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Direct targeting of mineral deposits using magnetic data may be facilitated by hydrothermal alteration

associated with the mineralising event if the alteration changes the magnetic properties of the host rock.

Hydrothermal alteration associated with porphyry-style mineralisation typically comprises concentric near-

circular alteration zones surrounding a roughly circular central intrusion. The intrusion itself and the proximal

alteration zone are usually associated with positive magnetic anomalies whilst the outer alteration zones are

much less magnetic. Because the country rocks are usually magnetic, this pattern of alteration produces a

central magnetic ‘high’ surrounded by an annular magnetic ‘low’.

This paper presents an automatic image analysis system for gridded data that provides an efficient, accurate

and non-subjective way to seek the magnetic response of an idealised porphyry mineralising system within

magnetic datasets. The method finds circular anomalies that are associated with the central intrusion and

inner alteration zone of the porphyry system using a circular feature detection method called the radial

symmetry transform. Next, their boundaries are traced using deformable splines that are drawn to the

locations of maximum contrast between the amplitudes of the central ‘high’ and surrounding area of lower

magnetisation.

Experiments were conducted onmagnetic data from Reko Diq, Pakistan; a region known to contain numerous

occurrences of porphyry-style mineralisation. The predicted locations of porphyry systems closely match the

locations of the known deposits in this region.

This system is suitable as an initial screening tool for large geophysical datasets, therefore reducing the time

and cost imposed by manual data inspection in the exploration process. The same principles can be applied to

the search for circular magnetic responses with different amplitude characteristics.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Maps of spatial variations in total magnetic intensity (TMI) have

become an essential dataset for mineral exploration (Reeves, 2005).

Importantly, such data are comparatively cheap to acquire; signifi-

cantly so when compared with other geophysical mapping methods

such as gravity and electromagnetic surveys. The low cost of collecting

aeromagnetic data across large areas has allowed many national and

regional governments to acquire, and make available at nominal cost,

extensive datasets as a means of promoting exploration within their

jurisdictions. Mining and exploration companies routinely supple-

ment these data with higher resolution datasets acquired within the

areas they are exploring. The result of these activities is an ever

increasing volume of magnetic data and an emerging need to develop

methodologies to automatically analyse such data with the intention

of identifying areas of exploration significance for further manual

analysis. Image analysis provides an objective and efficient means to

automatically identify responses associated with mineralised envi-

ronments within large magnetic datasets (Holden et al., 2008; Fu

et al., 2010) and here we demonstrate an approach of this kind

directed at responses from porphyry-style mineralisation in a region

near Reko Diq, Pakistan.

2. Use of magnetic data in mineral exploration

Maps of spatial variations in TMI, and products derived from

transformations of this primary data type, are typically presented in

raster form, i.e. as a grid of values, and are displayed as coloured

images. The manual interpretation of magnetic images involves the

correlation of observed features and patterns with those expected

from the geological environment that comprises the survey area. That

is, geoscientific knowledge is used to fit ‘templates’ to the observed

responses in what is a subjective interpretational process. The

magnetic data may be used to create a pseudo-geological map from
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which possible sites of mineralisation may be inferred based on

knowledge and opinion as to what are key controls on deposit

formation. This process often requires detection of responses from

edges or discontinuities that are associated with structures such as

faults, dykes or lithological boundaries (Blakely and Simpson, 1986;

Cella et al., 2009; Fedi, 2002). Alternatively, and of most relevance

here, the interpreter may seek magnetic responses from mineralisa-

tion itself, alteration associated with the mineralised environment

and/or some specific geological environment in which mineralisation

occurs. Massive nickel sulphide mineralisation is an example of a

deposit type where responses from the mineralisation itself may be

detected (Gunn and Dentith, 1997 and references therein). A good

example of responses from a specific geological setting is themagnetic

response from potentially diamondiferous kimberlites, e.g. Macnae

(1995). Excellent examples of magnetic responses associated with

alteration are those from porphyry-style mineralisation where

extensive areas of hydrothermal alteration often have different

magnetism to the areas of unaltered geology. In this paper we present

an image analysis method for rapidly locating magnetic signatures

typical of porphyry copper-gold systems. The method generates

indicative shapes of the detected porphyry systems by tracing feature

boundaries.

