 

 How should the window be moved across the dataset? 

 Should all the data points within the window be given equal weight? 

 How to deal with interference from another anomaly in the window. 

 

Window size 

 

Smaller windows require more calculations to be made across the dataset being studied.  Ideally the window 

needs to be big enough so as to contain sufficient data points to accurately define the essential characteristics 



 

 

14 

of the anomaly being analysed, while not be so large that more than one anomaly lies within its extent, 

giving rise to interference (see section below). 

 

Empirically, the size of the window must be on a scale that is similar to the depth range of interest.  

Depending on the method, the window may be proportionally larger or smaller than the depth of interest.  

If the characterising parameters for a depth require data wider than the window, then that depth may not be 

adequately represented.  Similarly, if the depth is much smaller than the window width, the sampling 

wavelength between the data points may be longer than the characterising parameters for that depth. 

 

Selecting a window with more data points increases the number of degrees of freedom available for 

analysis.  At the same time a wide window introduces information irrelevant to the body at its centre, so a 

bias can be applied with a taper, weighting down the remote points relative to the central points.  Such a 

taper is more easily applied with orthogonal functions than simultaneous equations. 

 

One solution to the problem of selecting an appropriate window size is to analyse the data repeatedly using 

windows of varying size.  Ideally, the interpreter can track a signal from some anomaly as it recurs in the 

presence of interference on the larger windows, through to its extinction in the noise of the smallest 

windows.  It is more common practice to run a single size of window throughout the dataset, followed by 

similar runs of different sizes.  However, even with a single window size the interpreter is often swamped 

in information.   

 

For obvious reasons the lateral location of the window is related to the lateral location of the source of the 

anomaly being analysed.  A small window would narrow down the location.  However, this has the 

associated problem that the relevant anomaly may not be adequately defined by the data points within the 

window. 

 

Window Translation 

 

The power of modern computing means that windows can be moved by only small increments without 

significantly slowing down the process.  The lateral translation is most often equal to the spacing between 

adjacent data points.  However, the excessive amount of information so generated, much of which is 

redundant, swamps the interpreter. 

 

As described in subsequent chapters, the analysis of the same anomaly as the window progressively moves 

across it can be turned to advantage.  Sliding the window, that is, moving its boundaries to create an 

overlapping set of data, allows the interpreter to recognise when the signal from the body is present and 

more importantly when it disappears.  Software that animates the movement of the window assists the 

interpreter.  Sliding the window has another valuable function, by changing the noise that obscures or 

momentarily shifts its depth signal.  If the sequence is animated, the consistent depth signal can stand out 

whereas the noise separates visually into an incoherent flicker. 
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Interference 

 

Where two waveforms overlap, they will destructively or constructively interfere.  Where the shape of an 

anomaly is used to estimate the depth of its source, interference can destroy the signal.  The majority of 

papers seeking depth from the magnetic field refer to interference in one way or another, usually as a 

problem without solution other than interpretation based on experience.  Interference can be thought of in 

terms of two end member forms.  Firstly, there is the occurrence of more than one anomaly with comparable 

wavelength in the window.  The resulting interference pattern means the observed variation is unlikely to 

closely approximate the anomaly from either of the multiple sources present in the vicinity of the window.  

One way to partially address this problem is through the use of a ‘taper’.  That is, in analysing the data in a 

window greater influence (weight) is assigned to the data points near the centre of the window.  The use of 

tapers is explored  in the new depth to source methods described in subsequent chapters. 

 

The second form of interference occurs when an anomaly within the window is superimposed on a much 

longer wavelength variation.  This background variation normally originates from sources at too great a 

depth to be of interest.  It is commonly referred to as the ‘regional’.  In most window-based methods the 

regional is treated as an additional unknown that must be estimated from the data points in the window.  

The regional is normally approximated by a linear trend or a low order polynomial, and subtracted from 

the data. 

 

Curve-Fitting Methods 

 

Curve fitting methods as originally proposed were applied manually, but these have since been applied to 

digital data and as such are described in this form.  I describe two such methods here, the Naudy and Werner 

methods.  

 

Naudy Method 

The original description of this method (Naudy, 1970) is in French.  A slightly later English language 

version is Naudy (1971).  Naudy’s method is based on the profile as measured.  Once an anomaly is selected 

for analysis, the transformed curve is split into symmetrical and asymmetrical components through the 

centre of the window.  The symmetric curve is compared with idealised anomalies for vertically magnetised 

sources, that is, reduced to pole.  If the source is assumed to be cylindrical (that is, a prism extending on 

either side of the profile) the depth can be inferred as that of the matching curve.  The asymmetric 

component is then used to refine the best fitting model source, including the dip.  Shi (1991) compared the 

symmetric curve with both the separate vertical and horizontal components of the modelled RTP anomaly, 

for an improvement in the horizontal location of the target.  Shi (1991) observes that the separation is into 

symmetric and antisymmetric components, but does not use the antisymmetric component further than 

Naudy (1971). 

 

Commentary 
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The symmetry of an anomaly varies with magnetic latitude, which may be reduced by taking the analytic 

signal, or a reduction to pole on lines that run magnetically north-south.  Most of the anomaly of a massive 

magnetised body can be considered functionally as due to a single large dipole, with higher multi-poles 

contributing to the observed anomaly.  All of the variance of a pure dipole anomaly, if reduced to pole, is 

expressed in the symmetrical component, so the method is well-equipped to deliver information about the 

simplest possible body.  As the antisymmetric component is  functionally orthogonal to the symmetric 

component, it is an independent measure of the next adaption to the single-point model required to fit the 

anomaly.  However the analysis in Naudy (1971) focuses on cylindrical bodies, presumably as they are of 

more interest for mapping.   

 

As described, the method is not tapered, i.e. all points in the analysis have equal weight.  The antisymmetric 

component has, like a sine curve going through zero, low amplitude in the vicinity of the crossover.  There 

is a risk of data points near to the source being outweighed by spurious influence of points more remote in 

the window.  It would seem that an improvement could be obtained by applying a cosine taper across the 

window before dividing the data into the symmetric and antisymmetric components.  Similarly the same 

taper would need to be applied to the model curves used as reference.   

 

Werner Method 

In the method proposed by Werner (1953), the depth to a thin dike can be calculated from a few 

measurements across the dike.  Hartman et al. state that “Werner’s theory is valid for all semi-infinite, 

homogeneous, thin sheet bodies, whatever their strike, depth, or remanent magnetisation, and at any 

magnetic latitude.”  Corrections can be applied for bodies that deviate from this ideal. 

 

Hartman et al. (1971) developed Werner’s method for digital analysis.  The method of Hartman et al. (1971) 

consists of taking a window of field data enclosing an anomaly, then interpolating a few equidistant points 

to be fitted to standard anomalies that expressed depth and other physical properties of the source.  Four 

unknowns are sufficient to fit perfect data to the model anomaly for an upright thin dike.  However, the 

regional has to be estimated and subtracted first.  Further, interference from neighbouring anomalies often 

raises the noise level, resulting in instability.  Werner introduced the use of a polynomial to describe the 

interfering anomaly, necessitating taking more data points to more accurately solve the polynomial.  

Hartman et al. acknowledge Werner as being the first to deal with the problem of interference.  However 

they only assign a two-point polynomial to account for interference.  A straight line might be an appropriate 

approximation for a more remote second body, however it would not provide the shorter wavelength effect 

of smaller, nearby bodies.  Also, Hartman et al. (1971) directly measured the vertical gradient of the total 

magnetic field, thereby eliminating the problem of estimating the regional, as being of negligible gradient. 

 

The thin dike that is the basis of Werner’s method can be taken as an element whose repetition creates a 

larger body more resembling the body being studied.  By applying the method twice locally, the two sides 

of an upright dike of thickness greater than the depth can be located separately.  By repeated iteration, a 

smoothly changing basement can be simulated. 
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A short note by Kilty (1983) examines the sensitivity of Werner results to noise.  By approximating the 

interference term to a linear polynomial (that is, of order 2), the regional (also of low order) is shifted.  An 

incorrect removal of the regional affects the shape of the residual anomaly.  “When noise having a standard 

deviation of 3% of the peak amplitude was present [presumably in simulations], the estimates of depth and 

location of the dike were scattered about the true values by about 40% of the depth to top”. 

 

The oversensitivity is surprising.  Kilty’s short note does give diagrams to give a heuristic feel for the 

problem, and it is evident that the source of interference for any one window is the anomalies immediately 

outside of it.  However the problem is not really limited to the Werner method, as all anomaly-fitting 

methods must have the regional removed.  So all methods attempting to match the anomaly must be 

similarly affected.  

 

Commentary 

 

Subrahmanyam and Gebissa (2017) compared the performance of Werner deconvolution against the 

spectral method, finding that Werner deconvolution gave more reasonable values for wide, deep bodies.  

Their finding is to be expected.  Werner’s method is defined around wide, deep bodies of effectively infinite 

extent at right angles to the profile, whereas spectral methods along profile are sensitive to compact, shallow 

bodies.  

 

Euler Method 

 

Probably the most widely used automated depth-to-source method is the Euler method, often referred to as 

Euler deconvolution.  Thompson (1982) pointed out that for several simple bodies, the TMI anomaly T dies 

off with distance r from source, raised to a small integer power N.  Because N is characteristic of the simple 

body causing the ideal anomaly, Thompson (1982) refers to N as the "structural index" (SI) of the body.  

Separating influences not changing with r into G, 

 

, ,
, ,

 

 

The highest structural index is 3, from the anomaly due to a dipole, the most compact magnetic body.  The 

lower structural indices refer to bodies of greater extent.  See Table 1. 

 

 

Table 1.  Structural indices for simple models.  (From Thompson, 1982) 

 

Simple model  N 

Line of poles  1.0 

Point pole  2.0 

Line of dipoles  2.0 
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Point dipole  3.0 

 

 

Providing evidence of the shape of field sources, an estimate of the SI can be solved from field data, given 

an appropriate equation. 

 

Following the argument in Thompson (1982), applying Euler's theorem yields the relation, 

 

∆
	
∆

	
∆

	 ∆ , 	

 
where  and 	are the horizontal distances between the anomaly and the centre of the 

window of data and 	is the distance below the survey plane.  By considering only "profile" data (that is, 

along line) and assuming two-dimensional anomalies, Thompson (1982) re-arranged the equation as, 
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Making a judicious selection of the regional value providing the base of the anomaly (∆ ) and working 

with a window of data comprising sufficient data points, should allow this equation to be solved for the 

unknowns , , and .  Thompson (1982) argues that each structural index should indicate an equivalent 

body, of a shape that it shares to some degree with the real source.  That is, a range of shapes in reality 

would give rise to a similarly shaped anomaly.  The concept of equivalent bodies recurs in this work and in 

most inversion techniques, to accommodate the inherent ambiguity of magnetic interpretation. 

 

In solving Euler’s equation for the SI of an unknown structure, the procedure delivers a floating-point 

number that is taken as a structural index for a body of intermediate structure.  Considering that an integer 

solution would only indicate a range of similarly shaped bodies, it is reasonable to expect that intermediate 

solutions should be sourced by intermediate shapes. 

 

By automating the procedure and sliding the window across the data, a map of depths is provided.  To 

obtain the collective behaviour that approximated each ideal shape, Thompson (1982) sets N to each ideal 

value in turn, obtaining a map of estimated positions of the hypothetical ideal body, one for each position 

of the window.  As with most Euler-based methods, there is a very large number of solutions, i.e. source 

positions.  The excess of information severely hinders objective interpretation.  Clustering of similar 

solutions on the map allows more isolated solutions to be rejected, but the result remains noisy.  Thompson 

(1982) notes that interference between bodies gives rise to deceptive clustering. 

 

Reid et al. (1990) extend the Euler method to grids, i.e. the window is a set of values at grid nodes.  They 

give rigour to the derivations of the different integer values of SI and obtain a meaning for an SI of zero as 

being due to a contact, extending the range of detectable structures.  They also generalise the equation to 

three dimensions.  Using a two-dimensional window, they obtain over-determined solutions for a least-
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squares fit of the variables.  The scatter of results gives a measure of the reliability of each value, providing 

a criterion for rejection from the otherwise crowded results.   

 

Like Thompson (1982), Reid et al. (1990) map the different shaped sources separately, by solving for each 

structural index along with the other variables.  When a feature appears with low scatter, more reliability, 

on one of the maps, they conclude that that particular structure is present.  It is nevertheless a best 

representation, as like Thompson (1982), Reid et al. (1990) find that real, extended bodies appear in the 

analysis as assemblages of smaller bodies, having indices ranging from 0 to 3.  Their analysis further 

supports the idea that extended bodies are heterogeneous rather than homogeneous. 

 

Reid et al. (1990) find that a wrong choice of SI biases the depth estimate, but depths from bodies of higher 

SI are more precise, with less scatter.  Interestingly, working on profile data Thompson (1982) had found 

the opposite, that depths to bodies of higher SI were less reliable. 

 

Commentary 

One clear advantage of fitting a polynomial to a few points in a window is that it provides a curvature 

indicative of wavelengths much longer than the window.  This contrasts with methods based on the Fourier 

transform, where the wavelengths are harmonics of the window length.  One consequence is that the Euler 

method can estimate depths of the order of the width of its window.  For example, Intrepid (DFA, 2016) 

yielded Euler depths down to 918 m on a window 960 m wide.  In contrast, using a spectral method, Clifton 

(2016) was only able to achieve 350 m depth on a 1000 m window. 

 

Results obtained from working on profile data suffer from cylindrical ambiguity.  That is, a body whose 

calculated range is read as a depth below the line of the profile, may in fact be lying at a similar range to 

the side of the profile.  This is a real hazard in inland Australia, as there is often a ferruginised surface more 

magnetic than the material at depth.  Some of this uncertainty is reduced in Thompson's (1982) procedure 

by mapping the results, so that the signal of a buried body appears as a characteristically changing pattern 

of range on several adjacent lines.  Unlike Thompson’s (1982) work on line data, Reid et al.’s (1990) results 

derived from grids refer to a true depth rather than a radial distance from the survey line.   

 

Gridding procedures require that cell values and the curvature have been interpolated between the survey 

lines.  With the widely used minimum curvature approach, curvatures are minimised during interpolation.  

Consequently, the gridding procedure artificially reduces curvature and thus deepens depth estimates.  

Depth estimates less than the line spacing have a weak basis in fact and are necessarily suspect (Reid, 1980).  

Deeper estimates have a stronger basis. 

 

As noted previously, a problem with the Euler method is the very large number of estimates of source 

position that result.  Without a filter, it provides estimates at every position of the window across the survey.  

Intrepid (DFA, 2016) provides a series of discrimination techniques to filter the results according to the 

interest of the user.  As the number of measurements N in the window is larger than needed to solve for 

position etc., Intrepid produces scatter and quality measurements as minor solutions, to help trim down the 
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number of windows with satisfactory body solutions.  By requiring the judgement of the user, it allows 

foreknowledge to constrain the possibilities, but for the same reason the selections are vulnerable to 

erroneous preconceptions.  Mushayandebvu et al. (2004) use covariance analysis to extract the more 

statistically significant of the solutions.  As a hands-off filter, it is more objective than the quality criteria 

used by Intrepid (DFA, 2016), and consequently suffers less from the preconceptions of the user. 

 

Reid et al. (1990) reduce the number of solutions by filtering for the target SI and depth range.  In Figure 

2, results for a contact, with SI = 0, are shown.  The horizontal locations of the contacts are adequately 

delineated.  However with depth estimates ranging across kilometres, vertical resolution remains poor.   

 

 

 
 
Figure 2.  Map of depth results for SI=0, from Figure 5a in Reid et al. (1990).  The grid lines are 20 km 

apart.  Results run along lineaments, confirming that the solutions are indeed contacts. 

 

 

In the process of mapping for contacts, Reid et al. (1990) use an SI of zero.  However they, like Thompson 

(1982), observe the strong dipole signal at high SI commonly obtained from extended (not compact) bodies.  

Reid et al. (1990) explain the strong signal by saying that extended bodies are assemblages of dipoles.  

Although they could have logically gone on to map the extended bodies as heterogeneous, they instead 

mapped the low SI signal, as indicating contacts in the basement.  They argue that the low SI value gives a 
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more accurate depth signal, but it is possible that had they used a higher SI, they may have obtained more 

credible depth results.  

 

Tilt angle derivatives 
 

Salem et al. (2008) work the spatial derivatives of the tilt angle (normal to the TMI pseudosurface) into the 

Euler equation.  Localities of interest in field data are first identified as having relatively sharp maxima of 

the horizontal derivative of the tilt angle.  Travelling windows are taken in these localities to solve for the 

horizontal and vertical positions of the sources.  The structural index is determined late in the process, 

simplifying mapping.   

 

Interference in Euler solutions 

 

As waveforms, the anomalies of two nearby bodies interfere.  The sum of the two fields at any one point 

produces a curvature that is the sum of both and indicative only of a spurious body.  Thompson (1982) says 

"the most important technical limitation of (his) procedure is its sensitivity to interference among 

neighbouring anomalies." 

 

Euler methods typically produce a sea of results, only a minority of which are credible.  Silva et al. (2001) 

ascribe scattering of Euler results to interference between bodies.  By implication, one would expect a Euler 

map to be free of noise in the absence of interfering bodies.  Indeed, Smith et al. (1998) find that a derived 

SI value is relatively constant in the absence of interference from neighbouring bodies.   

 

By applying quality criteria, Reid et al. (1990) obtain maps dominated by credible results, with an absence 

of credible solutions in place of areas swamped by noise.  Referring to the absence of credible results even 

when objects are visible in the image, they ascribe the failure of the method to interference between multiple 

sources.  However interference is not always destructive of depth information. 

 

Locally, the sum of two anomalies of the same curvature will have a result of that same curvature.  For this 

reason, Stavrev and Reid (2007) are able to show that where two interfering bodies have the same SI, the 

combined field also produces the same SI.  The result is to blur two compact bodies together and render a 

row of compact bodies as a dike.  Since gridding routines often render a dike as a row of separate anomalies, 

this effect can be an advantage. 

 

Melo et al. (2013) adapt Euler Deconvolution to produce good results on bodies with weak- and mid-

interfering anomalies.  Using simulations of different shaped bodies in proximity they are able to produce 

a single result over each body, but strong interference still limits their work.  However they do find a distinct 

improvement in discrimination if the SI of each body is known and fixed before the analysis. 

 

The tilt angle method of Salem et al. (2008) also suffers from interference between nearby bodies, handled 

by taking progressively smaller windows until the bodies are separated.  
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Commentary 

 

Along with identifying the significant results among a large number of possibilities, it would seem that 

interference is the main limitation on Euler methods.  However interference is largely a consequence of the 

phase relationships between anomalies.  Phase can be eliminated from subsets of the data by taking the 

power spectrum.  The power spectrum is the starting point of many spectral methods. 

 

In an area from Tennant Creek (NT) studied in the current work (Chapter 3), a small, well-defined basalt 

believed to be at 350 m depth, is shown in Figure 3.  Euler solutions for a low SI range are overlaid.  The 

scale is about ten times closer than Figure 2, so the delineation of the basalt edge is similarly successful, 

albeit modestly.  Although the basalt is believed to lie at 350 m depth, the depth estimates for extended 

bodies, that is, with a structural index between 0 and 1.5, have a high scatter and are shallow, between 

surface and only 340 m.  Clearly the depth estimates are wrong.   
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Figure 3.  3776 Euler depth estimates for SI between 0 and 1.5, appropriate for an extended source, over a 

vertical derivative image of a basalt on Tennant Creek (NT).  They range from 0 to 339 m with a mean of 

52 m.  Even the deepest five estimates (in red) are between 300 and 340 m with none deeper.  As the basalt 

is believed to be at approximately 350 m, the depth estimates for a homogeneous extended source are 

evidently wrong.  Calculations were made by Intrepid on a grid of 50 m cell size.  Lines had been flown 

north-south at 200 m apart.  Map projection is MGA53. 

 

 

A subsequent run on the same data, filtering for heterogeneity by selecting SI greater than 1.5, achieved 

much more credible depth results, satisfactorily clustered both horizontally and vertically.  Depths range 

between 41 m and 428 m, with an average of 248 m.  See Figure 4. 

 

 
 

Figure 4.  Fifty-one Euler depth estimates of the same area and data as Figure 3, using an SI range between 

1.5 and 3.0, appropriate for heterogeneous sources.  The range of depth values is much tighter, ranging 

from 41 to 428 m with a mean of 248 m.  Eleven (shown in red) lie between 300 and 400 m, with a mean 
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of 342 m.  The basalt body is believed to be at about 350 m.  Projection is MGA53.  Background is vertical 

derivative, gridded at 50 m cell size from survey data flown north-south at 200 m spacing.  (After Figure 

13 in Clifton (2016), Chapter 3 of this volume) 

 

 

The striking improvement made by assuming that the basalt is heterogeneous confirms the observations of 

previous workers, that real bodies give rise to a strong dipole signal.  It follows that consistent depth 

estimates can be obtained by assuming the heterogeneity of extended bodies. 

 

Spectral Methods 

 

Regional surveys frequently include magnetic layers whose depth is sought.  The traditional assumption 

that the body is homogeneous is inadequate to interpret an extended horizontal layer.  An infinite 

homogeneous slab does not produce an anomalous magnetic field (Blakely, 1995, page 95) so its power 

spectrum cannot yield a depth.  However, when real layers are investigated as heterogeneous bodies, their 

power spectra are found to include semblances of (that is, presence of most of the defining characteristics 

of) smaller bodies, such as the dipole or the prism, that do have magnetic depth signatures. 

 

For other than layered bodies, a synthetic power spectrum can be quite detailed.  On the assumption that 

the bodies of interest are homogeneously magnetised, complex source geometries can be approximated 

using an assembly of contiguous building blocks.  The most used building block has been the upright prism, 

but tilted prisms are also used, e.g. Pratt et al. (2007).  Bhattacharyya (1964) obtains the formal anomaly of 

a single upright, rectangular prism.  Bhattacharyya (1966) derives the Fourier transform of that anomaly, 

needed for the power spectrum.  Spector and Grant (1970) convert his formula to polar coordinates.  

Squaring to obtain the power gave a product of many terms including exp(-2hr), where h is the depth to the 

top of the prism and r is the angular frequency in radians2 per kilometre. 

 

Maximum heterogeneity can be modelled by assigning random locations to the magnetic elements.  In such 

models, the elements no longer have to be contiguous building blocks, so the element can be the simplest 

of all magnetic bodies, the point dipole.  Following Bhattacharyya (1966), for a 2-D field above a dipole of 

unit magnitude, Blakely (1995, page 278) provides the amplitude of the Fourier transform, dominated by 

the term, r•exp(-hr), when rendered in the units used above.  Squaring to obtain the power gives r²•exp(-

2hr), resembling the term of Spector and Grant (1970).  The inclusion of the extra frequency term, r² is 

significant in the work that follows. 

