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INTRODUCTION 

 
The assumption of a purely induced magnetisation is not 

justified for bodies that contain significant remanence, self-

demagnetisation, or anisotropy of susceptibility. In the case of 

remanence effects, the scalar quantity Q, known as the 

Koenigsberger ratio, gives us the ratio of the induced to 

remanent components of the resultant magnetisation vector. 

The effect of increasing Q is to rotate the resultant vector 

towards the direction of the remanent component. For 

example, a body with a Koenigsberger ratio of Q=2, remanent 

direction declination 210° and inclination 45°, in an inducing 

field of declination 0° and inclination -60°, gives an anomaly 

with a resultant vector of declination 224° and inclination 28°. 

This anomaly is plotted in Figure 1. This anomaly pattern 

would lead to clear recognition that the source has a 

predominantly remanent magnetization. By failing to 

incorporate the rotation effects of the remanent component, 

transforms such as the reduction to pole (RTP) and quantities 

such as the total gradient (analytic signal) will not attain 

maxima over the source body. This may lead to erroneous 

geophysics models and errors in drilling magnetic targets. 

 
Figure 1.  Example of an anomaly with substantial 

remanence (Q=2). The resulting magnetisation vector is 

directed with declination 224° and inclination 28°. 

 

THEORY AND METHOD 
 

Other authors have used correlations of the vertical and total 

gradients (Dannemiller and Li, 2006), minimisation of the 

negative ‘wings’ on the RTP (Fedi et al., 1994), or searching 

for symmetry in the RTP or reduction to equator (RTE) 

(McKenzie et al. 2011), as methods to obtain the best fitting 

magnetisation direction for an anomaly. 

 

The method proposed here relies on making successive 

improvements to a directional transform quantity of the total 

field anomaly (TMI) , calculated via Fourier transform 

filters. At each step, this transform is used to approximate the 

distribution of source magnetisation located at the 

measurement plane. Many magnetisation directions are then 

trialled using a downhill simplex minimisation algorithm 

where the resulting image is cross-correlated with the initial 

TMI image. The magnetisation direction giving the highest 

normalised cross-correlation match is then used to correct the 

directional transform for the next iteration, and so on until 

convergence. 

 

 

 

SUMMARY 
 

A magnetic body has a resultant magnetisation that is the 

vector sum of its induced and remanent components. 

Ignoring the role of remanence may lead to erroneous 

resultant magnetisation direction and hence inaccurate 

geophysical models. Determination of this resultant 

magnetisation direction may be obtained from total 

magnetic intensity data for a well separated magnetic 

anomaly. We present a new method to recover the 

resultant magnetisation direction that proceeds by 

iteratively calculating an approximate source layer, and 

cross correlating trial magnetisation directions. This 

method is tested with a number of remanent component 

directions for compact and elongate sources. For a 

compact source, the accuracy to which the correct 

resultant magnetisation direction can be recovered is 

generally found to be less than 5°. The method retains 

accuracy for low inclination resultant magnetisation 

directions, however, begins to lose sensitivity as the 

direction approaches the pole. Application of the method 

to the case study of the Black Hill Norite recovers 

resultant magnetisation directions in agreement with 

paleomagnetic results. Here the resultant directions from 

the two methods are found to be consistent, with minor 

differences possibly due to limited paleomagnetic 

sampling of magnetisation directions that changed as the 

intrusion cooled. A higher bulk Q value, than found from 

the limited sampling, is suggested for one of the three 

anomalies studied, as supported by the results of other 

authors. 

 

Key words: Remanence, Magnetisation direction, Black 

Hill Norite, Resultant Magnetisation 
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Phase transformations 

 

A number of useful operators, such as the RTP, may be 

calculated via application of phase filters in the Fourier 

domain for a total field anomaly which is measured as a 

projection on to the Earth's magnetic field. If the initial 

magnetisation and field directions are known, m and f 

respectively, then one may transform the anomaly to a 

new set of directions m´ and f ´via 

 

    (1) 

 

where is the phase filter defined as 

 

     (2) 

The quantities and are formed from the product of the 

respective directional component vectors m = (mx, my, mz) and 

f = (fx, fy, fz) and the components of the wave vector k in the 

Fourier domain such that 

 

   (3) 

 

    (4) 

In the case of an induced magnetisation m = f and then, for 

example, the RTP may be obtained by letting m´ = f ´ = (0, 0, 

1). Other orthogonal transforms may be obtained for the other 

unit vector directions such as the RTE transform.  