2.1. Idealised magnetic response of a porphyry mineralising system

In an ideal model for porphyry-style mineralisation hydrothermal

alteration comprises near-concentric alteration zones surrounding a

roughly circular central intrusion (Lowell and Guilbert, 1970). This is

known as the Lowell–Guilbert model. Three concentric zones of

alteration are usually recognised, centred on a stock-like source

intrusion (Fig. 1(b)). Closest to the intrusion is the potassic alteration

zone and from a geophysical perspective this has the important

property of containing magnetite. The surrounding phyllic and

propylitic alteration zones do not contain significant volumes of

magnetite.

According to Clark et al. (1992. 2004), the induced magnetic

anomalies caused by gold-rich copper porphyry systems have specific

semi-predictable characteristics (Fig. 1(a)). A magnetic intrusion and

the associated magnetite-bearing potassic alteration zone, typically

create a circular positive magnetic anomaly. This sub-circular high is

surrounded by an annular negative magnetic anomaly caused by the

propylitic and phyllic alteration zones. This negative magnetic

anomaly is caused by destruction of magnetite in the volcanic country

rock. The distinctive circular magnetic peak at its centre contrasts

sharply with the surrounding zone and this characteristic pattern of

variation in TMI is sought within data to locate potential porphyry

systems.

2.2. Detection of circular features in geoscience data

There is a significant volume of literature on the detection of

circular features in remote sensing data and digital elevation models.

This is mostly directed at the detection and mapping of impact (and

volcanic) craters and to a lesser extent salt diapirs. Although of some

relevance, the direct transfer of such methods to magnetic data is

hindered by the inherent smoothness of variations in magnetic fields,

whilst changes in the remote sensing dataset aremore abrupt creating

more readily detected discontinuities within the data.

An established circular feature detection technique in image

processing is the Hough transform (Hart, 2009; Hough, 1962;

Kerbyson and Atherton, 1995). The Hough transform has been applied

to multispectral remote sensing data to find geologically significant

features (Cappellini et al., 1991). It has also been used for detecting

circular features within aeromagnetic and gravity data (Cooper,

2006), and has been extended to deal with irregularly spaced

geophysical (gravity) data (Cooper and Cowan, 2004). The Hough

transform uses a pixel-by-pixel voting process to detect circles of

varying radii using the contour integral along the boundary of

potential circular features. However, it has shortcomings in sensitivity

to noise in data and inefficiency in dealing with detecting features of

varying sizes. Various modifications have been made to address these

issues (Leavers, 1992; McLaughlin, 1998).

Machine learning based circular feature detectionmethods include

a study byWetzler et al. (2005) which demonstrated the effectiveness

of Support Vector Machines (SVM) and Continuously Scalable

Template Models (CSTM) for recognising craters in images of the

Martian surface. This system had a true positive detection rate of 60%,

which was sufficiently accurate for use as a screening tool to speed up

the manual labelling process.

Bandeira et al. (2007) addressed the problem of working with low

spatial resolution optical images in the identification of craters. Their

approach included pre-processing the image to detect crater rims

using local intensity variations and generating binary images depict-

ing the rims only for later Fourier-based template matching. This

approach could identify craters with varying radii.

Calderas have a similar appearance to impact craters in that both

have raised circular rims with depressed centres. However, particu-

larly as a result of explosive eruptions, calderas often have incomplete

rims and exhibit significant variations in size and shape. Previously,

we proposed a technique to identify calderas from a DEM that is

capable of dealing with shape and size variations and incomplete rims

(Jenkins et al., 2008). This method used the radial symmetry

transform, which is also used in themethod described here, combined

with high-level heuristics of caldera appearance to search for possible

matches.

There has also been some research on the detection of circular

features within geophysical data. Recently, Krogli and Dypvik (2010)
Fig. 1. From Clark et al. (2004) : a) reduced to the pole magnetic anomaly model of a

Copper-gold porphyry system; and b) the corresponding geological model.

