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Estimation of magnetisation direction from
axial magnetic field component and
gradient tensor element ratios of a dipole

source
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ABSTRACT

Anomalies in the measured magnetic field mark the
location of subsurface magnetisations. We show that
using a dipole model the direction of the contrast of
that magnetisation against the surrounding material
can be estimated by analysis of the components or ten-
sor gradients of the magnetic field directly above the
magnetisation. We propose the use of the normalised
source strength (NSS) as an appropriate method to
locate the centre of magnetisation and show that the
NSS is superior to the total gradient (TG) that has tradi-
tionally been used for this application. Imperfections in
applying the analysis arise from imprecision in locating
the centre of magnetisation and inaccuracies in assign-
ing a dipole model to represent non-dipole magnetisa-
investigate the effect
characteristics according to the shape of the distribu-
tion of magnetisation, any plunge of that distribution,
and the distance at which the magnetic field is meas-
ured. Finally, we show that for a magnetic field anomaly
measured in Queensland, Australia the NSS peak coin-
cides with the centre of magnetisation estimated by

tions. We of non-dipole

parametric inversion, and that magnetisation direction
estimates made independently by tensor analysis and
inversion agree to within 5°. For this anomaly the TG
peak is significantly displaced from the centre of the

inversion model and the direction of magnetisation
estimated by tensor analysis at the TG peak differs from
the inversion direction by 38°.

7.1 INTRODUCTION

The external magnetic field of a source body is a func-
tion of its resultant (induced plus remanent) magnetisa-
tions. Helbig (1963) provides a proof that over an
extensive horizontal surface the direction of magnetisa-
tion of a compact source can be recovered from integral
moments of the magnetic field components about the
point directly above its centre. Helbig analysis itself pro-
vides a practical methodology to recover source magnet-
isation estimates from measured magnetic fields
(Schmidt and Clark 1998; Phillips 2005; Phillips et al.
2007; Caratori Tontini and Pedersen 2008; Clark 2014)
but the magnetic component moment integrals are
highly sensitive to imperfection in removing background
fields. The analysis requires isolation of the field due to
the source and provision of the horizontal centre of mag-
netisation. Magnetic field components are derived by
FFT phase transforms from a TMI grid (Lourenco and
Morrison 1973; Purucker 1990; Blakely 1995; Schmidt
and Clark 1998; Clark 2013). Phillips et al. (2007) pro-
vided an approximate relationship to use derivatives of
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the field components and reduce dependence on isola-
tion from background fields. Many other methods have
been established to estimate magnetisation direction
from magnetic field data (Fedi et al. 1994; Dannemiller
and Li 2006; McKenzie et al. 2012) including parametric
inversion (Foss 2006; Foss and McKenzie 2011; Pratt et al.
2014) and voxel inversion (Paine et al. 2001; Leliévre and
Oldenburg 2009; Fullagar and Pears 2015; Li 2012).

Here we propose an approximate method to estimate
the magnetisation direction of moderately compact
sources from the ratios of their magnetic field compo-
nents or tensor gradient elements directly above their
centres. We first apply the NSS transform to a TMI grid
and select suitable near-circular NSS anomalies. At the
centre points of those anomalies we sample the Cartesian
components of the field and/or its tensor gradient ele-
ments derived from FFT of the measured TMI field. Com-
ponent analysis of measured fields requires that
anomalies are separated from the background field (a
regional-residual separation) but this is generally not
required for tensor analysis because the anomalous field
contributions tend to be the dominant local field gradi-
ents. Conversely, short wavelength variations due to
measurement imperfections or near-surface magnetisa-
tions can be disruptive to gradient analysis and may
require pre-processing such as by a mild upward continu-
ation. The NSS derivation is complex and computation-
ally intense but can be applied either to complete
multi-anomaly field sets or to individual anomaly separa-
tions. We also include comparison of analyses performed
at locations where the total gradient is a maximum.

7.2 ANALYTICAL BASIS OF THE FIELD
COMPONENT RATIO METHOD

The expression for the magnetic field vector B(r) at an
observation point r = (x, y, 2T due to a point dipole
source possessing a magnetic moment m and located at
the origin is given by Blakely (1995, p. 75) as:

C

B(r)= T;"{-” (m-u,)0, —m}, (Eqn 7.1)

where @, is the unit vector in the direction of the line
joining the dipole to the measurement point r

T
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and where C_ is a constant which depends on the system of
electromagnetic units used (see Blakely 1995, pp. 67-68). In
Standard  (SI) of units,

the International system
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C,, =100 nH/m or 100 nTm/A for magnetic fields expressed

in nanotesla (nT) and magnetisations expressed in ampere

per metre (A/m). The coordinate system adopted here fol-

lows the International Geomagnetic Reference Field con-

vention, i.e. x is North, y is East and +z is vertically down.