 

Spector-Grant slope 

 

Spector and Grant (1970) introduce a degree of heterogeneity to the model of a layered body by assigning 

random variation to the tops of a raft of prisms.  The irregular surface of the model approximates reality 

rather better than the earlier, simple bodies, although their model continues to use the homogeneous, 

                                                           
2 Here, r is in radians per kilometer.  Elsewhere in the thesis I use k, in cycles per kilometer.  
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rectangular, upright prism as the building block.  Being homogeneous, each block contributes one pole at 

its top and the other distant, at its base (Vacquier, 1972, page 3), so the thickness of the layer becomes a 

consideration.   

 

The varying properties of the model are then treated as a statistical ensemble.  In particular, the expression 

for the Fourier power of the average depth of the ensemble includes a product of terms, including the term, 

exp(-2hr), as above.  The standard power spectrum is routinely obtained by squaring the transform to obtain 

the power and then taking the logarithm, so the long product becomes a long sum and the special term 

becomes simply -2hr.  Spector and Grant (1970) assert from experience that the term comes to dominate 

the power spectrum when a magnetic layer is present.  On the power spectrum, with r along the horizontal 

axis, it appears as a length with a simple slope of -2h.  The slope characterising the layer can then be picked 

off the spectrum in a simple manual step. 

 

In those instances where the logarithmic power spectrum of the survey is dominated by one or two magnetic 

layers, at least one straight line segment can be expected to appear, its slope giving the depth of the layer 

that gave rise to it.  In Figure 5 (Spector and Grant, 1970), the credible depth is 3.4 km, whereas the line 

spacing of the survey appears to be about 1000 m, so the shallow result of 200 m would be less than the 

flight spacing.  In the logic of Reid (1980), the survey spacing limits depth information, so such a shallow 

result should be questioned.  Because the method of Spector and Grant (1970) starts with the two-

dimensional contoured field interpolated between the survey lines, the radially averaged power spectrum is 

deficient in the shortest wavelengths, so straight line segments drawn at the shortest wavelengths of the 

power spectrum for layers shallower than the line spacing are necessarily suspect.  However, in other cases, 

separate slopes for two distinct magnetic layers are unarguably evident.   
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Figure 5.  (From Spector and Grant, 1970, Figure 5b).  The authors have picked out two slopes, assigning 

depths to them according to their formula. 

 

 

In a statistical argument parallel to the extraction of the relationship for depth, Spector and Grant (1970) 

also derive a formula for thickness of the layer.  In the figure the evidence for thickness is unconvincing.  

The figure is nevertheless remarkable in that a clear signal has been obtained for a body at great depth 

despite being concealed by a very noisy and very thick volcanic layer at shallower depths.  Evidently the 

method can see through other magnetic layers. 

 

Spector and Grant (1970) also derive a correction reducing the inferred depth, due to the mean width of the 

prisms.  They say the correction is unnecessary if prisms behaving as poles or dipoles are used as the 

elements of the ensemble.  However, Gunn (1997) warned that modern users of the Spector-Grant relation 

frequently fail to check to apply corrections for width and thicknesses of the prisms.  In an analysis of (1-D) 

line data, paralleling the 2-D analysis of Spector and Grant (1970), Green (1972) derived terms for depth, 

thickness and width of the source bodies that essentially agree with and extend the conclusions of Spector 

and Grant (1970).    

 

Any corrections for width, thickness etc. are referring to quite fine details in very noisy data.  Ascribing 

significance at this level is arguable considering that the choice of building block would make a significant 

difference between signal arising from the dipole term above or the simpler term of Spector and Grant 

(1970). 

 

Spector and Grant (1970) noted the typical “bumpy” (as they put it) character of the anomaly map of a real 

magnetic layer, but only referred to it as necessitating averaging a 2-D power spectrum over two 

dimensions.  Yet it is this very heterogeneity that is the source of their characterising slope. 

 

Garcia-Abdeslem and Ness (1994) review Spector and Grant (1970), then revisit the inversion of the power 

spectrum from magnetic anomalies, however they persist with the upright prism as the elemental building 

block.  They do acknowledge that the change in the slope of the spectrum at low frequencies is real, but 

ascribe that to a need to correct for the horizontal dimensions of the prisms, rather than question whether 

prisms are the best building block. 

 

Fedi et al. (1997) also note that Spector-Grant depths are typically too deep, and ascribe it to the real slope 

being less from the slope implied by the Spector-Grant relation.  They apply a purely empirical correction 

to change the slope.  In the process they increase the power spectrum at low frequencies relative to the high 

frequencies.  Rather than an empirical correction, the frequency dependent discrepancy indicates a need for 

a consistent analytic solution. 

 

Source parameter imaging 
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Following seismic practice of using "local frequency", Thurston and Smith (1997) derive "local 

wavenumber" of the analytic signal.  Remarkably, the depth to a 2-D contact is the reciprocal of the local 

wavenumber at the point above it.  The method (SPI) suffers from interference by overlapping anomalies, 

but is relatively free of a pervasive dipole signal.  The improved SPI (iSPI) method of Smith et al. (1998) 

use the second derivative of the analytic signal to determine the structural index in the manner of Reid et 

al. (1990).  The derived structural index then allows an improved estimate of depth. 

 

Discussion 

 

A persistent message comes through the literature: real ground is frequently heterogeneous.  The Euler 

techniques find the signal from an extended body is often dominated by compact sources within the body.  

Thompson (1982) even goes so far as to say that most anomalies are dipolar in nature.  In the spectral 

methods too, heterogeneity is observed and even modelled as a varying surface to derive the slope-depth 

relation of Spector and Grant (1970). 

 

However, authors tend to treat the heterogeneity as getting in the way of their search for boundaries or 

bounding surfaces.  When mapping, mineral explorers are seeking “bodies” of significant extent.  

Traditionally, in the transactions between mapper and interpreter the commodity being sought is a 

homogeneous, clearly bounded body.  If the reality is instead heterogeneous, there may be no boundaries 

to find.  Instead the commodity that should be identified and mapped may well be an ill-defined volume of 

characteristic heterogeneity. 

 

Interference is referred to as a frequent problem in the literature.  However, with rising computing power, 

the possibility arises of mapping the interference itself.  Analytic formulae for interference are not referred 

to except as “a low order polynomial”.  Yet the latter can only refer to distant interference, whereas in 

heterogeneous ground, interference may be local, and the norm rather than the exception.  Frequently the 

problem is left to the experience of the interpreter. 

 

Experience is frequently invoked in the literature, although it seems to be more of a reliance on familiar 

patterns than an educated inference in the process of interpretation.  Again, modern computing power 

should be giving the interpreter the power to recognise patterns, ascribe meaning to them, and track them 

down, all in real time.  Once a meaning to a recurrent pattern has been assigned, that property can also be 

mapped.  However it requires software tools – computing interactively – to empower the interpreter. 

 

The use of data windows has become the norm over the decades.  In the first instance the taking of windows 

is a practice that turns very large data sets into smaller ones of manageable sizes.  Dragging a window 

through the data allows software to create derived variables from the raw TMI measurements.  The use of 

overlapping windows shuffles the noise, while allowing a persistent depth signal to come through.  Tracking 

the emergence of signal in a sea of noise does indeed require an experienced eye, when the noise is so high 

as to swamp any attempt to automatically fit a surface through the depth signal on successive windows. 
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Throughout the literature, there has been a separation between the search for horizontal locations and the 

search for vertical locations.  That is, mapping has become separate from depth estimation.  Although a 

glance at the magnetic image (a plan view) usually allows an interpreter to identify the horizontal 

boundaries of a body, this is not always the case, especially if there is shallow magnetic material obscuring 

bodies at depth.  The use of travelling windows in a depth method could assist the interpreter find the 

horizontal location of an obscured source, by noting where a small shift of the window has extinguished 

the signal of the deeper body. 

 

Being able to see through a surface image is not fully exploited.  The Euler methods are able to find 

basement contacts despite a sea of dipolar signal near the surface.  Spector and Grant (1970) observe that 

they can usually distinguish two bodies overlying, and sometimes a third.  If this capability could be 

automated, a series of depth profiles could be drawn up and displayed as a transect showing vertical slices 

through the area surveyed. 

 

Several authors point out that depths obtained with the Spector-Grant relation are too deep.  Fedi et al. 

(1997) note that the addition of a frequency dependent term would resolve the discrepancy.  There is a clear 

need to test whether the extra frequency factor in the dipole term would resolve the discrepancy. 

 

With modern computing power, the capacity to do forward modelling on the fly does not seem to be fully 

exploited.  In the Euler work, a few simple bodies are modelled and the results presented to the interviewer 

for manual selection.  While performing routine processing, software could be testing for a wider range of 

bodies and presenting only those which fit best. 
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CHAPTER 3 

  

RAPID DEPTH ESTIMATION FOR COMPACT MAGNETIC SOURCES USING A SEMI-

AUTOMATED SPECTRUM-BASED METHOD 

 

 

Preamble  

 

In Chapter 3 a window is moved through line data, using power spectra for interactive depth inversion.  The 

concept of a “depth spectrum” is introduced, such that at each frequency is displayed the depth implied by 

field data as if it were sourced by a simple dipole.  A formula for interference is derived from the simplest 

case of interference.  Software is described that rapidly throws depth spectra on screen in a flow of detail 

from the moving window, for an interactive user to pick depths from the flow of patterns. 

 

Chapter 3 includes:  Clifton R., 2016.  Rapid depth estimation for compact magnetic sources using a semi-

automated spectrum-based method, Exploration Geophysics, 2017, 48, 284-293 
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ABSTRACT 

 

This paper describes a spectrum-based algorithmic procedure for rapid reconnaissance in the search for 

compact bodies at depths of interest using magnetic line data. 

 

The established method of obtaining depth to source from power spectra requires an interpreter to 

subjectively select just a single slope along the power spectrum.  However, many slopes along the spectrum 

are, at least partially, indicative of the depth if the shape of the source is known.  In particular, if the target 

is assumed to be a point dipole, all spectral slopes are determined by the depth, noise permitting.   

 

The concept of a "depth spectrum" is introduced, where the power spectrum in a travelling window, or gate 

of data is remapped so that a single dipole in the gate would be represented as a straight line at its depth on 

the Y-axis of the spectrum.  In demonstration, the depths of two known ironstones are correctly displayed. 

 

When a second body is in the gate, the two anomalies interfere, leaving interference patterns on the depth 

spectra that are themselves diagnostic.  A formula has been derived for the purpose of estimating the offset 

between the two interfering bodies. 

 

Because there is no need for manual selection of slopes along the power spectrum, the process runs rapidly 

along flight lines with a continuously varying display of depth spectra, where the interpreter can pick out a 

persistent depth signal among the more rapidly varying noise.  

 

Interaction is nevertheless necessary, because the interpreter often needs to pass across an anomaly of 

interest several times, separating out interfering bodies, and resolving the slant range to the body from 

adjacent flight lines. 

 

Because a lookup table is used rather than a formula, the elementary structure used for the mapping can be 

adapted by including an extra dipole, possibly with a different inclination. 
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INTRODUCTION 

 

The estimation of the locations of the sources of magnetic anomalies is a routine task in the interpretation 

of magnetic datasets.  As desktop computing is now widespread, it is feasible for an interpreter to 

reconnoitre an area by watching the output of a location-finding process in real time.  Results obtained from 

subsets of the survey data can be displayed in geographic space, in cross-section or in a projection from 

three dimensions, allowing the user to recognise significant depth estimates amongst the inevitable noise.  

 

Ambiguous results can be resolved in the light of other knowledge, and patterns in the depth estimates can 

be identified.  Software for the purpose requires methods that require a minimum of human intervention in 

estimating the source locations. 

 

There are many published methods of estimating magnetic source depths, such as Nabighian (1972) and 

Reid et al. (1990).  Whereas all methods rely to some extent on the correlation between the relative increase 

in wavelength of the anomaly with the increasing depth of its source, the process is complicated by the fact 

that the wavelength of an anomaly is also a function of the source’s geometry.  This problem of separating 

the influence of source depth and source geometry arises in all methods designed to automatically determine 

the position of magnetic sources. 

 

Methods for estimating source position can be divided into two categories.  The first category uses methods 

based on spatial derivatives of the magnetic field - the two most common being the Werner (Werner, 1953, 

Hassan et al., 2007) and Euler deconvolutions (Reid et al., 1990, Mushayandebvu et al., 2001).  Methods 

of this type are in general use.  The second approach is based on the analysis of the spectral content of the 

anomalies of interest.  A development in this form of analysis is described in this paper. 

 

Spectral Methods for Locating Magnetic Sources 

 

In this paper, the term ‘frequency’ refers to the number of cycles per unit length rather than radians per unit 

length, as used by Spector and Grant (1970).  The use of the spectral content of the observed anomalies in 

determining their source location means that outcomes depend on whether survey line (“located”) or 

gridded data is used.  Methods that use line (located) data can access the shortest wavelengths of variation 

and thus depths of the shallowest sources.  However, source locations can only be defined in terms of along-

line positions (X) and radius, or apparent depth (located in both Y and Z).  Gridding magnetic data 

suppresses the shortest wavelengths and consequently information about the shallowest depths is lost; 

however, source-location methods based on the grids can estimate locations in three dimensions (i.e., X, Y, 

Z).  Information in X and Y obtained from gridded data is not equally ‘reliable’, as variations in the cross-

line direction depend on the method used to interpolate to the grid nodes located between the survey lines.  

Consequently, inferred wavelengths in the cross-line direction are less reliable than those in the direction 

of the survey line.  The method described here uses line data. 

 



 

 

36 

Several authors, such as Spector and Grant (1970) and Gunn (1975, 1997), have studied the use of the 

frequency content of a magnetic anomaly as the basis for estimating the depth of its source.  Spector and 

Grant (1970) simulated a magnetic layer as an ensemble of vertical-sided parallelepiped prisms of the same 

average depth.  This allowed them to separate out the depth from the spectral power function as a simple 

exponential exp(-2rh), so that over some frequency interval along the logarithmic power spectrum its slope 

is inversely proportional to the depth.  (In Spector and Grant (1970), depth h is in kilometres, frequency r 

is in radians per kilometre).  They demonstrated the technique by transforming total magnetic intensity 

(TMI) anomaly maps over extensive magnetic layers and fitting straight lines through selected straight parts 

of the power spectrum to obtain the source depths.  Treitel et al. (1971) extended their analysis to magnetic 

line sources in basement, applying it to line data.  Green (1972) also extended it to line data, using prisms.  

Gunn (1975) derived essentially the same depth factor exp(-2rh).  Later (Gunn, 1997) pointed out that the 

width of a finite slab must be corrected for, so the separation of depth from geometry remains incomplete. 

 

Clifton (2015) obtained spectral depths to slabs on the assumption that their bulk consists of randomly 

located point dipoles.  However, the method requires large (20 x 20 km) areas of grids, and suffers from 

low horizontal resolution.  Moreover the depth resolution is limited by the line spacing of the original 

surveys.  Shallower targets require the use of the higher resolution, flight line data. 

 

Shaw et al. (2007) used Walsh transforms to estimate magnetic depths.  Instead of using prismatic sources 

with the attendant algebraic complications, they used simple point and line sources.  This simplification 

creates an opportunity for automation of spectral-based magnetic source location methods.  Also, mineral 

explorers often seek targets with the character of a compact magnetic body, making a method based on 

simple sources attractive for early stage reconnaissance exploration.   

 

METHOD 

 

Insofar as it resembles a point source, a compact body cannot contribute shape information to the power 

spectrum of its magnetic anomaly.  It will be shown that the power spectrum of the anomaly caused by a 

point dipole has a slope that varies only with depth.  Sources that can be approximated by a combination of 

a few dipoles can be expected to retain at least some of that relationship.   

 

A mapping is required to transform an anomaly in total magnetic intensity (TMI) data into a display that 

shows the depth of a single dipole-like body in a travelling window, or "gate".  Consider a model set of 

identical point dipoles at an array of depths spanning the range of interest.  In principle, the depth of an 

unknown compact body could be obtained from a best fit of its TMI anomaly against those of the models.  

However the fit is sensitive to any horizontal shift between them.    The effects of anomaly intensity and 

the inclination of the dipole source also need to be accounted for. 

 

The requirement to account for the shift can be eliminated because in the Fourier domain of spatial 

frequency (k, in cycles per kilometre), such a shift (s, in kilometres) would be expressed by the shift theorem 

(e.g., Blakely, 1995, p. 263) as an exponential multiplier exp(-j2πsk) that can be collapsed to unity by taking 
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the power spectrum.  By comparing the power spectra of both the field data and the anomalies of the 

standard dipoles, the effect of their relative position is removed from consideration. 

 

The effect of intensity can also be removed because a change in the intensity of the anomaly of a magnetic 

body is expressed in its (logarithmic) power spectrum as a vertical shift at all points along the spectrum.  

When the slopes along the spectrum are obtained by differencing, the intensity is eliminated.  The resulting 

‘slope spectrum’ is then only a function of dipole depth and perhaps inclination with frequency as the 

spectrum variable.   

 

The formula for the radial power spectrum over a single dipole (Blakely, 1995, p. 277-279) does not contain 

the inclination of the magnetisation.  It follows that the slope spectrum along a survey line near a dipole 

can be expected to be a function only of its depth and frequency.   

 

It will be demonstrated numerically (see below) that, with a little editing, at any one frequency, the spectral 

slopes for the single dipole decrease monotonically with depth.  That is, at any one frequency, the slopes 

have a one-to-one mapping to their depths.  Across the spectrum, each individual slope can be mapped to, 

at most, one depth at each frequency.   

 

It follows that when the mapping is applied to the slope spectrum of a dipole of unknown depth, it will 

result in a series of depth estimates, or a ‘depth spectrum’.  That is, on a display of depth against frequency, 

the individual depth estimates line up at the depth of the unknown dipole.  If a dipole is present in the gate, 

its presence will be apparent, as will its depth.  Noise, or at least, irrelevant signal, is endemic in field data, 

so only a minority of the depth estimates along the spectrum can be expected to line up.  It must be left to 

the interpreter’s eye to pick out the mode among the scatter of depths.  Although the judgement of whether 

the body is in the depth range of interest is still left to the interpreter, manual intervention has been avoided 

because the depth calculation has been automated. 

 

Setting up the Depth Mapping for Dipole Sources 

 

A depth mapping for dipole sources can be set up using forward modelling of the TMI anomaly of a dipole 

source.  The TMI anomaly may be calculated from the component of the dipole’s field parallel to the 

inducing field, as the transverse component contributes little to the anomaly when the induced field is less 

than the inducing field.  The field of the dipole may then be calculated as the sum of a pair of opposite 

monopoles, the field of each dying off as the inverse square of distance. 

 

Figure 1 displays TMI anomalies for dipoles at depths from 30 m to 500 m below the observer in a line 

running 1000 m from south to north across their epicentre.  Dipole moment is 100 kA.m2 and only induced 

magnetism is assumed.  Magnetic inclination in the Northern Territory (Australia) ranges from -36° to -

58°, so -45° was chosen as representative. 
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Figure 1: TMI anomalies resulting from model dipoles at depths of 50, 60, 70 … 500 m below the observer.  

Using a magnetic inclination of -45°, anomalies have been calculated as the in-line field of identical induced 

point dipoles.  The TMI scale is based on a dipole moment of 100 kA.m2. 

 

 

A series of subsets of each TMI profile are analysed in turn, i.e. that part of the data within the gate.  The 

gate must be wide enough to include the long-wavelength signal from bodies at the depths of interest.  A 

trend is removed to suppress any step between the ends of the gate before a taper is applied.  A taper is 

required at the edges of the gate to exclude shorter wavelengths leaking in from anomalies outside the gate.  

A choice of a full-width cosine for the taper minimises suppression of all shorter wavelengths arising from 

inside the gate.  However, multiplying the TMI by the full-width cosine injects extra long-wavelength 

information into a narrow band around one cycle per gate.  Further suppression of high-frequency leakage 

can be achieved by squaring the cosine, although at the price of injecting a low-frequency signal around 

two cycles per gate. 

 

A Fourier transform is then applied across the gate and the result is weighted by the square of the frequency 

k, giving the transform of the second vertical derivative of the TMI (Blakely, 1995, p. 325).  All terms in 

the transform are squared to obtain the power and the logarithm taken to obtain the (logarithmic) power 

spectrum.  This differs from the power spectrum of the un-weighted TMI by the addition of 4�log(k), 

biasing the higher frequency terms upwards. 

 

Weighting by the square of the frequency is done for convenience rather than necessity.  The power spectra 

of the TMI of compact bodies decrease rapidly with increasing frequency, so a chart of TMI power spectra 

would plunge steeply downward.  The power spectra of the second vertical derivative are more convenient 

for display (Figure 2) and subsequent editing.  The logic that follows applies equally to the use of TMI or 

its second vertical derivative.  In this chapter, the term ‘power spectrum’ now refers to the power spectrum 

of the second vertical derivative. 
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Figure 2: Weighted power spectra for identical single dipoles at depths 50, 60, 70 … 300 m below the 

observer as seen in a gate of 1000 m.  The simulation covers more than 120 dB, greater than the range that 

would be expected of standard field data.  

 

 

The magnitudes of the dipoles contribute to the amplitudes on Figure 2, an influence that can be removed 

by differencing along the spectrum to obtain the slope.  Importantly, at any one frequency, the negative 

slope, or downslope, of the power spectra in Figure 2 increases monotonically with depth.  As no other 

variable is involved, the slope at each frequency directly indicates the depth of the dipole source.  

Accordingly, the data in Figure 2 is remapped in Figure 3 as slope spectra, i.e. with the slopes of the power 

curves plotted against frequency. 
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Figure 3: Slope spectra obtained by differencing between successive frequencies along the power spectra 

in Figure 2.  At any one frequency, there is a one-to-one correspondence between slope and depth.  

Weighting has flattened the lines to fit on the figure.  Calculations for this figure are based on a gate of 

1000 m. 

 

 

Each line in Figure 3 is a slope spectrum for a model dipole of known depth. The lines have been trimmed 

– some of their right ends become erratic and overlap where the signal drops to vanishingly low levels and 

the calculation loses precision.  Any overlapping segments must be truncated so that any pair of slope and 

frequency maps to at most, one value for depth.   

 

The lines comprising the slope spectra can be considered contours of constant depth when plotted as depth 

as a function of slope and frequency (Figure 4).  In principle, models of intermediate depths could provide 

infill contours to create a continuous surface.  Depth values can more easily be numerically interpolated 

across the depth contours to create a single-valued function of slope and frequency.   
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Figure 4: Contours on an interpolated surface of depth mapped against frequency and slope.  As in the 

previous figure, X-axis is frequency and Y-axis is slope.  Here, the Z-axis is the depth below the observer.  