256 E.-J. Holden et al. / Journal of Applied Geophysics 74 (2011) 255–262



A������� �����	
� ���

described a method for detecting circular impact structures using

regional gravity and aeromagnetic data. Their method utilises the

convergence and divergence of gradients that are similar to the radial

symmetry transform used here. Cooper (2010) on the other hand,

uses a generalised derivative filter using horizontal and vertical

derivatives to enhance circular (and linear) features within gravity

data.

One type of near-circular magnetic response for which there is a

significant body of published research is the detection of kimberlite

pipes. Cooper and Cowan (2005) used a texture analysis method to

detect subtle monopolar and dipolar anomalies in magnetic data.

Paterson et al. (1991) advocated the use of Euler deconvolution to

relate the spatial derivatives of the data to the expected source

characteristics. Keating (1995) proposed a form of correlation filtering

which looks for matches with a theoretical model of an idealised

kimberlite pipe. Cowan et al. (2000) built on Keating's work by

combining the results generated from applying multiple filters and

other analytical techniques to provide high-level information regard-

ing anomaly characteristics. The drawback with these methods is that

they are not flexible enough to recognise anomalies that exhibit

significant shape and size variations, for example due to the

dominance of remanent over induced magnetism in the source rocks.

3. Methodology

The image analysis method we have developed searches for

circular features of varying sizes, and for positive magnetic responses

within the interior of the circular features. Some flexibility in the

shape of the responses is permitted, e.g. the degree of circularity. The

approximate boundaries of the detected features are traced to provide

an indicative shape of the porphyry system.

Two existing image processing algorithms were adapted and

extended for our system, namely the radial symmetry transform (Loy

and Zelinsky, 2003) and deformable splines (Kass et al., 1988;

Williams and Shah, 1990). The former algorithmmeasures the degree

of convergence and divergence of image gradients to find elevated

and depressed circular features respectively; the latter uses energy-

minimising splines called snakes to iteratively find feature boundaries.

Our porphyry detection system comprises the following steps:

1. Circular feature detection: Given a range of radii of circular

magnetic anomalies being sought, the radial symmetry transform

is applied to find their locations within data. In addition, it

identifies the most probable feature size using the radius with the

strongest radial symmetry response.

2. Feature boundary detection: Using the location and radius

information from stage 1 as an initial contour, the method traces

out the approximate boundaries of the features, using snakes.

Snakes iteratively converge onto the locations of maximum local

magnetic contrast between the peak amplitudes of the circular

central anomaly and the surrounding annular zone of lower

amplitudes.

3.1. Circular feature detection

The radial symmetry transform (RST) is a technique proposed by

Loy and Zelinsky (2003) that is used to locate the centres of circular

features in images. This transform finds the centre of elevated or

depressed circular features by identifying where image gradients

converge or diverge, respectively. This permits the user to provide

parameters specifying the radial size, circularity, and completeness of

features of interest.

Given a set of radii, R, corresponding to the size of features of

interest, the RST first calculates the image horizontal-gradient content

by convolution with the Sobel operator (Parker, 1997). Next, for each

node in the grid (p) the local gradient vector g(p) is computed. Given

these image gradient directions and a feature radius r ∈ R, the next

step involves finding, for each p, those grid nodes that are located in

the same and opposite directions of the gradient g(p) at a distance r.

As illustrated in Fig. 2, the node in the direction of the gradient vector

is referred to as the positive point (p+ve(p)) and that in the opposite

direction as the negative point (p−ve(p)).

The positive and negative points are used to generate the

orientation projection image, Or, which stores an accumulated count

of times a pixel is identified as either a positive or negative point; and

the magnitude projection image, Mr, accumulates the associated

gradient magnitudes at each location. The orientation projection

image is defined as follows:

Or p+ve pð Þ
� �

= Or p+ve pð Þ
� �

+ 1; and
Or p−ve pð Þð Þ = Or p−ve pð Þð Þ−1:

This image represents the number of gradient vectors converging

or diverging at each grid node.

The magnitude projection image is defined as:

Mr p+ve pð Þ
� �

= Mr p+ve pð Þ
� �

+ kg pð Þk; and
Mr p−ve pð Þð Þ = Mr p−ve pð Þð Þ−kg pð Þk;

where ||g(p)|| is the magnitude of the gradient.