The Cartesian components of the magnetic field vector are
Cm

B (r)= —3{3(m O )u, —m}
r

2 m X
:C;“{?s[mxzx n y2y+mzj€Z)_mx},(Eqn 7.2)
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B,(r)= C—"‘{3(m 0 )u, —m_}
r
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The expressions in Eqns 7.2-7.4 for the magnetic field
components due to a point dipole or uniformly magnet-
ised sphere are completely general and apply to any
external observation point. However, for an observation
station located at a height z directly above the dipole or
above the centre of a magnetised sphere, the expressions
for the magnetic field components become greatly sim-
plified since &_=(0,0,—1)". Thus

m

—.;and
.

C
B,(0,,0,-2) =~ ; B (0,,0,-2) = -
r
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B.(0,,0,-z) = =20 F’Z—l} = Zeae
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The corresponding expressions for the magnetic field
components produced by a magnetised sphere of radius
a, volume v, magnetisation M and magnetic moment m =
Muv are

c,m, _ C. My (4nijMXa3
; .

B (0,,0,-2)=——"F=——" =
7‘3 1’3 73

(Eqn 7.5)
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By inspection of Eqns 7.5 and 7.6, an expression for the
declination of magnetisation D, (or declination of mag-
netic moment) at any point r = (0,0,—z)T above the point
dipole or centre of a magnetised sphere is obtained from
the ratio of the horizontal field components, namely,

M -B
D,, =arctan| —* |=arctan L | for0<D, <2n.
M

X x

(Eqn 7.8)

Similarly, by inspection of Eqns 7.5-7.7, the inclina-
tion of magnetisation I, is obtained from the ratio of the
horizontal field component to half the vertical field
component, namely,

T T
for—-—<1I,<—.

M B
I, = arctan[ . ) =arctan| ——=——
M, 2B +B’ 2 2
(Eqn 7.9)

The expression for the magnetic gradient tensor at a
measurement point r = (x, y, z)T due to a point dipole
with magnetic moment m centred at the origin is given
by Wynn et al. (1975) and Wilson (1985), namely,

B(r)=u,p; +up +(p )8, —5(p- Ju,u,; (Eqn 7.10)

for i,j = 1,2,3 or x,y,z and where p = (u,, Hy uZ)T is the
scaled magnetic moment and 51;' is Kronecker delta.

For a uniformly magnetised sphere of radius a, volume v
and magnetisation M, the scaled magnetic moment u(r) is

3C,m 3C _Mv 47rCma3M
p(l‘): 1’4 = 1’4 = 1’4 >

(Eqn 7.11)

The expressions in Eqns 7.10 and 7.11 for the gradient
tensor due to a dipole or uniformly magnetised sphere
are completely general and apply to any external obser-
vation point. However, for an observation station P(0,
0, —z) located at a height |z| directly above a point dipole
or magnetised sphere centred at the origin, the expres-
sions for its gradient tensor become greatly simplified
uw,urz)T =(0,0,—1)". Hence all terms in Eqn
7.10 not involving u,, are identically zero. Therefore, at
any observation stationr = (0, 0, —2)7, the elements of the
gradient tensor B,-]-(r) are

since @ =(u

x>
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M,. (Eqn 7.12)
B, =B,=0. (Eqn7.13)
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B, =B, =0=B,. (Eqn 7.15)
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4
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Hence the magnetic gradient tensor Bii (0,0, -2) is

Bxx Bxy Bxx
B(0.0,2)=|B, B, B,
Bzx Bzy Bzz
(Eqn 7.21)
-M, 0 -M,
_4nC_a’

0 -M, -M,|
-M, -M, 2M,

By inspection of Eqns 7.14 and 7.17, the declination of
magnetisation D, at any point above the point dipole or
centre of a magnetised sphere (for |z| > a) is obtained from
the ratio of the B, and ByZ tensor elements as follows:

M B,
D, =arctan| —* |=arctan| —= | for0<D, <2r7.
M

x Xz

(Eqn 7.22)

Similarly, by inspection of Eqns 7.14, 7.17 and 7.20, the
inclination of magnetisation I, at any point above the
point dipole or centre of the magnetised sphere is
derived from the B, ByZ and B,, tensor elements as
follows:

I, =arctan[M"‘J—arctan D for—ESIM <
M, 2,/B. + B, 2 2
(Eqn 7.23)

In this study we use peaks in both the normalised
source strength (NSS) and total gradient (TG) to estimate
the horizontal centre of magnetisation. As proposed by
Beiki et al. (2012) and Clark (2012) the NSS is a generali-
sation of the scaled or normalised magnetic moment of a
dipole source (Wynn et al. 1975; Wilson 1985). Denoted
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by u, the NSS is defined in terms of the eigenvalues of its
magnetic gradient tensor, namely,

u=\2 =

where \; > 0 is the first eigenvalue which is always posi-
tive, A, is the second or intermediate eigenvalue which

for A >2,>4, (Eqn7.24)

has the smallest absolute value and A, < 0 is always
negative. The traceless property of the tensor, together
with the ordering of its eigenvalues, ensures that the
NSS is always real and positive definite. Importantly,
Clark (2012) and Beiki et al. (2012) showed that the NSS
peaks directly over the source for several useful ele-
mentary models and that it is completely independent
of magnetisation direction for arbitrary two-dimen-
sional sources, as well as for spheres and axially mag-
netised narrow plunging pipes. This conclusion
approximately holds for any compact source with a
reasonably coherent magnetisation direction for which
the external field is dominated by the dipole moment.

The total gradient G(r) of the total magnetic field
intensity T(r) at an observation point r = (x, y, 2z) is
defined as follows:

G(r)=\/[6T(r)) +(6T(r)] +(6T(r)] . (Eqn 7.25)
Ox Oy 0z

TG peaks towards the horizontal centre of a compact
magnetisation and towards the margins of wider magnet-
isations, and Roest et al. (1992) demonstrated that it can be
used to map the location of magnetisation contrasts.

7.3 SOURCES OF ERROR IN THE ANALYSIS
7.3.1 Imprecise location of the NSS peak

Our analysis depends on location of the horizontal cen-
tre of magnetisation. On any horizontal plane above a
dipole the divergence of component and gradient ratios
from the values estimated about its centre increases
consistently with offset of the analysis from that centre.
Figure 7.1 shows NSS contours over TMI images of low-
and high-inclination magnetisations in a southern
hemisphere geomagnetic field of inclination -60°. The
TMI anomalies of these two magnetisations are quite
different but the NSS anomalies are identical. Figure 7.2
plots the error in estimation of magnetisation direction
from analysis of the field component ratios (Eqns 7.8 and
7.9). This error is zero directly above the dipole. For the
low-inclination magnetisation the error increases most
rapidly for azimuths parallel and anti-parallel to the
declination of magnetisation (Fig. 7.2A). For the steep-
inclination magnetisation there is less dependence on
direction of the offset of the analysis (Fig. 7.2B) but in all
directions the error increases more rapidly than for the
low-inclination magnetisation. For the low-inclination
magnetisation the error in estimating magnetisation
direction is < 5° for horizontal errors of centre offset up
to 10% of source depth, but for the steep magnetisation
there is a threefold increase in this error. Gradient
anomalies are sharper than their corresponding field
anomalies and in consequence equivalent imprecision
in locating the horizontal centre of an anomaly gives

Fig. 7.1. NSS contours over TMI images for dipole magnetisations with declination 45° and inclination a) -15° and b) =75°. The
horizontal scale is percentage of depth to the centre of magnetisation. The squares outline the area imaged in Fig. 7.2.
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Fig. 7.2. Contoured error in magnetisation direction of the field component analysis for off-centred locations: a) low-inclination
magnetisation (-15°) and b) steep-inclination magnetisation (-75°).