The shallowest depths are represented at all frequencies, whereas the depths of the deeper dipoles are only 

represented at the lowest frequencies - that is, at the longest wavelengths. 

 

 

When the spectral slopes resulting from a compact body at unknown depth are similarly weighted and 

referred to this numerical surface by interpolation, or equivalently, through a lookup table, a number of 

estimates of its depth is obtained - one for each populated frequency in its slope spectrum.  The resulting 

set of depth estimates versus frequency is then a ‘depth spectrum’.  

 

A line of magnetic readings has cylindrical ambiguity, in that an anomaly caused by a dipole at a certain 

radius vertically below the line is similar to the anomaly caused by the same dipole off to the side at the 

same radius.  Depth estimates would be more correctly termed ‘slant ranges’.  In the following, any 

‘apparent depths’ inferred from the data are slant ranges with a nominal aircraft ground clearance 

subtracted.  In practice, resolution of the ambiguity is achieved by comparing apparent depths from adjacent 

flight lines. 

 

 

 

 

Application to Model Data 

 

The depth mapping method can be tested using anomalies of dipoles at known depths.  Airborne data is 

simulated by subtracting a nominal ground clearance of 80 m from the apparent depth below the observer 

to read as depth below ground. 

 

Figure 5a shows the depth spectrum for a model dipole at a depth of 80 m below ground.  This is calculated 

over 128 points in a gate of 1000 m length.  Seven depth estimates are obtained at the correct depth of 80 
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m.  Note their horizontal alignment, which in real data would be diagnostic to the interpreter of the presence 

of an anomaly due to a compact magnetic source, at that depth.  A depth spectrum from a deeper model 

dipole, at 110 m, has only five depth estimates (Figure 5b) available in the lookup table for the 1000 m 

gate.  Although a straight line of four or five points would seem to be easily recognisable, realistic noise 

would reduce the number of points in line and interfere with recognition of the deeper dipole source. 

 

 

 

 
 

Figure 5: Depth spectra of model dipoles for an airborne sensor at 80 m above ground, derived from the 

slopes of their power spectra.  a) Depth spectrum of a model dipole at a depth of 80 m below ground, using 

a gate of 1000 m.  b) Depth spectrum of a model dipole at a depth of 110 m, using a gate of 1000 m.  c) 

Collage of depth spectra for eight model dipoles using a gate of 4000 m. 
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The number of points in a depth spectrum can be improved by increasing the number of samples making 

up the gate.  A wider gate transforms to a smaller frequency interval, thereby putting more points on the 

spectrum and aiding recognition of any alignment of depth estimates.  A gate of 4000 m was used to create 

the eight ideal depth spectra shown superimposed in Figure 5c.  Compared with the depth spectra taken in 

a 1000 m gate, depth spectra from the four times wider gate have about four times as many points on each.  

Clearly, a wider gate with more samples allows better discrimination of targets in noise.  However, a wider 

gate is also likely to include more geologic noise, i.e. there is less chance of the gate only containing TMI 

variations from a single dipole-like source. 

 

When the anomaly from a body of interest is well within the gate, its correct depth estimates tend to persist 

in successive spectra as the gate is moved progressively along the survey line, whereas estimates due to 

noise scatter more quickly, even though the step is only the sampling interval of 10 m or less.  Consequently, 

an alignment of depth estimates can be sought not just across the spectrum, but also in space.  That is, 

alignments can be picked out by the depth estimates remaining relatively stable as the gate moves across 

the dataset.  The use of this criterion will be demonstrated later in the paper. 

 

Characteristics of Depth Spectra 

 

Effect of Interfering Magnetic Anomalies 

 

When two bodies of similar contribution to the TMI are within the gate, their combined anomaly is, in the 

current approximation, the sum of the two anomalies.  Similarly, the Fourier transform of the combination 

is the sum of the separate Fourier transforms, which differ by the phase difference implied by the separation 

of the bodies.  However the power spectrum of the sum is not the sum of the power spectra.  Whereas the 

relative amplitudes of the different frequencies, and consequently the slopes, are determined by depth alone, 

the relative amplitudes of the combination are now also systematically affected by the phase difference.   

 

For example, if there are two anomalies from identical dipoles in the gate, the combined anomaly is that 

resulting from the sum of the anomalies of a single dipole and an identical dipole, shifted by distance s.  

Applying the shift theorem (Blakely, 1995, p. 263), the addition becomes a multiplier 

[ 1+exp(-j2πsk) ] in the Fourier domain with a real component [ 1+cos(2πsk) ], contributing a wave-like 

modulation along the power spectrum of period inversely proportional to the separation, s.  When the period 

of the interference pattern can be measured, the separation is obtained immediately from its reciprocal. 

 

It is useful to note that interference collapses when the gate excludes one of the two bodies.  Figure 6a 

simulates a line of TMI data collected from an aircraft 80 m above the surface.  A dipole-like body is at 

centre, 110 m below surface, while an identical body, 80 m below surface, is 2000 m away.  Figure 6b 

shows the depth spectra obtained using a 1000 m and a 4000 m gate.  For the 1000 m gate the second 

anomaly is not within the gate so there is no interference visible in the depth spectrum, which shows only 
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the correct depth for the dipole source at 110 m.  For the 4000 m gate the second anomaly is right at the 

edge of the gate but in this case it is largely suppressed by the cosine taper.  Any contribution to a wave-

like character along the spectrum is too small to be seen in the depth spectrum.  Consequently, the depth 

signature in the wider gate is similarly free of interference and shows only the central body at 110 m.  

 

 

 
 

Figure 6: a) Simulation of airborne TMI data at 80 m ground clearance over a dipole-like body 110 m 

below surface at centre, and an identical body 80 m below surface, 2000 m further north.  b) The depth 

spectrum (diamonds) for the 1000 m gate correctly shows the depth of the central body at 110 m.  The 

anomaly of the remote body appears in the 4000 m gate, but is suppressed by the cosine taper, so the depth 

spectrum for that gate (crosses) shows only the 110 m depth of the central body.  The scale of the TMI 

anomaly is based on both bodies having a dipole moment of 10 MA.m2. 

 

 

Interference becomes significant when both bodies are inside the gate.  In Figure 7, the two bodies are 

separated by s=0.5 km apart.  According to the term described above, this gives rise to an interference 

waveform of cos(2πsk) with a period of 1/s, that is, every 2 cy/km along the spectrum. 

 

In this case, the waveform dominates and disrupts any alignment that would be apparent in the absence of 

the second body.  However, the presence of the waveform is diagnostic of a second body, and by estimating 

its period, the interpreter can infer the separation of 0.5 km between the bodies.  The interpreter can then 

shift the gate by the implied distance to exclude one or the other in turn, to seek alignments that indicate 

the depth of each body. 
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Figure 7: As in the previous Figure 6, a central body is at a depth of 110 m, and an identical body is at a 

depth of 80 m.  In this case, the shallower body is closer, being 500 m to the north.  Being on the tapered 

edge of the 1000 m gate, its signal adds noise to the 1000 m depth spectrum (diamonds) but still allows a 

clear reading of a depth of 110 m for the central body.  The depth pattern for the 4000 m gate (crosses) is 

dominated by an interference waveform that crosses over the depth centreline around 110 m depth, six 

times between 0 and 12 cycles per kilometre, thereby indicating the separation as 500 m.  The blue sine 

curve has been added to help pick out the period of 2 cy/km. 

 

 

Referring to the depth spectra in Figure 7, with a 1000 m gate, the anomaly due to the more remote body is 

suppressed by the cosine taper, allowing the depth of the central body to be correctly determined at 110 m.  

However, at 500 m horizontal separation, the two bodies are well within the 4000 m gate, so the two TMI 

waveforms interfere, and recognition of the depth alignment in the depth spectrum becomes more 

demanding, with the estimated depths oscillating both above and below the real depths.  Importantly, the 

reciprocal of the oscillation’s period of 2 cy/km indicates the separation of 500 m. 

 

If these targets were of particular interest, the interpreter would manually position the gate so that it 

contains, as far as is possible, just one anomaly.  As the gate is moved to exclude one or other of the bodies, 

the amplitude of the interference decreases - an effect that by itself would allow an interpreter to pick out 

the separations of the two bodies as he or she moves the gate.    

 

With sufficient experience, a user might recognise and measure the period in the oscillating pattern of depth 

estimates, and thus the implied separation, as the gate moves to include the second body.  The software 

might similarly monitor the depth spectra for such periodicities and record their persistence in a log for 

subsequent mapping. 

 

When the bodies are closer together than 100 m, any cycle in the interference pattern is longer than the 

depth spectrum and ceases to be a concern.  The two bodies now act together as a single structure.  When 

two similar dipole-like bodies lie one above the other, the two waveforms add together to simulate a larger 

dipole lying vertically between them.  In Figure 8, the combined body gives depth spectra at an intermediate 

depth.   
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Figure 8: As in Figures 6 and 7, similar bodies lie at depths of 80 m and 110 m.  In this case, there is no 

horizontal separation, their combined anomaly is the simple sum and the depth spectra for the combined 

body show an intermediate depth of 90 m in both the 1000 m and 4000 m gates. 

 

 

The depth spectra in the Figure are imperfectly aligned, and any greater separation between the dipoles 

would damage the alignment further.  If the geological style of the targets of interest were known to be 

simulated by a pair of vertically separated dipoles, then the search might be better formed by generating a 

look up table based on a pair of dipoles. 

 

Remanent Magnetism 

 

Significant remanent magnetism in a compact body has little effect on its depth spectrum.  The model 

calculations assume a magnetically susceptible body with no remanent magnetisation, so the vector of the 

induced dipole is parallel with the modern inducing field.  However, field data often retains some reversed 

magnetisation acquired at a time when the Earth’s main field was reversed, in which case any remanent 

magnetisation has the same waveform, but of the opposite sign.  The amplitudes of the Fourier components 

are unaffected, so the power spectra and thus the depth spectra are unaffected.  However, in those instances 

where remanence has rotated the vector of net magnetisation other than 180°, the depth spectra can show a 

modest amount of distortion but the correct depth is still easily recognised (Figure 9). 
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Figure 9:  Transverse remanence distorts the depth spectrum at the lowest and highest frequencies.  This 

Figure shows the most distorted depth spectrum found when rotating the model remanence through a full 

circle, with the total magnetisation vector 45° either side of the inclination being modelled here.  The 

distortion does not stop the correct depth of 80 m being evident in the depth spectrum. 

 

 

At first approximation, the anomaly of a remanently magnetised compact body is simply the field of a 

rotated dipole, so the Fourier amplitudes of its transform should be unchanged.  However, transverse 

remanence is likely to contribute a relatively strong transverse component to the anomalous field vector 

that acts to deflect the local geomagnetic field direction.  If this transverse field is a significant fraction of 

the regional geomagnetic field, the measured TMI anomaly can differ by a detectable amount from the 

theoretical TMI anomaly (i.e. the projection of the anomalous field vector onto the regional geomagnetic 

field direction) that was used to create the lookup table.  Further, the process of taking a depth spectrum 

includes suppressing the longest wavelengths under a cosine taper, thereby damaging the lowest frequency 

components.  Nevertheless, Figure 9 demonstrates that most of the depth spectrum is unaffected by 

remanence.  It would seem that the method of depth spectra is robust in the presence of remanence. 

 

Effect of Gate Size and Taper 

 

A taper consisting of a full-width cosine destroys the signal at one cycle/gate, and the full-width squared 

cosine used here destroys signal at two cycles/gate.  Signal at three cycles/gate and four cycles/gate is less 

affected.  Whereas the use of a squared cosine taper assists the isolation of a single body in the gate, its 

effect on the long wavelengths necessitates caution.  As long as the depth spectra of the model data and the 

field data are similarly processed, the depth spectra are largely unaffected. 

 

When the separation of interfering bodies is no longer a concern, the interpreter may find it useful to discard 

the taper entirely.  Because the sequence of processing to obtain the depth spectra of the field data must be 

matched by the same sequence on the model data, it would require the generation of a new lookup table.  

The taper’s effect on the low frequencies is then avoided.  In the previous figures of depth spectra, the 

absence of depth estimates at frequencies of one, two and three cycles per gate is largely due to the taper.  
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Without the taper, the extra points in the depth spectra allow the interpreter to pick alignments for deeper 

bodies. 

 

A wider gate allows longer wavelengths to be little affected by the cosine taper applied to the data within 

the gate, thereby allowing for deeper discrimination.  Even so, there are fewer wavelengths contributing to 

the deep models at the low-frequency end of Figure 3, causing a corresponding decrease in the number of 

depth estimates available at depth.  Nevertheless, although there are only two depth estimates in Figure 5c 

at a depth of 700 m, they have the good signal strength of the long wavelengths and should be taken as 

good evidence of a body at that depth.   

 

The squared cosine taper severely affects the lowest two frequencies, so those frequencies have been 

omitted from Figures 3 to 5.  A search for deeper objects would be helped if those frequencies could be 

restored.  If the cosine is not squared, signal at two cycles per gate can be recovered, and if no taper at all 

is used, signal at one cycle per gate can be recovered.  However, the interpreter would then need to consider 

what might be leaking into the gate in the absence of a taper. 

 

Accuracy of the depth estimates decreases at the higher frequencies, in part because signal strength dies off 

faster for shorter wavelengths.  Taking differences between two noisy components on the high frequency 

end of the power spectrum will inevitably produce a noisy slope. 

 

Effect of Flying Direction 

 

Lines flown magnetically north-south collect the full spectral content of a dipole anomaly, because they 

include the crossover between its negative and positive lobes.  Lines flown magnetically east-west collect 

less of the higher frequency information and would need separate east-west modelling.    Although the low-

frequency content would still allow recognition of the deeper bodies, recognition of shallower bodies would 

be restricted. 

 

APPLICATIONS 

 

The method has so far outlined how to derive a depth mapping for a selected target structure, and how to 

create depth spectra.  Any software applying depth spectra is necessarily interactive, because the alignments 

along the spectrum and along the flight line need to be picked out by a practised interpreter, as the results 

are noisy.  However, an alignment resulting from a real body tends to persist in successive movements of 

the gate, whereas other parts of the depth spectrum tend to scatter. 

 

Displaying a plan-view image of the magnetic field is convenient to draw the interpreter’s attention to 

localities containing distinct anomalies.  As developed for the current study, the software shows a moving 

window over the vertical derivative image centred on the midpoint of the gate.  To pick out the depth 

signature of bodies of interest, the user must also be able to vary the speed of the gate backwards and 

forwards along the flight line, change flight lines and freeze at depth spectra of interest. 
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Tinto Ironstone Orebody 

 

In the Tennant Creek goldfield in northern Australia, the Warramunga Formation is known to host more 

than 700 ironstone bodies (Donnellan, 2012), which are located primarily by their magnetic contrast with 

the country rock.  Hosting copper, gold and uranium, the ironstones have been modelled and drilled 

satisfactorily as spheres, and more recent modelling using ellipsoidal shapes gives better drilling results 

(Farrar, 1979).  Aeromagnetic data from the Tennant Creek goldfield had been collected on north-south 

flight lines 200 m apart, with the magnetometer 60 m above the ground surface (NTGS, 1998).  The 

anomaly from the Rover 3 ironstone was modelled by Austin and Foss (2014) with a variety of shapes, with 

the best fit from a simple elliptical source.  A sphere can be approximated by a single dipole and an ellipsoid 

by a pair of dipoles, so ironstones present an appropriate target for locating using depth spectra based on 

simple assemblies of dipoles. 

 

Emmerson Resources located and drilled a series of ironstones in the area, one of which is the Tinto 

ironstone body.  Applying the software to the flight line passing nearest to the drill hole gives a series of 

insignificant noisy depth spectra, then as the data window passes over Tinto, the depth spectra become more 

coherent, as is shown in Figure 10.  In the higher frequencies, low signal strength and geologic noise have 

destroyed any semblance of depth signal.  However, in the lowest frequencies - below 5 cy/km - a depth 

signature is picked out at 250 m apparent depth below ground. 

 

 

 

Figure 10:  Screenshot of a depth spectrum as software renders a series of depth spectra over the Tinto 

ironstone.  At the top of the display are the line number, gate width and the centre of the gate in MGA zone 

53 coordinates.  The orange tails on each of the bold depth estimates echo the depth estimates of ten previous 

10 m stepped positions of the gate, so the lack of tails on the marks near 250 m indicates persistence along 

the flight line.  On the inset vertical derivative image, Tinto is a red dot and the larger cross shows the 

current position of the centre of the gate, while smaller crosses to its north and south span half the width of 
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the gate - in this case 1000 m.  The high frequencies are useful to show depth spectra from ground-sampled 

data. 

 

 

The alignment indicated by the ellipse presents an apparent depth of approximately 250 m in aeromagnetic 

data collected at 60 m above ground, implying a slant range of 310 m.  As the flight line runs along 404424 

E and the borehole collar (dot on vertical derivative image) is at 404562 E, the offset is 138 m.  

Triangulating off the offset puts the body 278 m below flying height and 218 m below ground at the drill 

collar. 

 

More precisely, the depth estimate to the body’s equivalent point dipole is 218 m below the drill collar.  

Logically, this value should be deeper into the body than its boundary with the country rock, intersected by 

the drill hole at 169 m depth.  Considering that the uncertainty in the alignment of the depth spectra in 

Figure 10 may be as much as 50 m, any inference drawn from the difference of those two values could only 

be tentative.  However, with external knowledge providing an estimated volume susceptibility, some 

tentative predictions might be made about the surface or shape.  Prior knowledge shows that the ironstones 

of Tennant Creek are too strongly susceptible for the Tinto ironstone to be a sphere of the implied radius.  

Moreover, the ironstones are recognised to be better approximated by elongated ellipsoids (Farrar, 1979 

and Austin and Foss, 2014). 

 

In Emmerson’s other drilled ironstones, the slant range is shorter than the distance to the borehole 

intersection.  In those cases, the possibility arises that the bulk of the ore body is at a shallower level than 

that intersected by the borehole, which would be an implication of economic interest to an explorer. 

 

Application to Regional Mapping 

 

In regional mapping, the sources of interest are rarely compact bodies.  Nevertheless, the technique may be 

useful for providing depths where magnetic stratigraphy breaks up into magnetically distinct shapes 

resembling a compact body. 

 

Dated around 510 Ma, the Kalkarindji Large Igneous Province is a sequence of flood basalts and dolerites 

extending from the Kimberley region in Western Australia across as much as 40 per cent of the Northern 

Territory (Glass et al., 2012).  It outcrops occasionally; however, it is more commonly seen in water 

boreholes between depths of 100 m and 400 m.  More than 1000 m thick in the Kimberley region, the 

sequence is more often found to be 200 m to 500 m thick across the Northern Territory, thinning out on the 

southern edges (Glass et al., 2012). 

 

Although it is possible that sufficiently isolated dipole-like bodies appear within the extent of a flood basalt, 

it is more realistic to seek dipole-like bodies near the edge of the basalt, where an originally continuous 

flow has been broken up by subsequent erosion.  As the Kalkarindji sequence overlies Proterozoic, mostly 
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sediments, and underlies Cambrian and younger, mostly sediments (Glass et al., 2012), the vertical 

magnetic contrast is mostly good. 

 

Clear examples of isolated dipole-like bodies among basalts have proved difficult to find.  Figure 11 shows 

a range of relatively stable depth estimates across a flow of basalt on the Tennant Creek aeromagnetic 

survey to the south of the main body of the Kalkarindji province. 

 

 

 
 

Figure 11: Basalt flow in vertical derivative of TMI, NW of Tennant Creek Map, 5 km across.  Overlaid 

depth estimates in metres have been selected from depth spectra across the area.  The marked flight line 

crosses a narrow section of basalt, giving the depth spectrum shown in Figure 12. 

 

 

There are many locations across the area in Figure 11 where brief alignments occur in the runs of depth 

spectra; however, the alignments involved fewer points on the spectrum, so the implied depths varied 

considerably.  Only one convincing depth spectrum was seen (shown in Figure 12), where flight line 

FL10820, marked on Figure 11, crosses a narrow length of basalt whose cross-section sufficiently 

resembles a dipole to give a clear depth spectrum showing 350 m. 
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Figure 12:  Depth spectrum of a narrow neck of basalt, shown in a screenshot as in Figure 10.  Where the 

flight line in Figure 11 crosses the basalt, the depth spectrum shows an apparent depth of 350 m.  Below 

the aircraft and off to the side, surface ironstones dominate the depth spectrum at higher frequencies.  At 

the top of the display are the line number, gate width of 2000 m and location of the centre of the gate in 

MGA zone 53 coordinates. 

 

 

Spector-Grant analysis of the grid bounded by the image in Figure 11 gives a broad fit around 335 m for 

the area, supporting the depth estimates obtained over the specific location in Figure 12.  However, the site 

had been chosen as the one most resembling a compact body, so the confirmation is less than vindication 

of the technique.  There is too much variation in the depths picked from the weak depth spectra elsewhere 

over the same basalt to recommend the technique for use over a magnetically complicated area. 

 

Somewhat more consistent depth estimates are obtained around the edges than in the centre of the basalt.  

The northern (equator-wards) edges of basalts yield fewer credible depths than southern (pole-wards) edges.  

The use of a full-width cosine taper is a severe suppression of signal at the edges of the gate.  Even so, it 

seems that the strong field of the larger magnetic body - that is, the basalt outside the gate - is still 

contributing signal to the long wavelengths, thereby confusing the slope spectrum. 

 

DISCUSSION  

 

Insensitivity to Magnitude of Source 

 

As defined, each point on the slope spectrum is a difference between the power values on adjacent 

frequencies.  Apart from a minor frequency term, power values are logarithms of squared intensities, so the 

slope involves the logarithm of the ratio of those two intensities.  With the intensities thus ratioed out, the 

slope spectrum of an isolated compact body at any depth is the same regardless of its magnetisation. 

Consequently, the method promises to find a compact body of any magnetisation as long as there are no 
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confounding magnetic bodies in the vicinity and the anomaly is well above the instrumental noise level. In 

magnetically quiet areas, e.g. many sediments, buried ordnance or meteorites would be prospective targets. 

 

Limitation on Choice of Model Structure 

 

Realistically, compact bodies would not always be adequately represented by isolated dipoles with 

magnetism parallel to the geomagnetic field, so an interpreter needs to be able to extend the model to 

comprise more than one dipole.  A better fit to the data may be obtained by adding a second or third dipole 

close by, possibly with a different orientation.  Since the potential of a dipole can be considered as the sum 

of the potentials of two monopoles (Blakely, 1995, p. 74) the field of an arbitrary assembly of a few dipoles 

can be calculated numerically.  Numerical modelling can then be recalculated as needed without having to 

resort to algebra. 