The symmetry image Sr for a radius r is calculated using the

following formula:

Sr = Fr # Ar ;

where Ar is a Gaussian smoothing filter whose size and standard

deviation is a function of r, and Fr is the magnitude-weighted

orientation-based feature image, that is derived from the expression:

Fr pð Þ =
Mr pð Þ

κr

jOr pð Þj

κr

 !

α

The parameter α controls the degree of radial symmetry

‘strictness’ and is typically an integer between 1 and 3. The factor κr
is used to scale the response as the radius r increases, the number of

potential gradient vectors converging or diverging at a point also

increases. Loy and Zelinsky have empirically determined κr to be

typically 9.9.

The final symmetry image, S, is calculated by combining symmetry

images for all radii, that is:

S = ∑
r∈R

jSr j:

Note that we use the absolute symmetry measure, thus both the

circular positive and circular negative features are detected. Non-

Fig. 2. For each point p, there are two affected nodes p+ve and p−vewhich lie along the

gradient direction g(p) at distance r.
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maximal suppression and thresholding of this final transform yield

the centres of circular features.

3.1.1. Noise test

Gradient-derived transforms of geophysical data are notorious for

their susceptibility to noise. The performance of the RST in the

presence of various kinds of noise expected in aeromagnetic data was

evaluated using a synthetic dataset created using the Noddy software

package (Jessell and Valenta, 1996). The test dataset is a 10 km by 10

area containing three idealised porphyry systems, c.f. Fig. 2. Magnetic

responses were calculated for a 60 m flight height on a grid with a

50 m cell size; implying an aeromagnetic survey with a 200 m line

spacing. The country rock is assumed to have amagnetic susceptibility

of 0.0129 while the outer alteration zones are non-magnetic. Two of

the central intrusions have a radius of 400 m with alteration zones

with a radius of 700 m; one intrusion has a susceptibility of 0.028 SI

and the other a value of 0.038 SI. The third intrusion has a radius of

700 m and a magnetic susceptibility of 0.032 SI with an alteration

zone with a 1000 m radius. In Fig. 3, the images comprising the first

row show the noise that is added to the synthetic data. The middle

row is the combined noise and synthetic data. The columns are used to

illustrate the effects of the different kinds of noise. The data in the first

column are noise free. In the second column simulated incorrect

survey line levelling causes a corrugated pattern with a wavelength

that is twice the implied survey line spacing. Themaximum amplitude

of this noise is 20% of the data contrast, i.e. the difference between the

minimum and maximum amplitudes within the synthetic data.

Column three has noise with a long wavelength sinusoidal pattern

which is intended to mimic the effects of anomalies due to variations

in the geology of the country rocks. The noise amplitude is 50% of data

contrast. Column four contains Gaussian noise whose maximum

amplitude is 30% of the data contrast. In the fifth column all three

types of noise are present and these were combined to produce a

maximum noise amplitude equal to that of the data contrast.

The third row in Fig. 3 shows the RST outputs from the data in the

middle row, i.e. containing both signal and noise. We used a radii

range from 300 m to 750 m and the medium level of radial strictness

for the calculation of the RST. The results show that the transform

successfully locates the centres of the three ‘porphyry’ features,

including the case where all three types of noise are present. The

signal to noise ratio is unity in the case of two porphyries with the

highest amplitude TMI response, which is shown at the top and the

bottom right, and less than unity for the other case. The RST is shown

to be very robust in the presence of even high noise levels.

3.2. Feature boundary detection

The boundaries of features identified using the circular feature

detection process are traced using deformable splines commonly

known as snakes (Kass et al., 1988; Williams and Shah, 1990). A snake

is a spline contour whose overall size and shape are regulated by a

series of connected but moveable control points. Starting from an

initial configuration of these points, the overall shape of the snake

iteratively converges into its final configuration based on an energy

function. This technique has been extensively used over the last

20 years in various image analysis applications to define object

contours within noisy images, see for example McInerney and

Terzopoulos (1996).