 

If we consider all possible orthogonal transforms of the 

magnetisation and field vector directions independently we 

may form the matrix 

 

  (5) 

 

If we begin with the assumption that m = f, we may use as 

a proxy to map the approximate magnetisation distribution in 

a magnetisation layer. This quantity has some sensitivity to the 

magnetisation and field directions, and will peak over the 

source when the directions are correct. For example, Figure 2 

plots this quantity for the anomaly in Figure 1, using the 

correct field and magnetisation directions.  

 

A similar image of the anomaly, which differs in magnitude, 

may be forward computed from this magnetisation layer via  

 

   (6) 

 

Generally the field direction is known, and so we need only 

trial many magnetisation directions, compare the resulting 

image from (6) with the original observation, and look for a 

maximum in the normalised cross-correlation. In this way only 

the pattern of the computed and observed anomalies need 

match. This then provides an updated estimate for m, which in 

turn is used in (5) to obtain a better estimate of the 

magnetisation distribution. This process continues in an 

iterative fashion until the angular change in the recovered 

magnetisation vector differs by no more than 0.5°. 

 
Figure 2.  Plot of for the anomaly pictured in Figure 1. 

 

SYNTHETIC TESTS 
Direction testing 

 

The accuracy of the method is tested for a wide range of 

remanent magnetisation directions for a compact source. We 

use a simple cubic source body centred on a 64x64 grid and 

generate an array of anomalies with a Koenigsberger ratio of 

Q=2, where the remanent direction is varied in 15 degree 

increments in declination and inclination, and the inducing 

field is declination 0° and inclination -60°. Figure 1 shows one 

such anomaly where the remanent direction is 45° inclination 

and 210° declination. The angular error in recovering the 

correct direction is plotted as a function of varying remanent 

directions in Figure 6.  

 

The results show accurate and stable recovered directions 

across all declinations and inclinations with a mean error of 

0.7° and a standard deviation of 0.3°. Due to the random 

seeding of the downhill simplex method, recovered directions 

may vary by around 0.5° for a particular grid which leads to 

the slight variations seen in the otherwise symmetrical pattern 

in Figure 6. The same test is performed for anomalies 

calculated in an inducing field of declination 0° and 

inclination 0°. In this case, the mean error increases to 5.9° 

degrees with a standard deviation of 1.8°. This is due to the 

instability of the phase filters with an equatorial field, 

however, the accuracy is still within acceptable limits for an 

automated method such as this one. 

 

Elongate body testing 

 

The method is tested on an elongate source modelled as an 

ellipsoid with a long axis equal to five times the length of its 

two shorter axes, aligned north-south, and with zero plunge. 

The inducing field is again set to declination 0° and 

inclination -60°. The results are summarised in Table 1. 

 

For this case of a non-compact source, the error increases in 

the limit of a resultant inclination that approaches the pole. 

This is also seen in by the error pattern in Figure 6, and 

implies that this method has high stability for low inclination 

resultant directions, but becomes increasingly insensitive to 

directions of high inclination. 
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Cor. Dec° Cor. Inc° Rec. Dec° Rec. Inc° Error° 

0 0 0 5 5 

45 0 45 1 1 

90 0 90 0 0 

0 -45 0 -38 7 

45 45 -40 37 7 

45 180 -59 180 14 

90 0 -72 0 18 

Table 2. Comparison of errors between the recovered 

(Rec.) resultant directions and correct (Cor.) resultant 

directions for an elongate source body.  

 

CASE STUDY: BLACK HILL NORITE 
 

The Black Hill Norite is an Ordovician mafic intrusion into 

the surrounding sediments of the Cambrian Kanmantoo Group 

on the western margin of the Murray Basin. The pattern of the 

anomalies in the area show an obvious negative to the 

north/north-east, which is opposite to the pattern observed for 

an induced anomaly in a local field of declination 8.3° and 

inclination -66.9°. This is suggestive of a strong natural 

remanent magnetisation (NRM) and has been studied by many 

authors (Pratt et al. 2012; Foss and McKenzie, 2011; Philips, 

2005; Rajagopalan et al. 1993), to constrain apparent polar 

wonder paths (APWP), for example (Schmidt et al. 1993).  