 

When the model structure is an assembly of two or three dipoles, the monotonic relationship between slope 

and depth along any one frequency is no longer assured.  This requires the depth mapping must be edited 

so that any slope associated with more than one depth is deleted from the mapping.  With software written 

for the purpose, interpreters can adapt their model structure and its mapping as they repeat their examination 

of the line data. 

 

In the preparation of Figure 3, care was taken to remove depth values that were multivalued at any pair of 

slope and frequency.  This removal ensured that any slope value extracted from the field data could only 

reference a single depth from the implied surface.  For model structures more complicated than a single 

dipole, one can expect more areas on the chart where depth is multivalued and must be cut out of the 

mapping.  As a result, depth spectra prepared using a depleted mapping will be correspondingly depleted.  

Consequently, the procedure is recommended for use with only simple structures of a few dipoles. 

 

Modifying the Source Model 

 

The model being sought is a single dipole aligned with the regional field, although other knowledge would 

guide selection of a model consisting of two or more dipoles.  The interpreter could change the model and 

mapping when a strong signal appears but the pattern on the depth spectrum does not develop an alignment.  

When a user detects a pattern on the depth spectrum that is not sufficiently aligned to give a confident depth 

estimate, repeat modelling with a different structure may yield an improved alignment on the depth 

spectrum.  The option to repeat the modelling with different structures allows the interpreter to seek the 

model that best simulates reality.  

 

Application to Bearings other than Magnetic North-South 

 

In this paper the models and flight line data all refer to data collected along, or close to, the magnetic north-

south line.  As noted in the Method, the amplitudes of the highest frequencies will be greatest when a flight 

line crosses a dipole on the north-south line.  If a survey flown on another bearing is to be studied using 
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this method, the models must be constructed along the same bearing.  However the user must expect a loss 

of sensitivity at the higher frequencies. 

 

Uncertainty of Estimates 

 

The slant ranges from two adjacent flight lines gives a fix to the position of a dipole, so the slant ranges 

from further nearby lines give an indication of the accuracy of the method.  Experience has shown this to 

be as good as 20% with strong sources, although noisier signals cause the uncertainty to rise.  Estimates 

improve when the area is revisited with optimised parameters.   

 

One reason for confidence in the method is that it has few optional parameters to cause uncertainty.  The 

inherent assumption of dipole semblance in using depth spectra reduces the number of parameters for the 

user to adjust.  Although this is certain to distort the alignment of depth estimates arising from a source 

whose shape deviates somewhat from dipole semblance, at least this distortion will become familiar as the 

user gains experience.  Even when a new simple structure of dipoles is created and the area of interest is 

remapped, only a single variable has been altered. 

 

The same cannot be said of the Euler method, which has many parameters, thereby creating a data space of 

several more dimensions, with a concomitant increase in the difficulty of interpretation.  The Euler method 

has a range of parameters to use, depending on the software package used.  In particular, the structural 

index can be set to values between 0 and 3, with the structural index for a dipole being 3.  A map of depths 

can be obtained by selecting a structural index and restricting the depths obtained to the expected range of 

depths. 

 

To compare the results of the two methods when seeking dipole-like bodies in the grid of the sample area 

of Figures 11 and 12, an Euler map was sought using the structural index of 3 for dipoles; however, no 

results were in range.  Considering that the targeted basalt is primarily a horizontal sheet, the more 

appropriate index is zero (Reid et al., 1990), but an index of zero gave an excessively wide range of depth 

results.  A subset of Euler depths in the required range, obtained by restricting SI>1.5, is shown in Figure 

13. 
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Figure 13: Euler analysis of the TMI field of Figure 11, filtering for a structural index greater than 1.5.  

The values at the neck of the basalt range between 325 m and 421 m, with an average of 365 m, confirming 

the value of 350 m obtained from the depth spectra in Figure 12. 

 

 

The anticipated result - that is, a range of depths in the vicinity of 300 m - is returned to the user on the 

user’s guidance.  Experienced users of the Euler method increase the credibility of their results by returning 

to the area and adjusting the parameters until a result is obtained that conforms to separate indications 

independent of the magnetic data, such as gravity modelling.  Consequently, the Euler result in Figure 13 

presents only a weak confirmation of the result from the depth spectrum.  It would be a mistake to treat the 

Euler pattern as if it were a measurement of depth determined solely by the data. 

 

Being a two-dimensional solution from a grid, the problem of slant range from a flight line is eliminated in 

the Euler method.  However, the ambiguity of Euler depths is considerably increased by its flexibility, 

thereby introducing more uncertainty and requiring more interpretation than the depth spectra method. 

 

CONCLUSION 

 

A readily deployable method has been presented for the reconnaissance of compact magnetised bodies at 

depths of interest.  Using a single dipole as model reduces the number of variables to be manipulated by 

the user.   

 

Obtained by remapping the power spectra of a set of models at a range of depths, a lookup table allows line 

data to be rendered as "depth spectra", in which a perfect target would appear as a horizontal line along the 

spectrum at its depth.  Field data can then be displayed as a rapidly presented series of depth spectra. 

 

In the running display, noise scatters rapidly while a target persists long enough to be recognised by 

eye.  Apparent depth, or slant range, to a target is displayed immediately, to be resolved to true depth with 

passes on other flightlines. 
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When a second dipole enters the travelling window, an interference pattern evolves on the display.  To a 

certain extent the shape of the interference pattern is diagnostic of the separation between them.  A formula 

has been derived for the purpose, allowing calculation of the separation from the period of the waveform. 

 

Alignments in the depth spectra are distorted by departure of targets from the semblance of a single 

dipole.  By adapting the lookup table to simple target structures of two or more dipoles, alignments can be 

improved. 

 

The method remains sensitive to targets of low magnitude in a quiet background.  However, surface 

magnetisation often interferes and obscures the target. 

 

Relying on the high frequency content of the north-south pattern of a dipole anomaly, the method becomes 

less effective as the bearing of the flightlines deviates from north-south. 
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CHAPTER 4 

 

MAGNETIC DEPTHS TO BASALTS – EXTENSION OF SPECTRAL DEPTHS METHOD 

 
 

Preamble  
 

In the previous chapter, the heterogeneity of magnetic ground is a problem to be navigated when working 

with flightline data.  By working with grids, heterogeneity becomes an advantage.  By considering extended 

magnetic bodies as assemblies of dipoles, depths can be extracted from field data and laid out in 

unprecedented detail. 

 

 

This chapter includes the following paper: 

Clifton R., 2015.  Magnetic depths to basalts: extension of spectral depths method, Exploration Geophysics, 

Vol. 46, No. 3: pp. 284-296 (https://doi.org/10.1071/EG13096) 
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ABSTRACT 

 

Although spectral depth determination has played a role in magnetic interpretation for over four decades, 

automating the procedure has been inhibited by the need for manual intervention.  This paper introduces 

the concept of a slope spectrum of an equivalent layer, to be used in an automated depth interpretation 

algorithm suitable for application to very large datasets such as the complete Northern Territory 

aeromagnetic grid. 

 

In order to trace the extensive basalts across the Northern Territory, profiles of spectral depths have been 

obtained at 0.05° (~5 km) intervals across the NT magnetic stitched grid (TMI).  Each profile is a graph 

from 0 to 1000 m of the probability of a magnetic layer occurring at each depth. Automating the collection 

of the 50 000 profiles required the development of a formula that relates slopes along the power spectrum 

to depths to an equivalent magnetic layer.  Model slabs were populated with a large number of randomly 

located dipoles and their power spectra correlated with modelled depth to provide the formula.  Depth 

profiles are too noisy to be used singly, but when a series of depth profiles are lined up side-by-side as a 

transect, significant magnetic layers can be traced for large distances.  Transects frequently show a second 

layer and the formula is quite general in its derivation and would apply to any mid-latitude area where 

significant magnetic bodies can be modelled as extensive layers. 

 

Because the method requires a radial power spectrum, it fails to provide signal at depths much shallower 

than the flight line spacing.  The method is convenient for a fast first pass at depth estimation, but its 

horizontal resolution is rather coarse and errors can be quite large. 

 

INTRODUCTION 

 

Early Cambrian Kalkarindji Basalts are present in the sub-surface, at depths ranging from a few tens of 

metres to several hundred metres across perhaps 40% of the Northern Territory.  These and other basalts 

are a potential magnetic stratigraphic ‘marker’ horizon whose depth can be used to infer sub-surface 

structure at the regional scale.  Also, the basalts may be of economic significance, being a source of 

alkalinity, reduction and at least potentially, metals.   
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In the last few decades significant expansion in coverage of high-resolution magnetic surveys, combined 

in the NT TMI grid (Clifton, 2010), has created an opportunity to provide an NT-wide array of estimates 

of depths to magnetic bodies.  Increases in computing power have made it straightforward to repeatedly 

subsample the grid to obtain series of power spectra for depth analysis.  What has been lacking is an 

algorithm to automate the calculation of depths from magnetic spectra. 

 

The classic method of obtaining depths from power spectra is due to Spector and Grant (1970).  By 

considering a map of the magnetic anomaly as due to an ensemble of prisms, they derived a term equivalent 

to exp(-4πzk), containing depth z in kilometres and frequency k in cycles per kilometre that they observed 

to frequently be the dominant factor in an intensity spectrum of field data.  In a display of the radial, 

logarithmic, power spectrum the dominance of the factor appears as a section approximating a straight line, 

whose slope (s) is proportional to the average depth of the ensemble, so that z=-s/4π.  In practice, the power 

spectrum of a sample grid is plotted out so that the operator can make a considered fit for a single 

characteristic slope.  The method still finds useful applications, as in Kivior (1996) and Meixner and 

Johnston (2012), but any attempt at mass production is limited by its requirement for a human intervention 

for every power spectrum. 

 

According to Maus and Dimri (1996), the power spectrum is dominated by shape information.  In that 

analysis, any evidence of depth uncontaminated by shape is rare along a spectrum, if at all. 

 

Euler deconvolution (Reid et al., 1990) compares the gradient of the magnetic field across small samples 

of grid with that expected of bodies of different geometric shapes.  Many solutions result, but can be thinned 

out according to the expected geometry by its "structural index", or SI.  Whereas a compact body might be 

sought with SI=3, as of a dipole, an extensive layer is more likely to have extensive geometries, so might 

be sought with a low SI. 

 

Breaking from the implicit assumption that the bodies are homogeneous opens a possibility.  Here I describe 

a method that rather than requiring manual interpretation of each individual power spectrum, allows 

processing large numbers of power spectra in such a way that the human intervention can take place later 

in the processing stream.  The depth to source estimates obtained from the spectra are presented so that a 

source layer at a particular depth can be picked by eye across a series of results from adjacent sample areas 

much as one might pick an event across a seismic section.   

 

METHOD 

 

Spector and Grant (1970) used an ensemble of a few prisms to simulate a magnetic body.  Using a set of 

geometric shapes to represent a layer in this manner risks failure to represent layers whose magnetic signal 

arises from other geometric shapes.  The magnetic signal of an unseen basalt arises from unpredictable 

heterogeneity within its bulk, so no simple set of prisms can be used to simulate it. 

 

Modern computing power allows simulations using much larger populations of the fundamental source 
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element, the magnetic dipole, distributed randomly in shaped containers.  With a sufficiently large number 

of randomly placed dipoles, local variations of population density contribute to all wavelengths of the power 

spectrum.  Such a model represents the heterogeneity of a magnetic layer in the most general sense. 

 

To simulate a flat lying slab of basalt, a thin flat box suffices as container for the distribution of dipoles.  

With a series of such models at various depths, the general case can be approached and the relationship 

between the magnetic response and the depth of the container can be identified.   

 

The intention here is to characterise the source-depth related behaviour of the power spectra of ‘basalt’ 

slabs by forward modelling.  The anomaly field of a series of forward models at various depths is achieved 

by numerical integration of the fields of a large number of elemental dipoles.  Once characterised, the 

formula arising is applied to test cases of field data to provide inverse models, that is, equivalent slabs at 

estimated depths. 

 

Magnetic anomaly of a single dipole 

 

The non-remanent TMI anomaly of a source is the change in magnitude of the ambient magnetic field due 

to the field induced in the source.  If the induced field is relatively small, its cross-line component only 

changes the magnitude of the sum of the two fields by a second order amount that can be neglected.  In that 

approximation, the TMI anomaly is sufficiently described by the in-line component of the induced field.  

As such, the calculated TMI can be added and subtracted as a scalar field.   

 

To create the field of an elemental body for populating simulations, the 3-D anomaly of a dipole of unit 

moment, 1 J/T, was calculated across a volume of 10 x 10 x 0.5 km at horizontal intervals of 10 m and 

elevation intervals of 1 m between the observer plane and 500 m below it.  Magnetic inclination in the 

Northern Territory ranges from -58° in the south to -37° in the north, so -45° was used as representative.  

The planar subset at elevation d above the dipole simulates the TMI anomaly due to a dipole at depth d 

below the observer.  A subset at 200 m is shown in Figure 1, simulating the TMI anomaly due to the unit 

dipole at that depth.   
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Figure 1.  Simulated TMI anomaly of an induced dipole at 200 m depth in a field of -45° inclination.  

Calculated as the in-line component of the field of a point dipole of unit magnetisation, 1 J/T. 

 

 

The radial power spectrum of the same anomaly is shown in Figure 2.  Following the Spector-Grant method, 

a characteristic line segment has been selected and highlighted.  It has a slope of -2.2 that when divided by 

-4π gives a Spector-Grant depth of 175 m.  As the model is an ideal case, the absence of noise allows the 

characteristic slope to be selected low on the graph at log power of -12 (52 dB), which would rarely be 

achieved in field data.  The influence of shallower minor magnetic bodies and noise would appear at the 

higher frequencies, forcing the selection higher on the curve and giving shallower, less accurate Spector-

Grant depths. 
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Figure 2.  Power spectrum of a single ideal dipole at 200 m depth.  Slope of the emphasized line segment 

is -2.22.  In this and subsequent figures, the frequency ranges up to 25 cy/km to include sample spacings as 

short as 20 m. 

 

 

Power spectra for a slab of many dipoles 

 

In order to model the basalt as a thin slab, a 1 m thick box was drawn for each depth.  Each box was 

populated with dipoles at 1000 random locations.  By accumulating the dipole anomaly at each of those 

locations, the TMI anomaly of a magnetically heterogeneous slab at that depth was obtained.  The TMI 

field of a similar model, with 10 000 dipoles is imaged in Figure 3. 
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Figure 3.  TMI anomaly image, 20 x 20 km, for a model slab of 10 000 unit point dipoles at 200 m depth 

below the observation plane.  The dipoles are non-remanent, in an inducing field inclined at -45°.   

 

 

After a 2D Fourier transform, a radial power spectrum was derived for each model.  The result for the 

200 m deep model is shown in Figure 4.  The main difference from Figure 2 is the long tail appearing at 

low power.  Figure 4 introduces a random distribution of dipoles, so one can expect it to contribute similar 

but low power at all frequencies.  We can infer that the tail is describing the random distribution of the 

dipoles.  At low frequencies the spectrum of a single dipole dominates.  Realistic bodies would add more 

power from shape information at some frequencies and less at other frequencies. 

 



 

 

68 

 
 

Figure 4.  Power spectrum for a model slab of 1000 dipoles at 200 m depth, normalised for comparison 

with Figure 2.  The overprinted line segment has slope of -1.9, implying a Spector-Grant depth of 150 m.   

 

 

A selected characteristic slope of -1.9 is marked with a solid line on Figure 4.  It is notably higher on the 

curve than in Figure 2, affected by the shape information of the distribution, and when multiplied by -4π 

gives a correspondingly shallower depth of 0.150 km. 

 

 

The Slope Spectrum 

 

By fitting short line segments along a power spectrum, a slope is obtained at each frequency along the 

spectrum.  The resulting set of slopes constitutes a slope spectrum.  The slope spectrum in Figure 5 is 

composed of the slopes of the power spectrum in Figure 4.  Because a slope is a derivative of the power 

spectrum, the magnitude of the source has been lost. 
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Figure 5.  Slope spectrum of 1000 dipoles at 200 m depth, by taking 5-point fits along the power spectrum.  

The value of -1.9 for the characteristic slope of the power spectrum in the previous Figure is marked as a 

short bar.    

 

 

The characteristic domed shape on the power spectrum in Figure 4 for a model at 200 m is rendered on the 

slope spectrum as a trench in Figure 5 at frequencies below about 7 cy/km and flattens out beyond that.  

Because this is the maximum meaningful frequency that could be derived from data collected with the 

unusually close line spacing of 70 m, 7 cy/km provides something of a maximum frequency where one 

could expect to extract the spectral depths from most airborne surveys.  Ground surveys at closer spacing 

allow us to make use of higher frequencies.  

 

To demonstrate the relationship between slope spectra and source depth a series of slope spectra from 

models at several depths is displayed in Figure 6.  At any one frequency on the low end of the spectrum, 

the slope curves are separated approximately equally with depth, the equal steps implying a linear 

correlation between slope and depth.  Also from Figure 6 it is apparent that a functional relationship with 

depth can be extracted across a range of frequencies using the slope spectrum, rather than just at the 

frequency of the single characteristic slope value as described by Spector and Grant (1970).  However, the 

functional relationship does not hold across the entire spectrum.  At intermediate frequencies, the equal 

stepping only occurs between the curves for the shallower source depths.  At higher frequencies correlation 

fails, and fails earlier for deeper models.   
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Figure 6.  Slope spectra for models at 25 m, 50 m … 250 m below the observation plane.  At low 

frequencies, the curves are approximately equally spaced vertically, implying a linear correlation with 

depth.  

 
 

Next, I determine the relationship between slope and depth and then propose a way of identifying those 

parts of the slope spectrum from which useful information can be extracted.  It has been this need for human 

intervention, to identify that part of the spectrum comprising the characteristic slope, that has inhibited 

automation.  If one can define a range of the spectrum available to extract signal then the main obstacle to 

automation is removed.   

 

Formula for Estimating Depth to Source 

 

An algorithm to convert slopes into inferred depths can be sought once we have a mapping between the 

modelled depths and their slopes.  The relationship can be sought empirically from the trends in the same 

modelling.   

 

Accordingly, slope spectra were derived from five hundred thin-slab models at depths ranging from 0 to 

500 m below the observer.  In Figure 7 the five hundred slope spectra have been stacked with the slope 

values coming out of the page, shaded and contoured.  Random noise in the model spectra is still present, 

however a smooth surface can be inferred through them.  The new surface maps slope value as a function 

of frequency and modelled depth. 
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Figure 7.  Slope value as a function of frequency and model depth.  Slope spectra from models at each of 

five hundred depths have been gathered, with the slope values coming out of the page.  Contour lines 

connect points of equal slope value.  At any one frequency, negative slope increases with depth of model. 

The correlation with depth breaks down approximately where the hyperbola -1/k, reciprocal of frequency, 

is drawn across the field. 

 

 

Reading vertically down Figure 7, along lines of constant frequency, the reader's eye at first meets contour 

lines in equal steps, implying a straight line and a constant of proportionality between slope value and depth.  

Although similarly spaced, the contour lines shift up to shallower depths at higher frequencies, implying a 

frequency-dependent offset.   

 

The linear relation between depth and slope value fails entirely at higher frequencies for deeper models.  

The function z=-1/k, drawn on Figure 7, roughly approximates the limit where correlation can be extracted.  

For a model at depth z, at frequencies greater than -1/z, the slope value increases sharply then flattens.  

Comparison with Figure 4 shows this change of slope occurs where the power of the dipole drops below 

the power of its geometric distribution.  In realistically noisy field data, such signal levels would usually be 

below the noise due to geometry or instrumentation. 

 

In Figure 8, a subset of slope values taken along a strip of constant frequency from Figure 7 has been plotted 

against the modelled depth.  If the Spector-Grant relation were exact, the slope values would lie along the 
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diagonal line in the Figure, where the slope value equals -4π times depth.  Instead, the slope values form a 

straight line of constant offset from the diagonal line.  In similar subsets along other frequencies, the slope 

values form similarly straight lines with similarly constant offsets.  However the offset varies with 

frequency.    

 

 

 
 

Figure 8.  Slope values plotted against depths of models, at a constant frequency of 3.5 cy/km.  This figure 

amounts to a cross-section taken through the previous, Figure 7, along the vertical strip at 3.5 cy/km.  The 

vertical line at 286 m indicates the reciprocal of the spatial frequency.   

 

 

The functional dependence was extracted using a series of regressions.  At each frequency, slope value s 

was correlated against model depth z.  Each subset of s and z pairs taken along a line of constant frequency 

fits well, with the same gradient factor -4π of the Spector-Grant analysis.  Each regression line is offset by 

an amount that is seen to vary inversely with frequency.  The offsets, extrapolated to the intercepts with the 

Y-axis at zero depth, are plotted in Figure 9.  They fall just short of the function 2/k, where k is the frequency. 
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Figure 9.  Intercepts with the Y-axis of the regression lines of slope versus depth, plotted against frequency.  

The curved line is the function 2/k, where k is the frequency. 

 

 

The regressions satisfactorily fit the field of s(k,z), with a gradient of -4π and an intercept at zero depth of 

2/k, giving rise to the equation, 

 

s = 2/k - 4π�z  (1), 

 

where s is the spectral slope, k is the frequency in cycles per kilometre and z is the depth in kilometres of 

the model. 

 

If the spectra of the models adequately resemble the spectra of real thin flat bodies, it follows that estimates 

of their depths can be obtained from the rearranged form of the equation, 

 

z = ( 2/k - s ) / 4π  (2). 

 

Note that the same formula also arises from the power spectrum of a single dipole.  The power F of the 

Fourier transform of the induced field of the dipole is described by authors such as Blakely (1995, pp. 278-

279), in the form –  

 

F = k2 � exp( -4πkz) � constant  (3), 

 

so for any depth z, the logarithmic power spectrum is 
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ln(F) = 2ln(k) -4πkz  + constant  (4). 

 

By defining the slope s along the power spectrum as the derivative with respect to frequency k at constant z, 

if – 

 

s = ∂/∂k (ln(F))     (5) 

then 

 

s = 2/k -4πz      (6) 

 

and this rearranges to 

 

z = (2/k - s)/4π  (7) 

 

which is the same formula arrived at in the regressions. 

 

It is remarkable that the power spectrum of a dipole convolved with a distribution is so dominated, at least 

in the lower frequencies, by the power spectrum of the single dipole itself.  Consequently, the formula also 

applies to any body that dominates the TMI sample as if it were a single dipole. 