The snake control function specifies the shifting of each of the

control points to locations that minimise the overall energy of the

entire spline. The snake algorithm conventionally draws the spline

through pixels identified as representing edges, whilst controlling the

shape of the spline using elasticity and curvature constraints. In our

system, instead of local edges, a snake is controlled by the difference

in TMI between the central circular positive feature and the

surrounding annular negative feature. For this purpose, we have

developed a transform that measures themagnetic contrast of circular

features of specific sizes, which we call the Amplitude Contrast

Transform (ACT).

3.2.1. Amplitude contrast transform

Similar to the radial symmetry transform, the amplitude contrast

transform is based on image gradients. For each grid node, p, the ACT

returns the absolute difference between the magnetic readings at two

points, located at distance r∈ R, along and in the opposite direction to

the gradient vector g(p) as shown in Fig. 4. To facilitate the detection

of a range of feature sizes it is necessary to use a range of search radii.

For each radius in the range of interest an ACT output is calculated; so

Fig. 3. Test of the radial symmetry transform in the presence of various types of noise expected to be present in aeromagnetic datasets. The first row shows from left to right: no

noise; levelling noise; long wavelength ‘geological’ noise; Gaussian noise; and combined noise. For each column, the middle row shows the synthetic data (i.e. containing the

magnetic response of three idealised porphyry systems) after the addition of the noise in the first row. The bottom row shows the radial symmetry transform output from the noisy

data in the second row. Note that the radial symmetry transform outputs are inverted (i.e. black to white, and vice versa) for display purposes.
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together these outputs provide information at many scales. From the

set of ACT outputs, a single combined transform is created by taking

the maximum of value of the transforms at each location.

The amplitude contrast transform responds to difference in TMI

along the periphery of circular positive or negative features. The

maximum response occurs when the distance, r, is similar to the

radius of the feature of interest. The maxima approximately coincide

with the edge of the central magnetic zone of the porphyry system. A

surrounding annular low produces a halo-like response to the

porphyry system over all, as shown in Fig. 5. Alternatively, using the

mean value from each of the transforms has proved advantageous

when data are noisy.

Thus, given a set of feature locations identified by the radial

transform in Section 3.1, we screen these locations for those with high

contrast using the ACT. Note that the ACT differs from the multiscale

derivative analysis of Fedi (2002) in that it only responds to contrasts

over a specified scale and direction, where the direction is determined

by local gradient.

In Fig. 5 the ACT is compared with other edge enhancement

methods commonly applied to potential field data. Again a 10 km by

10 km synthetic dataset, in this case containing a porphyry-system

response and a dyke, is used. The assumed survey specifications are

the same as those used in the example in Fig. 3. The central intrusion

of the porphyry system has an approximate radius of 700 m, with a

magnetic susceptibility of 0.038 SI, and this is surrounded by an

alteration zone with a radius of 1000 m. The dyke has a magnetic

susceptibility of 0.030 SI and a width of 500 m. The images in the

topmost row of the figure show various transforms applied to the

synthetic data. The lower row shows the equivalent transforms of the

data after addition of noise that is the equivalent to the combined

noise in Fig. 3 to the synthetic data. TMI data are shown in the leftmost

column, with the analytical signal and total horizontal derivative

results shown in the second and third columns respectively. The

fourth and fifth columns show the ACT outputs, using a set of radii

ranging from 300 m to 750 m. In the fourth column the ACT outputs

for different radii are combined by using the maximum values. In the

fifth column the average values were used. As shown in Fig. 5, the

conventional edge enhancement methods produce a thin edge

response, along with many other irrelevant local edge features. ACT

allows the specification of a scale range for which the data contrast is

to be measured, and thus tends to be less contaminated by high

frequency noise when compared to conventional edge enhancement

techniques. The experiment shows that the ACT targets feature

boundaries very effectively in the presence of noise.

3.2.2. The snake algorithm

In our system, spline energy is a function of the target magnetic

contrast and two additional constraints: elasticity and curvature. The

first constraint precludes the spline from converging into a degener-

ate solution such as a single point or an unclosed contour, and the

latter prevents the formation of sharp corners. The spline energy is

expressed as:

E = ∫ ω1Eelas + ω2Ecurv + ω3Econtð Þds; ð3:1Þ

whereω1,ω2 andω3 are weights that determine the relative influence

of elasticity, Eelas, curvature, Ecurv, and magnetic contrast, Econt.