 

Three anomalies have been clipped from the regional TMI and 

plotted in Figures 3-5 and are known as the Black Hill Norite 

(BHN), the Central Pluton (CNP), and the Cambrai Pluton 

(CMP) anomalies, respectively. Paleomagnetic studies of the 

BHN have found magnetic susceptibilies of 0.02-0.05 SI, 

Q=2.1, and a recovered NRM direction of declination 221.2° 

and inclination 7.6° (Rajagopalan et al. 1993, Schmidt et al. 

1993). Schmidt et al. (1993) also found a steeper high 

temperature NRM component possibly attributed to secular 

variations. No outcropping rock is available to sample the 

CMP. The various author’s studies and resultant directions are 

summarised in Table 2, including the resultant directions 

calculated from combining the paleomagnetic NRM and 

inducing field directions, assuming a Q=2.1. 

 
Figure 3. Clipped TMI image of the BHN anomaly. 

 

To confirm the accuracy of the present study we trial our 

method on two synthetic cases where inversion models of the 

CMP are used to forward compute TMI. We recover the 

correct resultant direction to within 5° and 6° of angular 

separation for inversion models constructed with polygonal 

and ellipsoidal bodies, respectively. We then apply the method 

to the anomalies in Figures 3-5, using windows of varying size 

to confirm the stability of the recovered directions. These 

results are also summarised in Table 2. 

 

 
Figure 4. Clipped TMI image of the CNP anomaly. 

 
Figure 5. Clipped TMI image of the CMP anomaly.   

 

 Dec° Inc° Study Method 

BHN 234 -4 Phillips (2005) MMA 

 237 30 Foss & McKenzie (2011) MMA 

 238 28 Foss & McKenzie (2011) Inversion 

 222 -20 Schmidt et al. (1993) Paleo. HT 

 210 -7 Rajagopalan et al. (1993) Paleo. LT 

 233 -11 This study  

CNP 232 -11 Phillips (2005) MMA 

 230 25 Foss & McKenzie (2011) MMA 

 225 24 Foss & McKenzie (2011) MMA 

 213 -5 This study  

CMP 273 28 Phillips (2005) MMA 

 233 12 Foss & McKenzie (2011) MMA 

 232 9 Foss & McKenzie (2011) Inversion 

 234 10 Pratt et al. (2012) Inversion 

 225 9 This study  

Table 2. Summary of resultant magnetisation directions 

recovered for the Black Hill Norite area. LT and HT 

correspond to the resultant directions calculated using the 

high and low temperature paleomagnetic NRM directions, 

respectively, assuming Q=2.1. 

 



Recovery of Resultant Magnetisation Directions  Hillan, Foss, and Schmidt 

 

 

There is good agreement between our results and those found 

by Foss and McKenzie and Pratt et al. for the CMP anomaly. 

Foss and McKenzie suggest that the remanent component 

direction is similar to that found in NRM measurements for 

the nearby BHN, but with a higher Q value. Pratt et al. used 

APWP to constrain this remanent direction to the upper limit 

of the high temperature NRM component at 230° declination 

and 18° inclination, and hence inferred a Q=5. The directions 

found by Phillips do not agree closely with others and appear 

to be too steep and northward. 

 
Rajagopalan et al. suggest that the resultant magnetisation 

direction may be different for the CMP compared with the CNP 

and BHN, and our results support this too. Foss and McKenzie 

suggest the presence of a much higher Q, than found in 

paleomagnetic results, to reconcile their positive inclination 

directions for the CNP and BHN. Our results for the CNP and 

BHN are closer to that of Phillips and suggest that the CNP 

direction is the same as the BHN, to within the possible secular 

variation giving the high and low temperature paleomagnetic 

directions. The shallow negative inclinations we have recovered 

for these two anomalies support the paleomagnetic results and 

Q=2.1. Therefore the differing resultant magnetisation direction of 

the CMP is likely due to a higher Q for that anomaly only. 

 

CONCLUSIONS 

 
We have presented and tested a new method for calculating 

the resultant magnetisation vector from a TMI anomaly which 

is accurate for a wide range of remanent magnetisation 

directions. Application of the method to the case study of the 

Black Hill Norite shows close agreement with some previous 

studies and also implies some differences in one of the three 

anomalies in the area. 
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Figure 6. The angular errors in the recovered resultant magnetisation directions plotted as a function of the remanence 

direction. The synthetic anomaly grids used here are generated from a cubic body with Q=2 and the inducing field is directed 

declination 0° and -60° inclination. 
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