 

The random distribution gives rise to similar amplitudes to all frequencies of its own power spectrum.  With 

its power spectrum nearly flat, the slope spectrum of the distribution contributes very little to the slope 

spectrum of the combination of distribution and dipole.  The slope spectrum is then dominated by the dipole 

in its frequency range. 

 

A realistic magnetic layer will have a heterogeneity that will contribute more strongly to the power spectrum 

at the characteristic but unpredictable frequencies that characterise its shape and less strongly than the 

dipole at other frequencies.  The slope spectrum at the characterising frequencies will swing above and 

below the ideal dipole spectrum, causing the corresponding depth estimates to scatter as noise along the 

depth profile.  At the quieter frequencies, the dipole spectrum dominates and the depth estimates align, 

giving a more clustered signal on the depth profile. 

   

The modelling process used here only stands to provide a numerical mapping between the slope and the 

depth at each frequency.  As such it would only provide a set of numbers for the frequencies tested and the 

depths modelled.  However, the formula is unbounded, allowing us to extrapolate to lower frequencies and 

thus greater depths (see below).   

 

Because the set of s is a spectrum of slope values, it follows that the equation supplies the set of depth 

formulae required to extract a set of depth estimates z.  The provision of a formula to be applied across the 

relevant part of the spectrum is a significant step toward automation.   

 



 

 

75 

Spector and Grant (1970) argued that exp(-4πkz) dominates the power spectrum where k < -1/(2πz), if k is 

expressed in cycles per kilometre.  However, inspection of Figure 7 shows that there is correlation with 

depth almost all the way down to the curved line, k = -1/z.  These values are in cycles per kilometre, not 

radians per kilometre, so the range of the formula can be extended usefully beyond that derived by Spector 

and Grant (1970).  Their examples (one is copied in Figure 5 of Chapter 2 of this volume) demonstrated 

use of the spectrum at frequencies short of -1/z cycles per kilometer, rather than -1/(2πz), so they may have 

intended the former.   

 

Convergence of the new formula can be tested by applying it to its source, the model data.  We need to 

assess over what frequency and depth range the derived depths are close to the depth at which each body 

was modelled.  Accordingly, slope spectra from models at five depths from 100 to 500 m, sampled at 10 m 

spacing, were inverted using the formula, with the resulting depth estimates graphed in Figure 10.   

 

 

  
Figure 10.  Depth estimates obtained from the spectra of five models by applying the formula from the 

regressions.  a) using spectra from a standard Fourier transform, b) similar data after minimum curvature 

gridding and smoothing.  At low frequencies k there is a satisfactory correlation of the depth estimates with 

model depth down to a power curve, in case A, of -1/k (lower curve) and in the smoothed case B, of -1/k² 

(upper curve).  Beyond the function -1/k, no useful correlation is expected.   
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The depth estimates arising from the inversions seen in Figure 10 are sufficiently correct, confirming that 

the inversion process is converging for depths shallower than a definable limiting depth at each frequency. 

 

Automation is facilitated if parameters do not need to be adjusted during a run.  In the case of the plain 

inversion, that is with minimal parameters, of Figure 10a, the overlaid function -1/k is adequate, although 

ambiguous.  The function -1/k², also overlaid, provides a more conservative boundary.   

 

With a smoothed grid as input, the inversion of Figure 10b achieves good fits down to -1/k² but fails to 

reach -1/k.  With each choice of parameters, it would appear that an intermediate curve can be defined as 

the limiting criterion for the run.  If a function of form -1/kn were used (for k>1), then the exponent would 

lie between 1 and 2. 

 

Visualising Depth Estimates in Noisy Results 

 

For automation, an inversion formula must converge over a large enough frequency range to provide a 

cluster of depth estimates around the depth of a target.  The results are too noisy to automatically fit a mean 

or median value, so they must be presented in such a way that the human eye can pick out a mode.  Such 

values could be rearranged as unit spikes in order of depth on a vertical line.  Although this would constitute 

a profile of depths it would be hard to pick out a physical character from the scatter of spikes.   

 

More conveniently, each depth profile has been rendered as a continuous curve by convolving each of the 

unit spikes with a small Gaussian and summing their overlaps.  A somewhat arbitrary width of 36 m for the 

Gaussian was chosen to be sharper than the expected signal content, but wide enough to allow a cluster of 

values to sum to a peak.   

 

In this way, depth estimates for the models at 100, 200 … 500 m from Figure 10a, were rendered as depth 

profiles.  In Figure 11, the smoothed profiles are displayed in negative greyscale, so the darkest band shows 

the highest density of depth estimates, and thus the most likely depth of a magnetic layer in that profile.   
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Figure 11.  Depth profiles from Figure 10a, obtained from model slabs constructed at 100, 200, 300, 400, 

and 500 m depths using the new formula across the full width of the spectrum.  Display is negative 

greyscale, normalised so the darkest band indicates the most likely depth of a magnetic layer in that profile.   

 

 

Criterion for Applicability of Formula 

 

The shallow artefact is noise due to spurious inversions by the formula at high frequencies.  Because a 

distribution of a large number of random locations contributes roughly equally to all frequencies in the 

power spectrum, its flat character will dominate the power spectrum wherever the elementary dipole does 

not.  At high frequencies, it appears, for example, in Figure 4, as a tail tapering off.  Here the slope of the 

power spectrum is low so the inferred depth is shallow and a shallow artefact appears on the profile.   

 

By tracing down lines of constant frequency k on Figure 10a, the reader can see that the shallow artefact 

arises from depth estimates that are deeper than -1/k² at large values of k.  Rejecting all depth estimates 

deeper than the conservative cut-off of -1/k² at each value of k removes most of the spurious signal.  See 

Figure 12, below. 

 

 

 

 
 
Figure 12.  The same depth estimates used in Figure 11, cut off at depth -1/k² at each value of k.  The near 

surface artefact and much of the intermediate noise have been removed.   

 

 

In Figure 12, the formula has accurately estimated the depths of models at 100 m, 200 m, 300 m and 400 m, 

while the cut-off has removed the artefact and suppressed much of the noise.  The estimate for the model 

at 500 m is less accurate, having been derived from the results in Figure 10a, however a more accurate 

result at 500 m would have been obtained by the procedure demonstrated in Figure 10b.   

 

Modelling Thick Slabs 
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So far the formula and its cut-off have been tested successfully against models of thin slabs.  However, 

realistic basalts consist of successive flows in stacks of considerable thickness, so the formula must be 

tested against models of comparable thickness.  In Figure 13, a model body of 200 m thickness, below 

300 m, gives rise to a depth profile peaking at approximately 320 m, 20 m or so deeper than its top.    

 

 
Figure 13.  Model and depth profile of a body 200 m thick.  The peak of the profile assigns a depth 

approximately 20 m below the top surface of the model. 

 

 

Repeated simulations of various slabs thicker than 100 m all gave a depth 20 ±5 m below the top surface.  

No repeatable signature of the thickness was evident.  It would appear that the procedure is responding to 

the topmost part of a volume of heterogeneous magnetic material.   

 

Insofar as field data can be simulated by dipole distributions, it seems that the formula and cut-off can be 

applied as a general case.  It is appropriate at this point to test automating the formula and its cut-off against 

field data. 

 

A line of TMI data samples was selected over an area of basalt flows known to have considerable thickness.  

Emplaced during the Cambrian, some of these flows entrained significant quantities of continental crust 

(Glass, 2002), possibly entraining high iron contents in the form of the Red Beds common at that time.  

With the resulting depth profiles arranged in a transect (Figure 14), a dominant magnetic layer can be traced 

through the noise on the individual depth profiles. 
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Figure 14.  Magnetic depth transect across Winnecke Creek map, along 18.20°S.  Its forty-one depth 

profiles originated from the same number of 20 x 20 km samples of TMI grid, whose vertical derivative 

images are shown overlapped in the 20 km wide strip at top.  Whereas the vertical derivative highlights 

near-surface basalt, the transect shows a more strongly magnetic layer at depth.  Location of the transect 

can be seen in Figure 21 in the Appendix to this Chapter. 

 

 

Airborne surveys had collected this data at 400 m spacing.  Experience has shown that the top 200 m or so 

in such surveys do not provide a reliable radial power spectrum and consequently would be expected to be 

blank.  However this transect is blank down as far as 400 m.  Along the sequence of the transect, a 

magnetically dominant layer within the basalts has occupied the entire spectrum, swamping any signal from 

sources at other depths.  Consequently the shallower parts of the Figure are empty of signal and rendered 

white.  Basalts outcrop frequently across this area, and boreholes show them to be almost continuous to 

depth, so the signal is not referring to the top of the basalt stack, but to its most dominant layer. 

 

Repeated modelling of slabs of significant thickness usually gives a depth signal about 20 m below the top 

of the body.  Whereas the model slabs have similar heterogeneity, a stack of basalts would consist of flows 

of varying consistency and temperature, draping over different palaeogeography.  Accordingly an 

interpreter may usefully consider that within the limitations of the data sampling, the signal is referring 

near to the top of the most magnetically heterogeneous layer in a layered stack. 

 

At 129.6127°E, 18.1313°S, approximately 70 km further west of the start of the transect, is a borehole 

ANTD002 that penetrated a five hundred metre thick pile of basalt flows, yielding a log of the magnetic 

susceptibility from the core (est, 2006).  In Figure 15, the susceptibility log is matched against the magnetic 

depth profile derived from the TMI sample over the hole, its surface artefact and signal trimmed off.   
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Figure 15.  Magnetic susceptibility (left) and magnetic depth (right) profiles for borehole ANTD002.  Basalt 

flows (green) of various susceptibility are seen between the near-surface and 550 m depth.  The magnetic 

depth profile peaks at 420 m, the magnetic susceptibility peaks at 327 m.  (Geology and susceptibility after 

Ausquest, 2006) 
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Five hundred metres of basalt flows are evident from the hole, with the top of the most magnetic layer at 

330 m.  On the other hand, the trimmed depth profile shows some hundreds of metres of basalt with a 

dominant equivalent layer at 420 m.  Extending the inference above that a magnetic depth profile would 

peak near the magnetic layer closest to the observer, it might similarly be said of field data that the depth 

profile responds to the closest or strongest magnetic layer deeper than about half the survey spacing.   

 

Multiple layers, horizontally separated   

   

There is usually room on the spectrum for more than one dipole.  The intensity spectrum (that is, before 

taking the logarithm for a power spectrum) of a deep dipole occupies a quite narrow band of frequencies at 

the low end, dying off quickly.  The intensity spectrum of a somewhat smaller dipole off to the side and at 

a more intermediate depth will add to it in the overlap, but their relative strength can change quickly along 

the spectrum.  From being dominated by the deeper dipole at low frequencies, the intensity (and thus the 

power and slope) can become dominated by the shallower dipole at higher frequencies.  Consequently, 

when a deep dipole contributes its slope spectrum at the lowest frequencies, a smaller dipole at intermediate 

depth may contribute its slope spectrum at intermediate frequencies, and so on.  It follows that a slope 

spectrum of field data might provide depth signal from several equivalent layers of dipoles at different 

depths and locations in the area sampled. 

 

Extrapolation to 1000 m depth   

 

The formula for depth has been derived from models at depths down to 500 m.  The trends at low 

frequencies on Figure 7 and Figure 10 continue reliably to the edge of the analysis at 500 m.  Similarly the 

trend of the basalt seen in Figure 14 continues reliably past 500 m depth.  Clearly, a degree of extrapolation 

is in order.   

 

The formula has been automatically applied to field data down to 1000 m, with coherent results.  There has 

been no indication of error, so in the absence of evidence to the contrary, depths inferred between 500 and 

1000 m can be assumed to have similar reliability to those above 500 m.  Extrapolation to 1500 m has been 

successful (Clifton and FitzGerald, 2018) and has been applied in producing the Appendix to the thesis.  

 

An example is in order at this point.  Kruse et al. (2010) describe the Kudinga Basalt as a regionally 

extensive flood basalt, up to 600 m thick.  On one of the two structure transects on the Frew River 1:250 000 

map (Kruse and Maier, 2010), it is shown as dipping to the east.  In a transect taken across the same area, 

a major magnetic body is seen to dip down past 1200 m depth.  See Figure 16. 
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Figure 16.  Transect of magnetic depths along the south-west corner of the Frew River 1:250 000 Map.  

Three, arguably four layers can be picked out in the east.  The twenty-one depth profiles of the transect 

originated from the same number of 20 x 20 km samples of TMI grid, whose vertical derivative images are 

shown overlapped in the 20 km wide strip at top.  Location of the transect can be seen in Figure 21 in the 

Appendix to this Chapter. 

 

 

The magnetic transect confirms the original mappers’ interpretation that the Kudinga basalts dip 

downwards, evidently to at least 1200 m, and also indicates that the basalts may be continuous west of that 

point.   

 

Layers shallower than the flight line spacing  

 

Figure 16 is blank at depths shallower than about 200 m due to distortion of the radial power spectrum 

shorter than about half the flight line spacing, which is 400 m in the surveys to the north and south of the 

transect.  Because an automated procedure would not in general know the flight line spacing or flight line 

direction, it is unable to correct for the distortion of signal.  Consequently the magnetic depth transect is 

blank at depths of greatest interest to an open-cut miner. 

 

Multiple layers, vertically separated 

 

As is evident in the magnetic susceptibility profile on Figure 15, a realistic stratigraphy is likely to have 

several distinct, significantly magnetic layers.  On the same Figure, spurious peaks also appear.  However 

when a series of neighbouring depth profiles are collected into a transect, the distinct layers may be picked 

out along the series through the more scattered, spurious peaks.  For example, on the eastern end of the 

transect in Figure 16, at least two magnetic layers are apparent.   

 

Spector and Grant (1970) had said that for two slabs to be distinguished they should be well separated, 
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without specifying a minimum vertical separation.  It is appropriate to check how accurately the formula 

reports two depths when two magnetic layers overlay.  Accordingly thirteen pairs of slabs of negligible 

thickness were simulated, each with 10 000 dipoles, the upper layer at 160 m depth and the lower layer at 

a depth ranging from 260 m to 500 m.  

 

So that the lower slab at depth Z could appear at similar strength to the upper slab at depth z on the same 

power spectrum, its contribution to the TMI was weighted by its relative depth raised to a power, (Z/z)^p.  

For simulations sampled at 80 m resolution in both directions, trials arrived at a power p=2.3.  With those 

weights applied, depth profiles of the thirteen simulations are shown gathered on Figure 17a.   

 

To simulate a standard airborne survey, the fields were resampled along north-south lines 400 m apart.  A 

power of 2.8 of the relative depths provided a weight that allowed both slabs to be visible on all the depth 

profiles, shown collected in Figure 17b.  As in all the modelling, the TMI was sampled at zero depth, so 

comparisons with real airborne surveys would require subtracting the ground clearance from the estimated 

depths in the Figure to achieve depth below surface. 

 

 
 

Figure 17.  Depth profiles for pairs of overlying thin slabs.  The modelled depth of each of the slabs is 

marked with a cross.  a) Sampled at 80 m intervals in both directions, with the field of the deeper slab 

weighted by the power of 2.3.  b) Sampled at the same intervals along north-south lines 400 m apart, with 

the deeper slab weighted by the power of 2.8. 

 

 

The high-resolution survey simulated in Figure 17a distinguishes between the two slabs in all cases 

including the separation of 100 m, and accurately estimates both depths when the separation is more than 
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300 m.  When the gap is less than 300 m, the estimates of the two depths err toward each other, with the 

estimate of the weaker pulled more toward the stronger. 

 

The simulation of the airborne survey with north-south flightlines 400 m apart provides a fairly accurate 

estimate of depth of slabs modelled at 300 m and more below the aircraft.  When an aircraft is flying at 

80 m ground clearance, that 300 m implies a depth below surface of 220 m. However slabs modelled at 

160 m depth below the aircraft were all estimated deeper, at 200 m or below the aircraft.  Such shallow 

depths as 120 m below the surface are often missing in the transects of field data, as it is apparent in Figure 

14.  A convenient rule of thumb for interpretation would say that the minimum depth resolved is about half 

the flight line spacing. 

 

Although the airborne survey simulation allows discrimination of the upper slab, its estimate is 50 m too 

deep even when it is well separated from the lower.  When the gap is less than 200 m, the upper depth 

estimate errs further toward the lower.  During trials, weaker choices of its strength showed the lower slab’s 

depth estimates erring toward the upper slab.  When the slabs have equal strength and negligible gap, the 

depth estimate is that of the thick slab (see above).  I conclude that depth estimates of overlying slabs tend 

toward each other and merge as the gap narrows. 

 

Example: Distinguishing an intrusion from an impact in the basalt 

 

In Figure 18, an image of the vertical derivative of the TMI of the basalt includes a circular feature that has 

been variously interpreted as an impact structure or an intrusion.  An impact can be expected to leave little 

evidence in a magnetic image other than disruption, but a mafic intrusion is likely to leave at least one extra 

layer to appear in the transects.  In the figure, horizontal units are in multiples of 0.05°, which is adequately 

approximated by speaking in multiples of 5 km.  Inspection of the transect reveals at least one extra 

magnetic signature, so the feature is indeed an intrusion.   
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Figure 18.  Top:  Shown overlapped, 20 x 20 km samples of vertical derivative TMI, crossing the 

intrusion/impact structure at 132.67°E, 18.31°S.  Middle: Depth transect from the samples.  Bottom: Zoom 

into the area of the structure, overlaid with the boundaries of the two central samples. 

 

 

An immediate interpretation of Figure 18 is that a significant extra magnetic body is present, ruling out an 

impact as the cause of the structure.  The strength of the feature overwhelms the signature of the basalt at 

similar depths, indicating that it was emplaced in a different magmatic event.  A central object at 320 m 

depth is strongly visible, but on only four depth profiles.  Since the four profiles are derived from samples 
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20 km wide and shifted 5 km each time, it indicates that the object is less than 5 km from east to west.  A 

check of neighbouring depth transects, north and south of the transect shown, shows the object occurring 

similarly on four depth profiles north-south and four profiles east-west, so it is horizontally compact, less 

than 5 km each way.  The signature in the four depth profiles is that of a body of indefinite vertical extent, 

apparently a feeder pipe or dike of limited horizontal extent. 

 

Because each depth profile is normalised relative to the strongest signal on it, the fainter signal visible at 

550 m appears suppressed by the processing, but is nevertheless continuous with a similar, but stronger 

signal in the neighbouring basalt and indicates that the basalt is present throughout the area at that depth.  

A strong signal at 700 m may be due to pooling of the extrusion at 700 m.  However that inference is not 

certain, as examination of the neighbouring profiles (not shown) shows it to be continuous with a similarly 

fainter signal of approximately that depth in the neighbouring basalt.  The possibility remains that the 

intrusion is pooling on top of a basalt flow whose top is near 700 m. 

 

The plan view in Figure 18 indicates a circular feature of approximately 5 km radius.  Given that the depth 

transects indicate a feeder pipe through its centre, interpretation of the TMI image indicates a sill with 

reversed magnetisation.  Having a radius of about 5 km, it would be just wide enough to leave a signature 

on one extra depth profile distant from the depth profiles dominated by the signature of the feeder.  However 

no signature at that width is seen on the transect, so if it is a sill, it is either at the same depth as one of the 

significant basalt layers (such as 700 m) or is too shallow to register on a depth transect.  Such small 

structures can be resolved by forward modelling. 

 

 

DISCUSSION 

 

Automation with the formula allows thousands of depth profiles to be extracted across a very large area.  

Using this method, depth profiles have been derived for 50 000 locations across the Northern Territory 

(Clifton, 2018).  Currently, the depth profiles are presented for public study as line traces on the NTGS’ 

Geophysical Image Web Server.  There they may be overlaid on other reconnaissance resources, such as 

the magnetic vertical derivative image, also on the Geophysical Image Web Server. 

 

It should be remembered, however, that the mass-produced depth profiles and transects are presented 

truncated at depth and without interpretation, so that any corrections must be applied by the user.  Once 

software is available to the user, depth profiles of interest can be recreated with parameters optimised for 

his or her targets.  By allowing a transect in any direction, including diagonally, to be created from the 

ubiquitous depth profiles, interpreters can go one step further, visually testing the continuity of depth signals 

across an extent of interest.   

 

In particular, profiles can be rendered repeatedly to tease out the signature of a real near-surface layer from 

any near-surface artefact.  However, improving signatures in the near-surface zone of the transect can best 
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be done by processing fresh data from surveys of closer line spacing.  As long as the survey has a width of 

at least forty parallel flightlines, depth profiles of the higher resolution can be prepared. 

 

The NT transects have been cut down into packages of profiles from the standard 1:250 000 map sheets.  A 

transect compiles thirty depth profiles across the map sheet, and there are twenty transects down the map 

sheet.  A convenient method of delivering this number of depth profiles, is to sequence the transects in a 

AVI movie file.  This format allows the user to freeze and capture a frame for a transect of any latitude in 

the package. 

 

Depths transects collected by map sheet in AVI files are routinely available from the NTGS.  Other transects 

are available by arrangement with NTGS.  For example, a depth transect across the width of the Northern 

Territory is shown in Figure 19.  Basalts dominate the western half of the transect and appear intermittently 

on the eastern half.  

 

 
Figure 19.  Transect across the Northern Territory along 18.20°S.  Vertical exaggeration is approximately 
1:300. 
 

 

Depth profile data is geolocated, so can be integrated with other geoscience information in a GIS, 

geographic information software.  It would also be straightforward to render the depth profiles in a three-

dimensional display so that a curved surface could be picked out through the noise. 

 

CONCLUSIONS 

 

A formula has been derived to estimate a set of depths across the magnetic power spectrum, with a rejection 

of depths below a frequency-dependent criterion.  For the purpose, power spectra can be taken from grid 

samples of regional data (400-500 m spaced) as small as 20 x 20 km.  Application of the formula and 

criterion now allows the automatic calculation of depths from magnetic spectra of many TMI samples 

across a region.   

 

z = (2/k -s)/4π,   while z < 1/k 
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where z is positive depth, s is negative slope and k is frequency in cycles per length. 

 

The human intervention required by the Spector-Grant procedure has been postponed until after the 

automation stage, by visualising depth estimates along with their noise in depth profiles.  Transects of depth 

profiles calculated from overlapping samples allow the continuity of a magnetic layer such as a basalt to be 

traced by eye through the noise normally present on the spectra. 

 

The apparent depth read from a traverse can be interpreted as the depth of the thin layer equivalent of the 

body being traced.  Within the limitations due to sampling, in a profile or transect the main signature is 

referring near to the top of the closest or strongest heterogeneous layer. 

 

The technique has the unusual capacity to see through a surface layer that dominates the TMI image.  

Although signal from bodies nearer the surface and shallower than the flightline spacing can be obtained, 

it is distorted and better suppressed in automated production and left to subsequent reprocessing.   