Fig. 7.3. Increase in error of magnetisation direction from the field component to the tensor gradient analysis for: a) low inclination
(-15°) and b) steep inclination (-75°) magnetisations. Note that these errors are additional to those for the component analysis plotted
in Fig. 7.2 and represent a penalty of using gradient rather than component analysis.
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rise to larger errors in magnetisation direction from the
gradient tensor analysis (Eqns 7.22 and 7.23) than from
the component analysis (Eqns 7.8 and 7.9). Figure 7.3
plots the increase in error in changing from using com-
ponent analysis to using gradient analysis. For location
errors < 10% of source depth (the zone within which we
hope the analysis will be performed) this increase is < 2°
for the low-inclination magnetisation and < 5° for the
steep-inclination magnetisation. We anticipate that in
many cases this c. 30% loss of resolution from the use of
gradients will be more than compensated by the advan-
tage of lower sensitivity to the separation of the anomaly
from its background field.

7.3.2 The influence of shape

Any departure from an ideal dipole compromises the
model assumptions of relationships between magnetisa-
tion and the field or its gradients. For computations of
non-dipole sources we have used expressions for the
magnetic gradient tensor due to a uniformly magnetised
general triaxial ellipsoid given in McKenzie (2020) and
equations for the magnetic field components due to a
uniformly magnetised general triaxial ellipsoid formu-
lated in Clark et al. (1986). Figure 7.4 shows perspective
views of several ellipsoids of axial ratios 1:1:0.5 and

1:0.5:0.5 and of centre depth to major axis length ratio
1:1. The departures of these bodies from dipoles distort
the analysis in two ways: first the assumed dipole rela-
tionships are only approximate for these shapes, and
second the NSS peak for these bodies may no longer
mark their centre of magnetisation. We can investigate
both effects by computing the dipole relationships over
the known centre of magnetisation and at the NSS peak.
We also include analysis at the alternative estimate of
the centre of magnetisation provided by the total gradi-
ent transform. Results of these studies vary according to
distribution shape and orientation of the magnetisation
and its magnetisation direction.

Figure 7.5 is a map of error in a dipole tensor analysis.
The figure shows an image of the angular difference
between the input source magnetisation direction and
the direction estimated by dipole tensor analysis (Eqns
7.22 and 7.23) from the magnetic field of an ellipsoid
with horizontal north-south major axis of length 200 m,
minor axes of 100 m, magnetisation inclination —75° and
declination 45° and depth to centre 120 m. Note that for
this non-dipole distribution of magnetisation there is a
displacement between the centre of magnetisation (0,0)
and the point at which by cancellation of errors the
dipole tensor analysis provides the correct estimation of

Fig. 7.4. Ellipsoids of different shape and orientation (but with horizontal and vertical axes) used to investigate the influence of shape
in locating the centre of magnetisation and estimating magnetisation direction at those apparent centres.
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magnetisation direction. Figure 7.5a shows the TG peak
at which the tensor analysis has an error of 27°. Figure
7.5b shows a smaller displacement from the centre of
magnetisation for the NSS peak at which the tensor
analysis has an error of only 8° (Fig. 7.5b).

Figure 7.6 is a cross-plot of dipole component and ten-
sor analysis errors for the various ellipsoids shown in Fig.
7.4. The symbols are shape coded to represent the various
ellipsoid source models and colour coded to represent

inclination of magnetisation. Tensor analysis at the NSS
peaks has slightly larger error than component analysis.
For the vertical ellipsoid (shown in Fig. 7.4E), flattened
horizontal ellipsoid (shown in Fig. 7.4D) and ellipsoid
with long axis perpendicular to the magnetisation direc-
tion (shown in Fig. 7.4C) both analyses have errors of less
than 1°. Larger errors of up to 13° are found for various
combinations of moderate- or steep-inclination magneti-
sations and ellipsoids with long axis perpendicular to the

Fig. 7.5. Image of error in the tensor analysis of magnetisation direction overlaid by A) contours of the TG anomaly peak and B)
contours of the NSS anomaly peak. The ellipsoid outline is shown in magenta.

Fig. 7.6. Error in magnetisation direction at the NSS peak from tensor gradient and field component analyses for the ellipsoids show in
Fig. 7.4. Note that many cases have low errors and plot in a cluster near the origin.
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declination of magnetisation (shown in Fig. 7.4A) or at
45° to it (shown in Fig. 7.4B). Component and tensor
analysis estimates of magnetisation direction have aver-
age errors of 2.3° and 3.0° respectively.

Figure 7.7 shows strong correlation between the dis-
placement of the NSS peaks from the centre of magneti-
sation and the magnitude of error in magnetisation

direction at those peaks estimated from the dipole ten-
sor analysis. This strong correlation suggests that
imperfect location of the centre of magnetisation is the
dominant contribution to error in the analysis.