The elasticity term maintains equidistance between adjacent

control points in the spline by ensuring,

Eelas = d−di

where d is the average distance between control points, si=(xi, yi),

and di=|si−si−1|.

The curvature term controls the smoothness and is defined as

Ecurv =
∇xi
di
−∇xi+1

di+1

# $

2

+
∇yi
di
−∇yi+1

di+1

# $

2

;

where ∇xi=x i−xi−1, and ∇yi=yi−yi−1.

Fig. 4. The Amplitude Contrast transform (ACT) returns the difference of values at distance 2r.

Fig. 5. Testing of ACT performance. The synthetic data shown in the top left contains: a porphyry system and a dyke. The first column shows TMI data without (upper) and with

(lower (noise). The second and the third columns are equivalent outputs from analytical signal and total horizontal derivative transforms respectively. The fourth and fifth columns

show the ACT outputs using the radii range of 500–700 m, using the maximum and mean values, respectively, for combining the ACT outputs generated using individual radii.
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Finally, the magnetic contrast term uses the contrast strength

calculated earlier to steer the snake to converge on points of greatest

contrast.

In our approach, snakes are initialised as circles whose radii

correspond with the radius that returned the strongest ACT response.

The snake is then allowed to evolve into its final configuration

according to the above equation.

If there is no distinct feature boundary, that is no strong magnetic

contrast between the peak amplitude and the surrounds of the

circular feature, the snake will shrink into a point. Such features are

eliminated, resulting in only selecting circular features with distinct

contrast from the surrounds.

4. Application to magnetic data

The porphyry-detection method was tested using magnetic data

from Reko Diq in Baluchistan Province, Pakistan. The geology and

distribution of porphyry deposits in this region are well known

(Fletcher et al., 2009) and provide a suitable test area for our method.

The data from Reko Diq are groundmagnetic data collectedwith a line

spacing of 100 m and gridded at a 25 m cell size. The data have been

upward continued to 50 m to suppress short wavelength responses,

which are mostly noise originating in the near surface. Finally, the

data was reduced to the pole (RTP) to, ideally, give symmetrical

responses centred on deposits. A subset of the complete magnetic

Fig. 6. a) Magnetic dataset from the Reko Diq area in Pakistan. Known porphyry systems are outlined in black. Courtesy of Barrick Gold. b) Radial symmetry transform output with

search radii between 100 m and 500 m andα=2. The centres of likely circular features aremarked by yellow dots. c) The centres from Fig. 5(b) overlaid onto the original data shown

in Fig. 5(a). d) The output of the magnetic contrast transform. Notice the ‘haloing’ effect around zones of high contrast. Circular splines centred on detected radial symmetry centres

are deployed onto the contrast transform. The radii of these splines correspond with the radius which returned the strongest contrast response. e) The estimated intrusion plus

potassic alteration zone boundaries overlaid onto the ACT output. The spline energy parameters were ω1=0.17, ω2=0.66, and ω3=0.17. f) The final splines are overlain on the

original dataset to approximate the limits of the potassic alteration zones around the central intrusions. The location of known porphyry deposits is shown in dashedwhite. There is a

good correspondence between our predictions and the ground truth. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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dataset is depicted in Fig. 6(a) where black lines show the extent of

known porphyry systems confirmed by exploratory drilling. Notice

that the systems have a radius of between 100 and 500 m.

The output of the radial symmetry transform is shown in Fig. 6(b).

The colour map encodes the radial symmetry strength at each

particular location. The significant peaks selected through applying

non-maximal suppression and thresholding are denoted by the

yellow markers. Overlaying the centres found by the radial symmetry

transform onto the original dataset gives an initial estimate of

potential intrusion occurrences (Fig. 6(c)). The thresholding step

allows the selection of centres which most strongly fulfil size and

circularity constraints specified by the user. In this case we searched

for features with radii between 100 and 500 m exhibiting moderate

circularity, that is, partly elliptical features are captured also.