 

A second layer appearing in a transect indicates the presence of a second, stronger magnetic layer at depth.  

Unless the two layers are horizontally separated, the upper signature refers lower than it would if the upper 

layer were alone.  Similarly the lower signature refers shallower than it would have if that layer were alone 

in the stack. 

 

When a series of depth profiles is derived from overlapping TMI grid samples, a body which is not extensive 

will still appear represented in the few profiles whose samples overlap it.  Any interpretation of that depth 

signature requires estimating how much that body can be represented as a single dipole or layer of dipoles. 

 

The processing stage for spectral depths is now separate from interpretation, a divergence from orthodox 

procedure.  Large numbers of depth profiles can be generated and distributed, allowing interpreters to study 

a relevant subset at their convenience. 
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APPENDIX 

 

Locations of the figures. 

 

 
 

Figure 20.  Locations of depth transects used in previous figures.  Shown are the strips of overlapped 20 x 

20 km magnetic grid samples used to create the depth profiles that comprise the transects.  The full set of 

50 000 depth profiles, spaced at 0.05 degrees, are too close to be shown on a figure of this scale. 
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CHAPTER 5 

 

FORWARD MODELLING OF SPECTRAL DEPTHS USING 3-D FOURIER CONVOLUTION 

 

 

Preamble 
 

Heterogeneous bodies predicted with the aid of depth inversion based on heterogeneous models (previous 

chapter) require forward modelling methods that can handle heterogeneity. 

 

Because heterogeneous models have orders of magnitude of detail greater than homogeneous models, they 

can no longer be calculated by serial methods of standard practice.  The inherent parallelism of Fourier 

convolution is invoked here to create “Fourier forward modelling”. 

 

Layered heterogeneous bodies can now be used to model and test some general problems of exploration 

geophysics.  In particular, the relationship between survey parameters and implicit depth signal are 

examined and reported. 

 

The newly demonstrated capacity of Fourier convolution to rapidly process highly detailed models opens a 

much wider field of application in exploration geophysics.  Non-prismatic bodies are readily handled and 

their depths can be extracted from the power spectra.  In particular, it is now possible to model a survey 

flown over rugged topography. 

 

This chapter includes the paper: 

 

Clifton, R., 2016, Forward modelling of spectral depths using 3D Fourier convolution, Exploration 
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ABSTRACT 

 

Clifton (2015) established a procedure using magnetic spectral depths to create depth transects across the 

Northern Territory (Australia).  Although these transects showed depths to layers, they failed to show depths 

in the upper few hundred metres.  Because the magnetic depths had been derived on the basis of 

heterogeneity of the bodies, a method of forward modelling that accounts for heterogeneity is needed to 

explain this limitation and other issues.  Spatial convolutions based on heterogeneity suffice for primitive 

models but are too slow for detailed work. 

 

Fast forward modelling is achieved here using Fourier convolution, that is, convolution of 3D arrays via 

the frequency domain, to obtain TMI grids and magnetic depth profiles for hypothetical structures.  

Regularly located dipoles represent homogeneous material in a simulation by Fourier convolution of 

conventional forward modelling.  Randomly located dipoles represent heterogeneous material in a 

significant improvement on conventional forward modelling. 

 

In an analysis of the limitations of magnetic depths, modelling by Fourier convolution of heterogeneous 

layers reveals that the loss of shallow depth signal in magnetic transects arises mainly from limited line 

spacing of the underlying surveys.  Depths of bodies at less than half the line spacing of the survey are not 

resolved at all and depths less than the line spacing itself appear deeper than the actual source depth.  Depth 

resolution of data collected east-west is significantly degraded compared to north-south surveys. 

 

Fourier convolution works equally well with non-layered, non-prismatic bodies.  Modelling of an inclined, 

elliptical body of heterogeneous material is demonstrated by way of example.  The associated depth profile 

shows a clear equivalent layer at a depth representative for such a body.  The result allows interpretation of 

a characteristic pattern in magnetic depth transects as indicating the depth to a relatively compact non-

layered body. 

 

Fourier convolution of heterogeneous bodies showed a considerable speed advantage over spatial 

convolution at all array sizes used in the study.  Convolutions of model arrays of 1000 x 1000 x 500 nodes 

were calculated within a few minutes. 

 

Keywords 

Fourier modelling, magnetic depths, heterogeneity, random dipoles  
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Introduction 

 

Conventionally, forward modelling is performed with a defined shape enclosing homogeneous material.  

Often the body of interest would be approximated by a simple geometric body such as a prism, for which 

an analytic expression is already published.  For example, see Blakely (1996, pp. 94-95).   The anomaly 

due to an irregular body can be numerically built up from a large number of elementary identical prisms, 

by such as UBC MAG3D modelling software (2005).  However, as the contribution of each elementary 

prism is added in sequence, computing overheads increase linearly. 

 

The assumption that the material of a body is homogeneous constrains the conventional analysis.  Vacquier 

(1972, p. 3) points out that populating the interior of a prism with a regular grid of identical elements of 

homogeneous magnetic material cancels out all internal signal, leaving only the outermost surfaces to 

contribute to the spectrum.  On a grid of vanishingly small spacing, the elements become simple dipoles. 

 

Spector and Grant (1970) analytically derived a depth-containing contribution to the power spectrum, by 

describing a body as an ensemble of a few prisms.  By considering an ensemble with an arbitrary number 

of elements, they had effectively introduced heterogeneity to the model. 

 

Clifton (2014) demonstrated the results of spatial convolution using a large number of dipoles as elements.  

The volume of a model body was populated with their locations, which were then convolved with the field 

of a single elementary dipole.   Being a spatial convolution, each additional dipole field had to be added in 

sequence, slowing the calculation and restricting each model to a few thousand dipoles. 

 

Two 3-D arrays of the same dimensions can be convolved rapidly using 3-D discrete Fourier transforms.  

Multiplying the Fourier transforms of the two arrays, and taking the inverse transform of their product, 

results in a third array of the same dimensions.  The third array is the convolution of the first two arrays, 

where the contents of one array have been re-centred onto each non-zero node in the other, and accumulated 

point-wise in the third array.  In the context of forward modelling, a “model array” represents the model 

with a multiple of the susceptibility at each node.  The other, “kernel array” contains the 3-D TMI anomaly 

due to a unit dipole.  After convolution, the resulting “anomaly array” contains the TMI anomaly of the 

model. 

 

Caratori Tontini et al. (2009) demonstrated the use of 3-D Fourier convolutions for very fast forward 

modelling of both gravity and magnetic anomalies.  Rather than deriving a kernel in the spatial domain, 

they derived a filter in the frequency domain.  Susceptibility values were assigned to the nodes of a model 

array, whose Fourier transform was then multiplied by the filter.  When the product was inverse transformed 

into the spatial domain, the convolution was completed.  They pointed out that a field survey can be 

simulated by selecting a 2-D subset of the resulting anomaly array.    Dramatically reduced execution times 

were achieved using arrays of dimensions 100 x 100 x 100.   

 

Caratori Tontini (2012) presented a Matlab program for repetitive forward modelling to fit the observations 

of an existing survey.  The survey need not be a horizontal plane, raising the possibility of direct comparison 
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of the predicted anomaly at the elevations of the field observation points.  Terrain effect has been implicitly 

calculated.   

 

Phillips (2014) reversed the role of the Fourier transforms, deriving an inverse array to deconvolve the 

observations and obtain a magnetisation distribution as a result.  The observation points, at differing 

elevations in the topography, had been inserted at their respective nodes in the anomaly array.  However, 

deconvolution requires a three-dimensional input array of data, so constraining assumptions were made to 

fill in for input missing from the third dimension. 

 

In Clifton (2014), the sources are assumed to consist of horizontal layers whose heterogeneity alone gives 

rise to the variations in the observations.  Using a spectral inversion formula, each sample area of 20 x 20 

km then gives rise to a single depth profile, showing depths to equivalent layers.  Across the magnetic grid 

of the Northern Territory, 50,000 depth profiles were derived and lined up into transects (Clifton, 2018) 

such as that seen in Figure 1.  Across most areas one or more equivalent layers are apparent, but signal is 

absent from the top 200 m or so. 

 

 
Figure 1.  Transect of magnetic depth profiles along 21° S, the south edge of the Frew River Map (Kruse 

and Maier, 2010).  On the west, outcropping, thick basalts appear only as two layers below 200 m.  Three 

layers can be distinguished on the east, but none near the surface.  From Clifton (2014). 

 

 

Unfortunately in exploration, information from the top 200 m is critical.  We need to know the limits to the 

shallow signal in depth profiles and transects, and fast forward modelling using Fourier convolutions is one 

way to assess it. 

 

Method 

 

The process of convolution runs a filter through a function in one or more dimensions.  Fourier convolution 

consists of multiplying the transform of a function with the transform of the filter or “kernel”, then applying 

an inverse transform to their product, to obtain the function convolved with the kernel (Blakely, 1995, pp.  

268-269).  When using finite Fourier transforms, the original function, the kernel, and the resulting 

convolution are all arrays of the same dimensions.  Modelling in three dimensions requires the use of three-
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dimensional discrete Fourier convolutions operating on three-dimensional arrays. 

 

Kernel, model and anomaly arrays 

 

Assigning the values of the TMI anomaly of the unit dipole to the nodes of a three-dimensional array creates 

a kernel array that can be convolved with a model array of the same size, which contains the locations of 

the dipoles.  Adding a “1” to a node at the location of each dipole in the model array invokes the addition 

of the kernel array centred on that node during the convolution.  The result is an anomaly array of the same 

size and dimensions, containing the TMI anomaly of the modelled bodies.  The model array and the 

anomaly array have the same geographic locations.  Otherwise similar, the kernel array has the same size 

but relative coordinates. 

 

It is convenient to designate the top layer of the model and anomaly arrays as the observation plane, a 

horizontal plane traversed by a hypothetical observer.  With the observation plane as reference, all locations 

in the model array then have depths below the observer. 

 

In the current context, I am simulating airborne surveys of various ground clearance, of 60 m and greater.  

When comparing the results to a known survey, a reader would need to subtract its ground clearance from 

all depths below the observer, to obtain depths below the surface. 

 

In standard practice, the anomaly of the model is assumed to be everywhere less than the inducing field, so 

that the field of the elemental dipole can be approximated by the component of the induced field parallel to 

the inducing field.  This simplifies calculation.   

 

Forward modelling to obtain depth profiles such as those in Figure 1 requires a model array and kernel 

array of the same dimensions as the sample area and depth range of interest.  The sample areas of 

20 x 20 km were taken from a grid of 80 m cell size, and we are interested in the top 500 m.  As a 

preliminary to building a kernel array, Figure 2 shows subsets of the TMI anomaly of a dipole of unit 

strength 1 J/T (or 1 A·m2), calculated at the nodes of an array of dimensions 251 x 251 x 101, spanning 20 

x 20 x 0.5 km respectively.   
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Figure 2.  a) Subset of the 3-D TMI anomaly array on a horizontal plane 200 m above a unit dipole.  b) 

Subset from the vertical plane running north-south through the dipole.  Note vertical exaggeration.  The 

values have been clipped to fit a linear greyscale between -1.5 and +1.5 nT. 

 

 

Finite Fourier transforms lack the shorter wavelengths required to completely represent a sharp step, giving 

rise to oscillations on inverse transformation known as the Gibbs phenomenon (Sheriff and Geldart, 1983, 

pp. 166-167).  Inevitably, there are steps in value between opposite boundaries of an input dataset such as 

the dipole field.  This does not present a problem in the horizontal directions.  The TMI values in the 

calculation for Figure 2a are identical on the east and west boundaries, and very similar on the north and 

south boundaries.  However the upper and lower boundaries seen on Figure 2 B show a severe step between 

the field near the dipole and the field distant above it.  Any oscillation due to the step would wrap and spill 

into the subtle variations in the remote field. 

 

Standard procedure to reduce the step is to “taper” the edges of the dataset before taking a Fourier transform.  

As the current work simulates airborne surveys performed in the NT where no dipole is ever closer to the 
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observer than the closest height of the aircraft above the ground, 60 m, so the field in the first 60 m above 

the dipole can all be replaced with a taper.   

 

To provide a tapered kernel array for each of the various models used here, it is convenient to replace the 

values from 0 to 60 m with a mirror image of the subsequent 60 m.  See Figure 3a.  Although the step is 

not completely eliminated, it is now small enough to avoid visible artefacts on images arising from Fourier 

transforms of the kernel array.  

 

 
Figure 3.  a) TMI anomaly on a line running vertically above the unit dipole whose field is shown in Figure 

2.  Near the dipole, the TMI goes off scale.  b) Tapering the step between 0 and 60 m, values near the dipole 

are replaced with a reversed sequence of the values between 60 to 120 m. 

 

 

A further adjustment is necessary.  As calculated above, the dipole is placed at the horizontal centre of the 

array.  So that the dipole is at the centre in all three dimensions, it is also necessary to place it at the vertical 

centre of the array. 

 

The dipole field still runs the full depth used for the model array, even though the dipole is to be placed at 

the centre of the kernel array.  Because a finite Fourier transform treats input data as periodic, the 
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coordinates of each dimension must wrap.  That is, when a location appears to be travelling off an edge of 

the array, it reappears emerging from the other side.  In this case, by shifting the dipole centre halfway up 

the kernel array, the displaced values from the top reappear at the bottom of the array. 

 

In Figure 4, the TMI is seen to decrease in value from 60 m above the dipole to 250 m above, where it 

meets the top of the kernel array, wraps, and logically continues from the bottom of the array upwards.  

Values of the TMI then continue to decrease with height until 500 m above the dipole, which coincides 

with the zero coordinate of the array.  The step in value between 0 and 60 m has been replaced with the 

taper described earlier.   

 
Figure 4.  Values of the kernel array on a line vertically through its centre, renumbered with the wrapped 

height above the dipole.  The dipole TMI declines correctly from 60 m to 250 m height, at the top of the 

kernel array, then continues to decline as the height increases from the bottom of the kernel array up to its 

centre.  The field at -50 m in the kernel array is thus the TMI calculated for 450 m depth.  A severe step 

between 500 and 0 m depth has been reduced by a taper between 0 to 60 m. 

  

Demonstration of convolution via the frequency domain 

 

Figure 5 shows a model array of 20 x 20 x 1 km containing the locations of five dipoles.  A kernel array of 

the same size and dimensions may be assumed, with the same construction as the kernel array described 

above. 

 



 

101 
 

                              
 

Figure 5.  Locations of five dipoles, represented by stars.  In the model array, they are represented by ones 

in an otherwise zeroed array of the same size as the kernel array. 

 

 

Applying a Fourier convolution to the model and kernel arrays results in an anomaly array whose side view 

is shown in Figure 6a.  Its observation plane (Figure 6b) simulates a survey taken at the resolution of the 

array.  
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Figure 6.  a) Projection on the vertical plane of the anomaly array resulting from the convolution of the 

model array of five locations in Figure 5 with its kernel array.  Note vertical exaggeration.  b) Values in the 

observer plane, at the top of the anomaly array.   

 

 

The contents of the anomaly array are seen projected onto the vertical plane in the side view of Figure 6a.  

A vertical exaggeration of 1:20 elongates the fields of the dipoles.  The fields appear truncated below each 

dipole, as a correct replication of the kernel array around that location. 

 

Figure 6b is an image of the anomaly at the observation plane of the anomaly array.  The centres of the five 

dipole fields have been placed correctly in three dimensions, as defined in the model array in Figure 5. 

 

Because the wrapped field in the kernel array is only defined above the elemental dipole, its contribution 

to any point in the anomaly array is the field due to each dipole at its unwrapped depth.  For the same 

reason, the strongest contributions to the field seen at the bottom of the anomaly array are due to the dipoles 

closest to its top.  It is the values at and near to the observation plane that best simulate a survey. 

 

Convolution of the kernel array with five locations has thus been demonstrated.  However the number of 

locations has no influence on the computing time.  Once the model array has been created, the computing 

time is decided only by the size of the arrays rather than their contents.  It is possible to populate the shape 

of a realistic magnetic body with an indefinitely large number of dipoles. 

 

Applications 

 

Modelling homogeneous bodies  

 

Any assembly of upright prisms, the simple shape conventionally used in magnetic modelling, is readily 

modelled by Fourier convolution.  The boundaries of a prism can be drawn anywhere inside a model array, 

apart from leaving the buffer required by the dipole field.  If the prism is populated uniformly in the manner 
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described by Vacquier (1972, page 3), then convolved with the dipole field, the fields of the dipoles at every 

node – except those at the surfaces – will be cancelled out by the fields of the dipoles on the surrounding 

nodes.  Then the material is homogeneous and only the surfaces of the prism show magnetisation.  Figure 

7 details a single upright prism and its resulting anomaly at the observation plane, modelled using Fourier 

convolution.   
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Figure 7.  a) Plan and b) elevation of a model array containing a single prism.  Prism is 500 m thick and 10 

km square.  With a single dipole assigned to each of its 800,000 nodes, the prism simulates homogeneous 

material.  c)  After Fourier convolution with a dipole field of inclination -45°, the field at the observation 

plane is shown.  The figure demonstrates Fourier forward modelling using homogeneous prisms.  

 

 

Further prisms may be added to the same model array with various susceptibilities, their number limited 
only by the resolution of the array itself, with no impact on the computing time.  It is evident that 
conventional modelling with homogeneous prisms can be achieved with Fourier convolution. 
 

Routine procedure compares the anomaly field of such a forward model with field data as a test of its 

similarity to reality, including depths to surfaces.  Estimation of depths is achieved by trial and error, an 

essentially manual procedure.  Heterogeneous models are more effective for providing information about 

depths to the different parts of the model.   

 

Modelling heterogeneous bodies 

 

Magnetic depth transects such as in Figure 1 give depths to equivalent layers on the assumption that the 

sources are extended slabs.  It is straightforward to extract depth to the equivalent layer of an extended slab 

of heterogeneous magnetic material using Fourier convolution. 

 

In Figure 8a, a slab is simulated between 280 and 350 m depth in a model array of 20 x 20 x 0.5 km with 

251 x 251 x 501 nodes, and populated with 98,863 random locations.  When convolved in the frequency 

domain with a kernel array of the same size, the corresponding anomaly array is obtained.  Its top layer, the 

observation plane, is showed imaged in Figure 8b. 
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Figure 8.  a) Elevation view.  Locations from a 480 m wide vertical slice of the model array for a slab of 

heterogeneous material, with ~100,000 locations for dipoles.  Note vertical exaggeration.  b) Observation 

plane, at the top layer of the resulting anomaly array, 280 m above the slab, after convolution with a kernel 

of the same size.    

 

 

Deriving a depth profile from the Fourier convolved model is similar to deriving a depth profile from a 

spatially convolved model.  Firstly, the radial logarithmic power spectrum (Figure 9a) is differentiated to a 

slope spectrum (Figure 9b), by fitting a series of line segments along its length.   

 
 

     
Figure 9.  a) Power spectrum for the data in the observer plane in Figure 8b. 

b) Slope spectrum, obtained by fitting a series of line segments to the power spectrum.  

 

 

In the method of Spector and Grant (1970), a straight line would be fitted to the power spectrum in Figure 9a 

– equivalent to fitting a horizontal line through the middle of the spectrum in Figure 9b – giving a single 

spectral slope of s=-3.4.  Applying their equation, z=-s/4π would yield a mean depth of 270 m, well short 
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of their “ensemble average depth”, which would be 325 m. 

 

A depth spectrum (Figure 10a) can be obtained by applying the equation and cut-off derived in Clifton 

(2014), 

 

z = (s -2/k)/4π    while  z < 1/k 

 

where s is the set of slopes, z is the set of depths arising and k is the spatial frequency. 

 

 
Figure 10.  a) depth spectrum and a) depth profile, from the slab modelled in Figure 8b.  

 

 

The depth profile in Figure 10b is composed of a sum of gaussians, one added at each of the depths on the 

depth spectrum of Figure 10a, then converted to greyscale, normalised to the maximum value on the profile.  

It provides a heuristic measure of the probability of the presence of an equivalent layer of dipoles at each 

depth. 

 

Depth to the equivalent layer can be read off the depth profile as 300 m.  As predicted in Clifton (2014), 

the equivalent layer appears ~20 m below the top of the slab being modelled.  In this case there is no error 

between the model and the estimate, but noisier models would be expected to give differing depths to 

equivalent layers. 

 

Modelling of transects 

 

Judgement is required as to how many random dipoles are necessary to simulate a real rock body.  Fourier 

convolution allows an unlimited number of dipoles to be assigned, and a large number does give improved 
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accuracy to the resulting depth profile.  However, the image in Figure 8a shows an unrealistic amount of 

heterogeneity.  In contrast, real rock bodies have limited heterogeneity, so a faithful simulation requires a 

restrained proportion of random to regular dipoles to be used.   

 

Instead, improved depths can be estimated for layered bodies in the field by moving the boundaries of the 

area being sampled.  If the layer extends sufficiently into the new area, its signal will persist across the 

repeat sample while the noise has been shuffled.  A series of depth profiles derived from overlapping 

samples of grid form a magnetic depth transect (Clifton (2014). 

 

In extracting depth profiles from field data, as in Figure 1, the centre of the 20 km square sample of grid 

has been shifted 5 km for each new profile, shuffling the noise without greatly changing the signal.  

Consequently a slab can be traced across the transect, through the noise. 

 

Given that the distribution of magnetisation in a magnetic body will normally be less than fully random, it 

is inevitable that the depth profiles arising from it will be noisy.  The success of transects – that is, a series 

of overlapping depth profiles – relies on the susceptibility changing more frequently than the boundaries of 

the bodies in the section.  A simulation demonstrates the point. 

 

Simulating a transect, Figure 11 shows the effect of repeating the modelling with new sets of random 

numbers in the above model.  The apparent depth of the equivalent layer varies between profiles but may 

be traced satisfactory through the series.  If those slabs were contiguous, the series would amount to a 

magnetic depth transect. 

 

 
Figure 11.  Simulation of a magnetic depth transect.  Depth profiles from twenty-one model slabs differing 

only in the random locations of the dipoles, aligned side by side.  Despite significant variations on the depth 

profiles, the depth of the equivalent layer can be traced through the series at 300 m. 
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In this case, the number of dipoles in each 20 x 20 km model slab was 5000, a number small enough to 

allow realistic variation between repetitions.  If a larger number N were used, the relative noise level 

(~ √N/N) in the model transect would decrease and the transect would appear as a more or less solid line at 

the mean depth of 300 m. 

 

On the other hand, if fewer dipoles were used, the relative noise level would be higher, and the model would 

be able to demonstrate that this or that pattern in a field transect was due to artefacts, or that it was likely 

to be real.   

 

 

Modelling of arbitrary shapes 

 

It follows that all prismatic shapes may be modelled by the same process – of populating a volume in the 

model array with dipole locations and convolving it with a kernel array in the frequency domain.  A 

homogeneous prism can be modelled with a uniform distribution and a heterogeneous prism with a random 

distribution.  However prisms are conventionally chosen for convenience of serial calculation rather than 

their fit with reality. 

 

Models of interesting geological bodies are not generally prismatic, nor homogeneous, and usually become 

more irregular as depth information accumulates from drilling, etc.  Irregular magnetic bodies can be as 

easily modelled by the same process of populating a defined shape with random dipoles, the degree of 

irregularity only limited by the user’s capacity to define the shape to be populated. 

 

Demonstrating the independence of shape, an ellipsoidal boundary for a model is shown in Figure 12.  The 

model array extends over 20 x 20 x 1 km, with 251 x 251 x 501 nodes. 

 

 

 
 

Figure 12.  Side elevation and end elevation of an ellipsoidal shape to be populated with dipoles.  Note 

vertical exaggeration.   

 

When populated with 55,000 random locations and Fourier convolved with a kernel array of the same size, 

the model array containing the ellipsoid gives rise to a TMI anomaly whose observer plane is shown in 
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Figure 13. 

 

 
Figure 13.  TMI at the observer plane of the anomaly array resulting from Fourier convolution of the kernel 

array with a set of random dipoles distributed through the volume shown in Figure 12. 

 

 

Caratori Tontini et al. (2009) warned that a body should be modelled with a wide buffer – a surrounding 

volume without detail – so the signal from opposite sides of the model does not leak into the other side.  

Although the model in Figure 13 (above) has clear space and no distortion on its north and south edges, the 

east and west edges are close to their boundaries yet no distortion is evident, perhaps because the TMI on 

the east and west is similar.  However, if the same model were laid out north-south rather than east-west, 

the overflow of the high TMI from the north onto the low-valued south could be an unwelcome distortion. 

 

Although not a layered body, a non-prismatic heterogeneous body can also give rise to an apparent depth 

to an equivalent layer.  The depth profile (Figure 14) for the ellipsoid model shows a depth to an equivalent 

layer of 220 m.  Comparison with the side or end elevation in Figure 12 shows that value to be 120 m below 

its geometric top.  Whereas the material near the top of the slab in Figure 8 extended across 20 km, the 

geometrical top of the ellipsoidal body has very little material in its vicinity.  The bulk of the body is really 

only reached around 120 m below it, so such a depth estimate would be useful to an explorer more interested 

in its bulk than its top interface. 
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Figure 14.  Depth profile from the power spectrum of the TMI of the heterogeneous body shown in 

Figure 13.  Depth for an equivalent layer appears at 220 m.  Compare this depth with the elevation views 

on Figure 12. 

 

 

Compact non-layered bodies appear in the transects as a repeated signature, if they dominate the power 

spectra of successive grid samples.  In Figure 15 the depth profile of a strongly magnetic compact body 

appears four times as it appears in each of the 20 km wide samples that overlap it.  Because it appears in 

only four five-kilometre shifts, it must be less than 5 km wide, lying between 130.80° and 130.85°.  With 

assumptions about its shape, its depth may be estimated from its depth profile as ~720 m. 

 

 
 

Figure 15.  The depth profile of a strongly magnetic compact body appears four times around 130.8 E in 

this magnetic transect from the Northern Territory.  The signature indicates that it is less than 5 km wide 

and lies between 130.80° and 130.85°, near 720 m depth.   

 

Effect of airborne survey parameters 

 

The white space, without depth signal, at the top of the NT transects (such as Figure 15) is created by cutting 

off the high frequencies of the power spectrum from analysis when the noise level gets too high.  Typically 
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the cut-off is 2.5 cycles per kilometre, between the Nyquist frequencies of the along-line and cross-line 

sampling rates.  Strong bodies at depths can dominate the remaining spectrum so that no shallower body is 

represented.  Thus the white space in Figure 15 varies between 200 and 500 m.  However the common 

factor between the loss of signal arising from different surveys is the choice of survey parameters used to 

collect the data.  It would be valuable to know the shallowest signal that can be obtained from each survey 

type, and how much distortion is caused to the layers that are displayed. 

 

Most of the magnetic grids of the Northern Territory were collected on lines flown north-south, at 400 m 

spacing.  Others were flown at 100, 200 and 500 m line spacings, some of which were flown east-west.  

Consequently the magnetic transects derived from those surveys are limited by the parameters used. 

 

Using the modelling method described here, it is straightforward to test the effect of varying survey 

parameters on shallow signal.  As long as the resolution of the arrays is significantly better than the line 

spacing, a survey of each line spacing and flight direction, can be simulated by subsampling the observation 

layer. 

 

To test that the differences are only due to the choice of survey parameters, it is appropriate to use the same 

set of models and just simulate the various survey types from the same observation layers.  If the same set 

of models is resampled according to the various survey parameters, then the difference in quality of the 

depth profiles and transects will be due entirely to the choice of sampling parameters. 

 

Accordingly, ten slabs were simulated at intervals of 100 m between 100 and 1000 m depth below the 

observer.  Each slab was populated with 5000 dipoles in a two-metre thick layer.  With array dimensions 

of 401 x 401 x 501 across 20 x 20 x 1 km, the resulting observer plane for each slab had a horizontal 

resolution of 50 m.   

 

Line spacing of 100 m. 

For each of the ten slabs, the field data of an airborne survey flying north-south along lines 100 m apart 

was simulated by sub-sampling the data in the observer plane.  The subset was then treated as routine survey 

data and processed in the standard geophysical software, Intrepid.  Here it was interpolated to a grid of a 

cell size of one fifth of the flightline spacing using minimum curvature.  Using Intrepid’s Fourier transform, 

the logarithmic radial power spectrum was calculated and saved to file.  Depth profiles were then calculated 

in the manner established above. 

 

Figure 16a shows the depth profiles of the simulated 100 m survey, flown north-south.  Similarly, Figure 

16b shows the depth profiles of a simulated 100 m survey, flown east-west.  The two simulations are almost 

identical, and are effectively indistinguishable from the results of a simulated survey at 50 m spacing, the 

maximum resolution of these observer planes.  It follows that 100 m spaced surveys would be able to 

distinguish targets shallower than 100 m.  These depths are below the observer, so depths below the surface 

would be shallower still. 
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Figure 16.  Depth profiles over ten slabs, in simulated 100 m spaced surveys.  On the left, the flightlines 

run north-south and on the right, they run east-west.  The shallow depth profiles are true to the models, the 

noise in the depth profiles being entirely due to the use of a low population of 5000 dipoles in the model 

slabs. 

 

 

Although sharper depth profiles could have been obtained by using larger numbers of dipoles in each slab, 

we need to see the effect of survey parameters on the rendering of noise as well as the depth of the equivalent 

layer. 

 

Line spacing of 200 m. 

When 200 m surveys are simulated (Figure 17), both of the simulations give a correct depth for the 200 m 

and deeper slabs.   

 

 

 
 

Figure 17.  Depth profiles over ten slabs, in simulated 200 m spaced surveys.  Compare with Figure 16.  

Slabs at 200 m and deeper have been faithfully rendered.  The 100 m slab has been rendered adequately in 

the north-south survey, but is damaged in the east-west survey. 

 

 

However the signal of the 100 m slab is much weaker in the 200 m spaced simulation.  That it is being 

picked up at all when survey planning (Reid, 1980) would suggest a minimum detectable depth of twice 

the line spacing, is due to the higher sampling frequency (every 50 m) along the flight line, contributing 

signal to the radial spectrum.  Instead, the north-south simulation shows an adequate 100 m depth to the 

100 m slab, with increased noise.  The east-west survey degrades the signal of the 100 m slab further, 
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incorrectly placing it at 170 m.   

 

Considering that the ground clearance of the aircraft may take up 60 or 80 m of the “depth below observer”, 

the damage to the signal for a slab at 100 m depth below observer (20 m below surface) is not significant.  

Nevertheless, it is already clear that a decision to fly a 200 m spaced survey east-west would damage depth 

profiles over such shallow bodies. 

 

Line spacing of 400 m. 

Figure 18 shows the simulations for 400 m spaced surveys, the most common surveys in the Northern 

Territory.  Depth profiles for the slab at the same depth as the 400 m line spacing are rendered as 460 and 

400 m for the north-south and east-west surveys, with increased noise on both.  Deeper slabs are rendered 

reasonably close to their correct depths. 

 

 

 

Figure 18.  Depth profiles over ten slabs, in simulated 400 m surveys.  Depths of the model slabs at the line 

spacing and deeper are rendered with rough accuracy.  Shallower depths are distorted.  

 

 

Depth profiles from the 400 m survey flown north-south give deepened depth profiles of slabs at depths 

down to 400 m below the observer.  A decision to fly a 400 m survey east-west would damage depth 

information of objects down to 600 m below the observer. 

 

Line spacing of 500 m. 

Figure 19 shows the simulations of surveys flown 500 m apart.  When surveyed north-south, the model at 

the depth of the 500 m line spacing is fairly rendered at 540 m, with the deeper slabs more faithfully 

rendered at their correct depths. 
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Figure 19.  Depth profiles over ten slabs, in simulated 500 m surveys.  Depths of the model slabs at 500 m, 

the same depth as the line spacing, and deeper are only rendered accurately when surveyed north-south.  

When flown east-west, surveys of that spacing have lost accuracy at almost all depths. 

 

 

When surveyed north-south at 500 m spacing, the shallower slabs, at 100, 200, 300 and 400 m each have a 

sufficiently clear depth estimate, however it is deep in all cases. 

 

The deepening of the depth profile decreases with depth of the source.  The 100 m slab appears at 150 m 

too deep, and the 200 and 300 m slabs at 100 m too deep, while the 400 and 500 m slabs are 50 m too deep.   

 

The 500 m spaced survey flown east-west has extensively damaged all the depth profiles.  The 100 m slab 

is now appearing 270 m too deep with lesser distortions down to an 80 m shift for the 700 m slab and even 

the 1000 m slab appears deeper.  Noise obscures all of them, to the point that confidently inferring a depth 

would require the layer to be traced across a series of profiles in a transect. 

 

Summary of line spacing tests 
 
In summary, all of the surveys rendered equivalent depths for all of the models, although some were so 

noisy that it would take a transect of depth profiles to pick out their equivalent depths. 

 

The equivalent depths were sufficiently accurate for all models of depth greater than the line spacing.  For 

depths shallower than the line spacing, the equivalent depths were rendered deeper than the models and that 

distortion is greater for greater line spacing. 

 

Surveys flown east-west gave significantly inferior results compared to flying north-south.  Their noise 

level increased and the shallower results were consistently rendered deeper than from the north-south 

surveys. 

 

DISCUSSION 

 

Deriving depth profiles from Fourier convolved models has one immediate advantage for bodies that extend 

to opposing boundaries.  In a spatially convolved model, the field of dipoles near the boundaries flows over 

the boundary and is lost from the analysis.  On the north-south boundaries, the deficit causes a step that 
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contributes spurious frequencies to the power spectrum and damages spectral analysis.  There is no such 

problem with Fourier convolved models, as any signal flowing across one boundary will reappear at the 

other.   Examination of the TMI image of the Fourier convolved model in Figure 8b reveals that its opposite 

edges match seamlessly.   

 

Caratori Tontini et al. (2009) warned of edge effects due to wrapping.  However it did not present a problem 

in the current work.  As long as the kernel array is given a sufficiently large volume, most of the signal of 

the dipole lies in the centre, leaving a wide near-zero buffer that is inoffensive when wrapped across from 

an opposite boundary.  As computer power increases, Fourier convolution of large volume arrays allows 

for wider buffers, reducing the likelihood of wrapping effects. 

 

In this paper, the three-dimensional kernel array has been tapered only in the vertical direction.  Modelling 

of single bodies in arrays of small volume may require tapering the kernel array across its north-south 

boundary where the high-valued lobe on the north might flow onto the low-valued lobe on the south.  

Alternatively, the arrays could be designed longer – with more buffer – in the north-south direction than 

east-west.  

 

The vertical taper used here allowed simulation of aircraft surveys in a horizontal plane above all possible 

dipoles.  However, as noted by Caratori Tontini (2012), a ground survey on rugged topography could also 

be simulated by sampling the relevant nodes of the anomaly array.  Obviously those nodes must not be 

shared with a dipole, or be too near one either vertically or horizontally.  Under those circumstances, a 

three-dimensional taper would have to be designed with a sufficiently small radius that an observation can 

be simulated at a node without including the false tapered field of a dipole on a neighbouring node. 

 

Similarly, an aircraft flying among rugged topography is collecting a surface of observations that deviates 

from a horizontal plane.  It has long been standard practice to attempt to remove the effects of topography 

above and below a horizontal surface that is classically represented on maps of field data, that is, in two 

dimensions.  However, now that interpreters are able to model bodies and their anomalies in three 

dimensional arrays, they are able to read the anomaly of the model on the same curved surface on which 

the observations were measured.  Instead of the topographic effect requiring a correction, it is now part of 

the modelling process.  

 

Depth profiles can be obtained from sample areas that are not fully covered by a high-resolution survey.  In 

this paper, the simulations of the different survey types assumed that the survey would occupy the entire 

twenty-kilometre square.  Experience from extracting the 50,000 depth profiles of the Northern Territory 

is reassuring on this point.  When a high-resolution survey occupies a minority of the area of a sample, its 

stronger signal at the higher spatial wavelengths allows it to dominate the power spectrum and consequently 

give good equivalent layers to the depth profile.   

 

Surveys flown east-west clearly have less depth information than had they been flown north-south.  It would 

appear that the strict separation relationship between the high and low TMI lobes of each dipole is only 

adequately sampled by the north-south flightlines.  It follows that data from a north-south flown survey that 
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had been reduced to pole would be similarly inferior, even if a reduced-to-pole kernel array was created for 

the purpose.  It would seem that the magnetic latitude of the Northern Territory around -45° – with 

consequently well-separated lobes on anomalies – is particularly well suited to taking depth profiles. 

 

When studying a collection of transects, an interpreter needs to know the spacing and direction of the 

surveys that gave rise to the depth profiles in the transect.  The magnetic transects of the Northern Territory 

are distributed to the public with a transparent overlay of the survey flightlines so that users can assess the 

reliability of the depth profiles in the area of their study. 

 

 Models can be accumulated through successive convolutions.  It is straightforward to add one anomaly 

array to the other as long as they have the same dimensions and share the same geographic space.  Bodies 

can be added to a model one by one, as trial and error improves.  In this study, each dipole has been added 

to the model array by just adding “1” to a node, but with two bodies the amplitude of the dipoles assigned 

to each body would have to be weighted to match their relative susceptibilities.  At the same time, the 

different heterogeneities of two bodies could be accounted for by a different frequency of random dipoles, 

of different weights.   

 

Remanence can be modelled.  A reversely magnetised body can be simulated by adding “-1” to the model 

array instead of +1.  A transversely magnetised body could be added using a different kernel array, 

calculated with the relevant strength, inclination and declination.   

 

Diffuse boundaries can now be modelled.  Bodies in models conventionally have sharp boundaries, 

although this is not always the case in the field.  Instead of assigning the random locations on the basis of 

a certain probability up to the boundary, it only needs the probability to fade outwards, so that the frequency 

of random locations decreases outwards. 

 

Strongly magnetised bodies are conventionally difficult to model, but convolution offers an improvement.  

As described above, the convolution procedure assumes that the inducing field is constant throughout the 

model.  That is, every location denoted by a weight of "1" in the model array is exposed only to the regional 

field.  However, every part of a susceptible body also responds to the induced field due to its neighbours.  

Iterated convolution would allow the extra induction to be modelled.   

 

The anomaly expected of a moderately strongly magnetised body could be better approximated by feeding 

back the output array of a first convolution as an increase in the weights in the model array, then running a 

second convolution.  Such iteration would be valid as long as the cross-line component of the induced field 

can be neglected, which would not be true inside very strongly magnetised bodies, where the field vector 

is known to rotate significantly (Krahenbuhl and Li, 2007). 

 

CONCLUSIONS 

 

Fast forward modelling can be achieved with Fourier convolution of a model laid out in a three-dimensional 

array, with a kernel array containing the field of a single dipole.  Both model and kernel arrays are built as 
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simple three-dimensional arrays in the spatial domain.  The kernel array consists of the field of a single 

dipole with the strength, inclination and declination of the regional field at the time of magnetisation.  The 

model array to be convolved with the kernel array can be populated with uniform volumes to simulate 

homogeneous bodies, or volumes of large numbers of random dipoles to simulate heterogeneous bodies.  

As long as the kernel array has a wide buffer in all three directions, effects of wrapping can be suppressed. 

 

Non-prismatic bodies of quite irregular shapes can be modelled, limited only by the resolution of the arrays.  

Modelled fields arising from convolutions of heterogeneous non-prismatic bodies provide credible depth 

estimates.  Classically difficult, depths can now be obtained to extended slabs by assuming heterogeneity. 

 

As counterpart to the depth inversion method described in the previous chapter (Clifton, 2015) that assumes 

equivalent layers of random dipoles, forward modelling using Fourier convolution and random dipoles 

allows interpretation of patterns appearing in magnetic depth transects. 

 

Whereas magnetic depth transects suffer from a loss of signal at depths shallower than the line spacing of 

the underlying surveys, the loss has been explained and quantified in terms of the line spacing.   The 

shallowest depths visible in the magnetic transects are rendered deeper depending on their depths relative 

to the line spacing.  Choosing to fly regional surveys east-west rather than north-south incurs a significant 

penalty in depth information. 

 

Modelling strongly magnetised bodies, conventionally difficult, may be achieved by iterating the 

convolutions. 
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OVERVIEW 

 

The project has provided the exploration industry with two methods of obtaining depths to bodies using 

magnetic data, based on heterogeneity.  The first method uses line data to find depths to nearby compact 

bodies by their resemblance to dipoles.  The second method, using grids, is particularly appropriate to 

finding depths to layered bodies such as basalts.  As both methods amount to inverse modelling, a forward 

modelling process that could model heterogeneity was needed and has also been successfully developed. 

 

LINE METHOD  

 

Inversion to obtain depths to equivalent dipoles from flightline data, is described in Clifton (2016a), here 

in Chapter 3. 

 

The method provides a tool for intensive use by committed interpreters, who will become empowered by 

experience with its intermittent depth signal.  I had hoped to track depths to occasional inhomogeneities in 

magnetic layers, but could not establish enough analytical rules to handle pervasive interference.  One 

formula for interfering patterns has been derived, which when generalised, will assist further workers to 

see depth signals come and go through a sea of noise. 

 

The line method increases the power of an explorer to estimate spot depths, by fast, automatic extraction 

of depths.  If the explorer were to passively peruse the entire collection of flightlines, a large dataset would 

be quite punishing.  An explorer can apply the method to an area of particular interest evident in the 

automated depth estimates, and rapidly browse through the flightlines that cross interesting ground. 

 

The line method can only provide clear estimates of depth where the sources are sufficiently compact to 

resemble a dipole.  However other bodies also produce a coherent signal that is brought to the attention of 

the user by the appearance of persistent curved alignments on the screen where the data would otherwise 

have simply been represented as rapidly varying noise.  The user may analyse the patterns to obtain depths 

from non-compact bodies, or alternately might apply other modelling techniques to obtain a fit as well as a 

depth. 

 

Although the explorer may well use the software to look deeper into the patterns, the line method has 

already served its purpose of providing the explorer with a rapid pointer to relatively shallow objects.  An 

explorer is likely to have a modelling tool available to extract more information, especially more detailed 

horizontal information, than just the depth.   

 

 

The line method developed in Chapter 3 also describes the construction of an interactive tool for interpreters 

to rapidly obtain depth estimates to isolated compact bodies in magnetically quiet ground.   

 

Interference between overlapping anomalies, usually obstructive, has been put to use.  The persistent pattern 

due to the presence of two similar bodies is diagnostic and the software can be enhanced to automatically 
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calculate the separation of the bodies.  Analytical investigation of similar patterns appears to be productive, 

and is likely to be of value to developers for fast estimations of alternative configurations of the bodies.   

 

GRID METHOD 

 

Inversion of gridded data to obtain depths to equivalent layers has been described in Clifton (2015) and 

here in Chapter 4. 

 

It has been satisfying to establish a means of getting depths, not just to layered bodies, but to any sufficiently 

magnetic body.  Satisfying too, to derive a valuable correction to the respected Spector-Grant method.  

Sadly, the method leaves a blank at the crucial top 200 m or so.  The deeper limit, currently at about 1000 

m, will certainly be extended by further improvements in processing. 

 

The concept of heterogeneity is introduced to allow the bulk of the magnetic body to give rise to its anomaly 

rather than, as in conventional modelling using prisms, just its surfaces.  Representing a layer of basalt as 

an infinite homogeneous slab is futile (Blakely, 1995). The grid method bypasses the limitations of just 

assigning polarisation to the surfaces, by assuming that the field of a magnetic layer arises from 

heterogeneity between the surfaces.  With that assumption, a depth signal for an equivalent thin layer at 

similar depth can be sought.  Equivalent layers for thicker bodies are characterised by heterogeneity lying 

close to their top surfaces. 

 

The classic paper by Spector and Grant (1970) increases the number of prisms in the model of an extensive 

body without implying an upper bound to the number and not requiring them to be contiguous.  The analysis 

of the net field of the ensemble of prisms a term dependent on the depth to the top of the component prisms.  

If a characteristic slope of the power spectrum can be found, it directly gives an ensemble average that may 

be taken as the depth to the top of the average prism.  Although the authors point to success using a mere 

half-dozen prisms, it is apparent that a clearer signal would be obtained from a model ensemble of a larger 

number of smaller elements.  In the limit, smaller prisms can be approximated by dipoles. 

 

By convolving very large numbers of identical dipoles, the interference between them is averaged out and 

a power spectrum obtained that resembles the power spectrum of a single dipole at that depth.  The paper 

(Clifton, 2015) in Chapter 4 points out that the slope along length of the power spectrum of a single dipole 

is remarkable in that it is dependent only on frequency and the depth of the dipole.  The implied 

independence from other factors allows depths to equivalent dipoles to be extracted from field data.  

Although the technique is designed to get maximum depth signal from magnetically layered bodies, it is 

surprisingly successful at getting depths from arbitrarily shaped bodies as long as they are sufficiently 

heterogeneous. 

 

The paper (Clifton, 2015) in Chapter 4 then presents the achievement of the main aim of the project, to 

obtain depths to the basalts of the Northern Territory.  This paper reports the production and distribution of 

a database of magnetic depths to equivalent layers for the entire Northern Territory (Clifton, 2018).  
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Because much of the original survey data lacks sufficient quality, the top couple of hundred metres is left 

blank, inhibiting identification of the basalts whose depths have been made clear. 