Once radially symmetrical centres have been identified, confirma-

tion of their likelihood of being anomalies of interest is achieved by

screening their magnetic contrast transforms. The presence of annular

‘halos’ confirms that these points satisfy the appearance requirements

of our porphyry system model. Fig. 6(d) shows the ACT of the grid

shown in Fig. 6(a). Notice that in Fig. 6(d) the magnetic contrast

transform creates ‘halos’ surrounding some of the centres of radial

symmetry. This is a confirmation that these points satisfy the

appearance requirements of our porphyry system model.

Once candidate centres have been selected, the estimated outer

boundary of the central positive feature is traced using snakes. In this

example, the snake parameters were determined empirically as

ω1=0.17, ω2=0.66, and ω3=0.17. Particular emphasis was placed

on maintaining uniform curvature of the snake, with a lesser

emphasis placed on the elasticity of the shape and its convergence

to the ACT response. The resultant snakes are shown in Fig. 6(e).

Fig. 6(f) allows comparison between the predicted and the known

porphyry systems. The known systems are outlined in dashed white

lines and our prediction results outlined in solid black lines. Fig. 6(f)

shows that amongst 29 known deposits, the system identifies 22

probable porphyry systems, however the overall detection rate of the

automated system cannot be validated at this point as the exploration

of the area is on-going, thus not all deposits are known.

The figure shows that the automated system missed a number of

known prospects, in particular one in the lower middle of the area.

Closer inspection reveals that this feature does not fit the circularity

criterion of our search which included moderately elliptical but not

strongly elongated features. Whilst the circularity constraint can be

relaxed to capture linear features, this would likely return many false

positives and dilute the effectiveness of our system. This example

highlights the function of this tool as an aid to manual geophysical

data interpretation, rather than a complete replacement. Note that

each step of the process is performedwithin seconds for the data used

(623×459 cells), thus enabling very rapid first-pass screening of the

dataset.

5. Discussion

A critical control on the magnetic characteristics of a porphyry

system is the depth of erosion. The ideal response described above

assumes that sufficient material has been eroded since the time of

intrusion and alteration such that the magnetic potassic zone and

central intrusion are exposed or close enough to the surface that their

magnetic responses are detected. Magnetic responses resulting from

different depths of erosion, where different alteration zones coincide

with the ground surface, can in principle be detected by altering the

parameters used here.

A potential problem with our method is that it is common for

magnetic data to be aliased, especially for wider line spacing. The

resulting ‘beading’ in the gridded data may hinder circular feature

detection. Thus, our method works best for high resolution data.

Alternatively gridding techniques that suppress beading can be used,

e.g. trend enhanced gridding. A possible development for our method

is to identify beads based on their predictable characteristics, which

are aligned circular features centred on the survey lines.

Improvements under consideration include using a more ad-

vanced template for pattern matching. Currently this system

identifies locations by searching for zones of strongmagnetic contrast.

However, such zones often do not necessarily exactly correspondwith

the true boundary between an alteration zone and its surroundings.

According to the magnetic model in Fig. 1, aside from a central peak,

there is also a distinct magnetic trough characteristic of propylitic and

phyllic alteration zones which are further surrounded by magnetic

responses from the unaltered volcanic host rocks. Therefore it is

proposed that by also measuring local magnetic variability using

texture analysis, the ‘halos’ and spline energy function may be

corrected to direct snakes to the true outer boundary of the

demagnetised alteration zone.

6. Summary

This paper presents an automatic image analysis method that is

suitable for screening magnetic data for anomalies expected from an

idealised porphyry system. Our method combines the use of circular

feature detection based on the radial symmetry transform, an

amplitude contrast transform, and boundary tracing using deformable

splines. Experiments executed on datasets from porphyry-endowed

regions have demonstrated the high capture efficiency of this system.

However, significantmagnetic anomaliesmay bemissed if they do not

match our idealised porphyry model template, or if the search

parameters are poorly chosen. As such, the false positive rate of this

system remains undetermined. Further testing of this system is

needed in different geological settings to evaluate its versatility and

robustness.
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