 

FOURIER CONVOLUTION 

 

A particularly fast method of forward modelling using convolution in Fourier space has been described in 

Clifton (2016b), included here in Chapter 5. 

 

It was satisfying to solve the forward problem for heterogeneous bodies.  It was surprising to discover the 

speed and power of 3-D Fourier convolution, providing a tool for many future developments in processing 

to emerge.  I fear that subsequent workers may fail to provide enough tapering and lose heart before 

experiencing the surprising power of three-dimensional Fourier convolution. 

 

The grid method described in Chapter 4 is particularly effective in providing depths to the top of layered 

heterogeneous bodies.  Signals appearing on the transects can be inferred to arise from a certain 

configuration of bodies, and the user needs to check whether that configuration would indeed give rise to 

those signals.  That is, the results from the grid method need to be tested by forward modelling.  Since the 

depth signals on the transects have been derived on an assumption that the sources consist of a very large 

number of randomly placed dipoles, a forward modelling method is needed that is itself based on randomly 

placed dipoles. 

 

The exploration industry currently uses forward modelling software that is based on prisms, not dipoles.  

As the prisms are calculated in series, computing time becomes prohibitive when the number of prisms 

reaches the order of hundreds.  However the number of dipoles required to provide the semblance of a 

continuous heterogeneous body is in the order of hundreds of thousands and a homogeneous body requires 

more.  A method of parallel calculation is required for general use in the industry, not just for layered 

bodies.  

 

The speed of a Fourier convolution lies in the fact that the field of the elemental dipole need only be 

calculated once.  Their many locations distributed throughout the model array – which may have a billion 

nodes – are designated with a small integer at each node.  The entire model is transformed in a single 3-D 

operation, limited only by the size of the array, not its contents.  Limitations for general use then lie on the 

size of the array and the user's ability to make use of the increased capacity to add detail into the model. 

 

The Fourier method has been applied in the paper to assess the effect of survey parameters on the depth 

signal that can be extracted.  The immediate value of knowing the limits of the signal is its guidance on 

how to interpret the near surface signal in the transects arising from the grid method. 

 

The magnetic anomaly of any source is necessarily comprised of a convolution of the fields of the elemental 

dipoles composing it.  If the levels of damage to depth signal indicated in the paper apply generally, the 

paper has provided the industry with a measure to test the usefulness of a planned survey. 
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The effects of the line spacing and line direction have been assessed clearly and reported in the paper.  It is 

expected that the results will be used when designing surveys where magnetic depths are of interest. 
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FURTHER WORK 

 

The three papers provide the tools for the mapping of the basalts of the Northern Territory.  Publication of 

the depth transects (Clifton, 2018) completed the geophysical development phase.  The geological 

component, of integrating the depth information with the existing geological interpretation has yet to be 

done.  With minor modifications to the software, similar depth information to basalts could be obtained for 

mid-latitude basalts elsewhere in the world. 

 

Each of the three areas of research provided promising leads that have yet to be followed up.  Some of them 

are sketched in this chapter. 

 

Usually, when opportunities for further work are sketched out, the work is intended for the same research 

team.  However, in this case, I have been a lone worker and am due to retire.  The imminent vacancy should 

tempt the reader to see himself or herself as the industry's leading expert on one or all of these techniques.  

The field is wide open for the development of each technique and the development of each professional 

who takes it up. 

 

LINE METHOD 

 

The paper, "Rapid depth estimation for compact magnetic sources…" (Clifton, 2016a) arose from an 

attempt to extract shallow depths of the basalts by using the high frequency content in TMI measurements 

along survey flight lines.  In that intention, it required heterogeneity to appear in the basalt only as isolated 

lumps, whereas the application of the technique found heterogeneity pervasive, with only rare occasions 

where single lumps dominated the gate. 

 

When used to seek estimates of depth to magnetically detailed layers, the procedure commonly gives 

interference patterns.  In a first pass across the basalts, I obtained a variety of depth estimates of too great 

a range for credibility.  What I initially took to be weak and therefore distorted alignments began to repeat, 

as if they were diagnostic of other structures.  The possibility arises that the software could be equipped 

with a library of significant patterns and the structures giving rise to them, making the tool useful for depths 

across any magnetically detailed ground as well as the basalts. 

 

The line method in its initial form did prove to be effective on isolated magnetic bodies outside of the 

basalts.  Carefully selected, the examples chosen from the ironstones of Tennant Creek did give satisfactory 

results.  However there were more frequent occasions in the same area where more than one magnetic body 

entered the gate, causing interference patterns that troubled the alignment of the depth spectra.  Adapting 

the software to match depth spectra for a variety of configurations of two or three dipoles would give the 

user a rapid means of resolving such interference patterns.   

 

I have established one formula that predicts the characteristic pattern of one particular type of interference.  

It is not enough.  Writing algorithms for the software to handle a wide variety of interference patterns, 

requires a much more general set of formulae. 
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Other adaptions of the software could further empower the technique.  As written for this project, the 

program displayed the gate over a moving image of the TMI with the flightlines overlaid.  As anomalies of 

interest were brought near the centre of the gate, a separate window on the screen showed the depth spectra 

arising from the gate as it moved across the data.  Although it is easy for the user to pick up patterns in the 

depth spectra, it would help to see the effect of other models at the same time.  Further development of the 

software could simultaneously provide separate depth spectra displays for each of several configurations of 

the elementary dipoles. 

 

As an interference pattern develops across a kilometre or so of displays (arising from each 10 m shift of the 

window), the user currently has to memorise the trend as it develops, which is quite demanding.  Further 

work on the software could provide a mechanism to store each pattern for subsequent analysis, either by 

forward modelling simple structures or fitting against a library of standard patterns.  

 

The most valuable automation would explore the data ahead of the user's display, finding a best fit to 

standard interference patterns and proposing it as an other-coloured overprint on the display.  

Characterisation – for prediction – of the standard interference patterns would require further research. 

 

Experience is likely to empower the user.  The variety of interference patterns challenges the skill of the 

user, though it appears that they can be learnt with practice.  To that extent it diminishes the intention of 

providing a tool for fast reconnaissance by a user who is not familiar with the magnetic formations in the 

area. 

 

Regardless of the difficulties in its use, the procedure provides a mechanism to give instant depth estimates. 

 

GRID METHOD 

 

The success of "Magnetic depths to basalts…" (Clifton, 2015) relies on approximating the heterogeneity of 

the basalts with an ensemble of randomly located dipoles.  Considering that the conventional procedure, of 

assuming a homogeneous material with a heterogeneous surface, often fails to provide a power spectrum 

with insufficient depth evident, it would appear that those instances of failure can now be revisited.  In 

particular, depth information can now be extracted from lower wavelengths of higher signal-to-noise ratio. 

 

The formula for spectral depth was obtained empirically.  A theoretical study that arrived at the same 

formula analytically would aid the credibility of the procedure, and any new variables added would be 

likely to increase the range of its applicability.  In particular, the magnetic latitude has to be generalised 

before the technique can be used worldwide.  Although a new latitude could be established empirically, it 

would be better if an analytic formula were available to assert the applicability of the method, or any 

corrections needed.  There is no Fourier transform for a random distribution.  It would help analysis if an 

algebraic work-around could be established. 
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Similarly, the rule of thumb that the depth obtained for a thick slab is 20 m below the top of the slab, has 

also been obtained empirically from the examples.  The possibility that it varies for other magnetic latitudes 

than the Northern Territory has not been explored.  Although this could also be tested with a similar 

empirical procedure, its dependence or otherwise might also be established from an analytical expression. 

 

The software had been written for automation, so that 50,000 depth profiles could be provided across the 

entire Northern Territory (Clifton, 2018).  Conservative choice of parameters allowed depth profiles to be 

obtained across the area of the Northern Territory, of more than a million square kilometres, leaving many 

areas and targets to be profitably revisited.  See thesis Appendix.  In particular, shallow signal has been 

routinely cut out even though it frequently contains reliable depth information.     

 

Varying the parameters in repetitive trial-and-error can be done with the software as it is presently written, 

though tedious.  Given sufficient computing power, a parameter could be selected for varying across a set 

of values, with the results for each member of the set in a separate display on screen. 

   

A particularly promising parameter to be varied is the width of the sample, currently set to 20 km.  Because 

the technique works on quite large areas of TMI grid, it assumes data of regional survey quality, and thereby 

averages out details that might be resolved by taking smaller samples in areas of higher data quality.  An 

area containing a small rock unit of particular interest among other magnetic layers is likely to give depth 

profiles that are dominated by the irrelevant units when the width is zoomed out, yet be swamped in noise 

when the sample width is too small. Depth spectra arising from a series of zooms may allow an interpreter 

to pick out the depth signature of the target unit from the series. 

 

Zooming outwards adds another advantage.  A sample size of double width has twice as many points in the 

power spectrum.  Given more points to fit line segments at the lowest frequencies allows discrimination of 

deeper units. 

 

The technique assumes maximum heterogeneity, a logical choice when nothing is known about the target 

rock.  However further research may provide a priori estimates of the degree of heterogeneity, vertically 

and horizontally, aiding interpretation of the depth transects. 

 

The most important depths, between the surface and 200 m or so, are difficult to obtain reliably.  Repeated 

modelling with various changes to the parameters will yield a certain amount of shallow information, but 

it is also an area that begs for further research. 

 

The formal similarity between a magnetic anomaly and the vertical derivative of the gravitational anomaly 

indicates that the grid method could be applied to gravity gradient data.  It would require giving meaning 

to the underlying assumption that an extended body of heterogeneous density could be simulated by random 

gravitational dipoles.  However gravity gradient surveys with sufficient extent to allow a series of windows 

of 256 grid points are so far rare. 
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Artefacts in the depth transects arising from non-layered bodies require forward modelling, a matter which 

is addressed in the third paper, as is the assessment of the constraints arising from the survey parameters. 

 

FOURIER MODELLING  

 

The paper, "Forward modelling of spectral depths using 3-D Fourier convolution" (Clifton, 2016b) 

successfully applies three-dimensional Fourier convolution to obtain depth profiles for hypothetical layered 

bodies.  There is a variety of questions arising from the depth transects, at least of the Northern Territory, 

that have yet to be tested out, and this technique promises to serve just this purpose. 

 

One such question is – at what separation do two layers merge in the depth profile?  The answer varies with 

the depth of the pair, and particularly with the survey parameters.  It is the sort of forward modelling that 

would be required on a specific project using depth transects, so it would seem that the two software 

packages belong together. 

 

Unexpectedly, the method of Fourier convolutions of random distributions turns out to be a particularly fast 

method of forward modelling bodies of any shape, and of quite variable distributions of magnetisation.  

Whereas the work on basalts was adequately simulated by representing each dipole by a unit value at each 

node where it appeared, gradual variations in magnetisation could be represented by having fractional 

values at all the nodes in a locality.  This now more resembles the work of Caratori Tontini et al. (2009) 

and others, where magnetisation is defined at each node. 

 

The increasing power of computers allows the size of the array underlying the model to increase, so that a 

generous buffer can be assigned towards the edges of the array.  Although it is a brute force solution, it 

does reduce the problems caused by Fourier wrapping across the periodic boundaries, described by Caratori 

Tontini (2012). 

 

Wrapping was not a problem for the basalt project because the bodies were always assumed to reach from 

one boundary to the other, so wrapping has been an advantage rather than a hindrance.  However any 

software offering fast forward modelling with Fourier convolutions will need to offer methods of tapering 

the user's model and kernel arrays at the boundaries. 

 

Although the algorithms for one-dimensional discrete Fourier transforms are very tightly constructed 

(Cooley and Tukey, 1965), the second and third dimensions are commonly built up by simple repetitions 

of the one-dimensional algorithm.  Replacing the repetition with parallel execution offers an opportunity 

for further considerable increases in computation speed. 

   

The method is particularly promising for modelling the TMI for bodies of arbitrary shape or varying 

magnetisation.  Although it is outside of the scope of the basalts project, development of the method is 

clearly deserving of further research. 
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CONCLUSIONS 

 

The project aimed to set up methods of finding the depth to the basalts of the Northern Territory using the 

recently completed coverage of magnetic surveys.  With some reservations, this aim was achieved. 

 

LINE METHOD 

 

The line method, reported in Chapter 3 and “Rapid depth estimation for compact magnetic sources using a 

semi-automated spectrum-based method”, (Clifton 2016a), targeted the shallow basalts.  Based on an 

assumption that the basalts were largely homogeneous, the occasional heterogeneity was expected to 

provide a clear target for this method.   

 

By modelling simple magnetic dipoles, the expected power spectrum at each depth modelled was remapped 

as a horizontal line on a graph of depth versus frequency, introducing the concept of a “depth spectrum”.  

Applying the same mappings to field data produced depth spectra containing horizontal lines indicating 

depths where the sources were behaving as equivalent dipoles.   

 

Automatic recognition of the depths is possible but it produces maps that still require scrutiny by the user.  

More successfully, a semiautomatic form rapidly displays the depth spectra to an interactive user so that an 

alignment on the depth spectra catches  eye for further investigation.   

 

Using the high-frequency data that had been collected along the flight lines, the line method has had only 

limited success as a fully automated process.  Over basalts, even when operated interactively, interference 

patterns make the estimation of depths to basalt difficult.  Nevertheless, the realisation that the basalts are 

pervasively heterogeneous indicated a need for a change in the conceptual model of how a geological body 

presents itself to a magnetic survey. 

 

The line method is more successful in magnetically quiet ground, where it does enable a user to estimate 

depths to compact magnetic bodies.  The method has shown potential in the search for mineral sand strands, 

where a shallow depth is an immediate economic concern.  Similarly shallow depths are a particular 

criterion in the search for unexploded ordnance (UXO), with the slant range indicating the off-line distance 

to a near-surface source.  Here too, interference patterns between neighbouring objects require skill or 

intelligent software for interpretation.  Further research in software analysis is likely to aid the recognition 

of a variety of source configurations. 

 

 

GRID METHOD 

 

The grid method, reported in Chapter 4 and “Magnetic depths to basalts: extension of spectral depths 

method”, (Clifton 2015) has been much more successful.  Instead of the heterogeneity of the rock becoming 

an obstacle, it became the basis for a general model with a depth-specific behaviour, where the 
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heterogeneity is approximated by a large number of randomly located dipoles.  The dipole is the element 

of any magnetised body, and conveniently its power spectrum depends only on its magnitude and depth.  

Remarkably, the power spectrum separates the characterising dipole from the influence of its distribution.  

A little explanation is in order. 

 

The Fourier spectrum of a very large number of random locations is essentially white, that is, it has nearly 

constant amplitude, its energy spread across the spectrum, with the locations expressed in a rapidly varying 

phase.  Convolution of the field of a single dipole with the locations is achieved by multiplying the Fourier 

transform of the locations with the Fourier transform of the field of a single dipole.  Because the 

multiplication of the two transforms is achieved term by term across the frequencies, the power spectrum 

is less than or equal to the sum of the logarithms of the two terms at each frequency.  At the longer 

wavelengths, the logarithm of the dipole term dominates the logarithm of the term from the smaller, well-

spread spectrum of the convolution.  Consequently, the power spectrum of the convolution is dominated 

by the dipole spectrum at the long wavelengths, or lowest frequencies.  Conveniently, the depth to a sheet 

of dipoles can be obtained by treating this part of the power spectrum as due to a single dipole. 

 

The formula obtained empirically from modelling a sheet of dipoles is – 

 

z = (2/k - s)/4π   (1) 

 

where z is the depth and s is the slope at each frequency k along the spectrum.  Because the field data 

provides a set of slopes, s over a set of frequencies, k, it follows that the derived estimate of depth, z, is also 

a set.   

 

Equation 1 is the same formula as that derived analytically for a single dipole at the same depth as the 

model.  In the case of the dipole, z is the independent variable and s is the set of slopes matching the set of 

frequencies k along the spectrum for that depth z. 

 

The established method due to Spector and Grant (1970) manually selects a single slope from the power 

spectrum and obtains a depth estimate from it using the formula, 

 

z = - s/4π   (2) 

 

The formula of Spector and Grant (1970) was derived from the distance to the top of an upright prism, 

which was then rendered as an ensemble of prisms.  It refers to a single slope selected along part of the 

spectrum. 

 

By changing the element of the analysis from an upright prism to a dipole, equation 1 refers to many slopes 

along the spectrum, providing a depth estimate from each slope.  The need to select a slope is removed, so 

the new formula allows for automation.  Although the increased number of slopes provides an increased 

statistical power, the results are still very noisy. 
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Modelling of two sheets found that a deeper sheet of sufficient magnetisation contributes the power 

spectrum of its characterising dipole at the longer wavelengths at the same time as allowing the shallower 

sheet of dipoles to be represented at shorter wavelengths by the shallower characterising dipole. 

 

With this realisation, that different depths to separate bodies could be read off different parts of the 

spectrum, the concept of a “depth profile” was invoked.  By adding a smudge on a vertical bar at the depth 

of each estimate in the set z, a “depth profile” takes shape.  Depth spectra proved to be particularly powerful, 

spreading noise away from the signal and allowing more than one body be identified at a time. 

 

Modelling of thick slabs give depth estimates approximately 20 m below the top surface of the modelled 

slab, independently of the depth extent.  The signal from dipoles deeper than 20 m is clearly less than the 

signal from the dipoles between 20 m and the surface of the slab.  The difference can be neglected since 

the containing surface of the model slabs is casually assumed to be perfectly flat across 20 km in horizontal 

extent, whereas real bodies of similar extent deviate a lot more than 20 m from flat. 

 

Modelling of irregular shapes also found depth signal near the topmost surface of the model.  Depending 

on the amount of material simulated near the top, that is to say, depending on how pointy the model was, a 

depth was obtained similarly close to the top of the model.  Each shape thus has an “equivalent depth”, 

somewhat deeper than its top.  When applied to field data over an unknown body, the method gives an 

equivalent depth to the body as if it were a thin layer of dipoles. 

 

As an automated method, it is straightforward to take sample areas at regular intervals across an entire grid, 

and display the depth profiles alongside each other in a “magnetic transect”, resembling a gather of seismic 

traces. 

 

The horizontal extent of a magnetic body is indicated by the recurrence of its depth signal across several 

adjacent depth profiles in a transect.  The extent exceeds the maximum width, because the sample 

dimension of 20 km allows a compact source to be expressed in all depth profiles whose 20 km sample 

overlaps it.  Measurement of the width must account for the signal of an extended body persisting 10 km 

beyond its edge.  Similarly, with 5 km shifts between samples, a point source can appear in four adjacent 

depth profiles.  Conversely, a strong signal appearing on four adjacent depth profiles indicates a strongly 

magnetic body at that depth and in the central location.   

 

The method of "equivalent depths", using gridded data, runs automatically to provide broad transects, 

showing depths to one, two or even three layered bodies at a time.  In a single run it provided the entire set 

of 50,000 depth profiles across the Northern Territory.   

 

Arranged in magnetic transects, the inversion of the Northern Territory’s stitched grid provides extensive 

information about the basalts that lie between approximately 200 and 800 m. 
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The depth profiles are distributed by the Northern Territory Geological Survey as a 3-D dataset, with series 

of adjacent transects packaged together in movie format (Clifton, 2018).  A subset of transects is laid out 

geographically in the Appendix.  

 

By modelling the heterogeneity of the basalts with random dipoles, the method of equivalent depths extends 

the formula of Spector and Grant for spectral depths with a frequency dependent term.  The adapted formula 

extends the use of spectral depths to all bodies, not just horizontal layered bodies. 

 

FORWARD MODELLING WITH FOURIER CONVOLUTIONS 

 

With the successes of the method for depths inversion from grids, a problem arose.  The predicted structures 

had too much heterogeneity to be modelled using software designed for homogeneous prisms.  For the grid-

based method to be useful to industry, I had to provide a forward modelling technique with enough 

parallelism to handle the huge amount of detail.   

 

Reported in Chapter 5 and in “Forward modelling of spectral depths using 3D Fourier convolution”, 

(Clifton, 2016b), a Fourier convolution method is demonstrated for fast forward modelling of 

heterogeneous bodies of arbitrary shape.  By using random dipoles, the method obtains the TMI field from 

an assumed heterogeneity of the body, rather than from the surfaces of the prisms used conventionally in 

approximations.   

 

Realistic bodies are rarely approximated by a few simple prisms, but as the user attempts to apply external 

constraints to adapt the shape, it takes on an irregular form, so approximations must be made that involve 

as many small prisms as conventional software is able to process in reasonable time.  Fourier convolution 

provides an alternative method of forward modelling that does away with the use of prisms entirely.  The 

model is defined on an array that may have billions of nodes, each of which has an independent value.  A 

three-dimensional Fourier transform of the entire array allows all the nodes to be calculated in parallel.  The 

method is not only inherently faster, it is able to cope with a much greater variety of susceptibility 

information coded into the model. 

 

The kernel, a transform of the field of a single dipole, must be calculated across an array of the same size 

as the model.  However it only needs to be calculated once for a session of repeated modelling.   Although 

the method was set up to allow forward modelling of slabs to test the conclusions of the grid method of 

Chapter 4, Fourier convolution now appears as a general method, capable of forward modelling of both 

regular and irregular shapes. 

 

An unexpected advantage to using Fourier convolution, wrapping is utilised to obtain reliable depth 

signatures and equivalent layers for layered bodies that extend from one side of the model to the other.  

Although wrapping does occur in this instance, the wrapped signal is complementary to the signal lost by 

wrapping on either side. 
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When using Fourier transforms to filter two-dimensional arrays, it is standard practice to increase the size 

of the array and taper the values towards the boundary so that opposite boundaries match.  The computing 

cost of extending the size of the array has inhibited the extension of the practice to the third dimension.  

However recent increases in computing power, in particular the extension of the memory address space to 

64 bits, has allowed Fourier transforms of much larger arrays. 

 

It is true that increasing the size of an array to provide an empty buffer does increase the computing load, 

advances in computing power have rendered the concern insignificant.  Consequently, for bodies of 

arbitrary shape, wrapping no longer presents a problem, as long as a sufficiently wide buffer is provided to 

the kernel array.   

 

SUMMARY 

 

In summary, the project has provided the means to map the depths of the basalts of the Northern Territory.  

In the process, it has enabled the mapping of any layered magnetic body of sufficient heterogeneity.  It is 

also provided a new tool for mapping depths to compact bodies.  Further, by bringing forward Fourier 

convolution as a modelling tool, the project has enabled fast forward modelling of bodies of arbitrary shape.  
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Appendix: Sample magnetic depth transects across the Northern Territory
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