Figure 7.8 clearly shows the superiority of NSS over
TG in estimating the centres of the various distributions
of magnetisation. In all cases displacement of the TG

Fig. 7.7. Correlation of the offset of the NSS anomaly peak from the centre of magnetisation and the error in estimation of
magnetisation direction by tensor gradient analysis at that peak. Symbols as in Fig. 7.6.

Fig. 7.8. Horizontal offset of the NSS and TG anomaly peaks from the centre of magnetisation. Symbols as in Fig. 7.6.
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Fig. 7.9. Error in estimation of magnetisation direction by tensor gradient analysis at the NSS and TG anomaly peaks. Symbols as in Fig. 7.6.

peak is at least twice the displacement of the NSS peak.
The average horizontal displacement of the NSS peak
from the centre of magnetisation is 2% of depth to cen-
tre, and for the TG peak the average displacement is 20%
of depth to centre. Consistent with our conclusion that
error in locating the centre of magnetisation is the major
source of error in the magnetisation analysis, corre-
sponding errors in dipole tensor analysis at the NSS and
TG peaks plotted in Fig. 7.9 follow a very similar pattern
to offset of those peaks plotted in Fig. 7.8. The average
error of the magnetisation analyses is 3° at the NSS
peaks and 40° at the TG peaks.

7.3.3 The influence of plunge

For elongate thin sheet (‘two-dimensional’) magnetisa-
tions identical anomalies are produced by a wide range
of interchangeable dip and inclination of magnetisation
angles (Hood 1964). Ellipsoids best approximating seg-
ments of planar thin sheets (‘plate’ shapes) have a single
short axis with plunge determined by the deviation of
that short axis from the vertical. For ellipsoids with a
single elongate axis (‘cigar’ shapes) plunge is determined
by the deviation of the long axis from the horizontal. For
a plunging source the shallower, up-plunge segment of
the magnetisation produces higher amplitude, shorter
wavelength contributions to the above-surface magnetic
field than the deeper, down-plunge segment. This effect
is most pronounced for plunging magnetisations of large

depth extent. Plunge of a body is an intrinsic parameter,
but if we consider it as secondary to other shape and
position parameters we can recognise that in some cir-
cumstances the error in magnetisation direction due to
plunge increases error due to other parameters and in
other circumstances it reduces it. Plunge is therefore a
complicating parameter. Figure 7.10 shows images of
dipole tensor analysis error mapped for the magnetic
fields of the same north-south elongated ellipsoid inves-
tigated in Fig. 7.5 but with a 15° plunge down to the north
(Fig. 7.10a) and 15° down to the south (Fig. 7.10b). In each
case the point at which dipole tensor analysis provides
the correct magnetisation direction is shifted from the
point above the centre of the ellipsoid towards the up-
plunge direction. For this geometry, plunge and mag-
netisation direction, the TG peaks are further from the
centre of magnetisation than the NSS peaks and in con-
sequence the dipole tensor analysis error is larger at the
TG peaks than at the NSS peaks. At the NSS peaks the
dipole tensor analysis error (which was 8° for the hori-
zontal body) is 5° (a change of —3°) for the northward
plunge and 12° (a change of +4°) for the southward
plunge. At the TG peak the error (which was 27° for the
horizontal body) is 20° (a change of —7°) for the north-
ward plunge and 34° (a change of +7°) for the southward
plunge. These values vary with body shape, orientation,
plunge, magnetisation direction and elevation at which
the magnetic field is measured.
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Fig. 7.10. NSS and TG peak contours over images of error in dipole tensor gradient analysis for the ellipsoid magnetisation of Fig. 7.5
with 15°plunge down a) to the north and b) to the south. The ellipsoid outline is shown in magenta.

7.3.4 The influence of elevation

The magnetic field expression of body shape and plunge
varies with distance from the body, requiring the con-
cept of ‘compactness’ (Clark 2014; Foss 2017; McKenzie
2020) to summarise the influence of these factors. One
measure of compactness is the ratio between the longest
axis of the body and distance to the closest measurement
location, but no single statistic is sufficient to summa-
rise the multi-factor variables describing the distribu-
tion of magnetisation and magnetic field measurements
(see Chapter 4). At progressively greater distance the
magnetic field of a body approximates closer to that of a
dipole. Outside a spherical surface that entirely encloses
an arbitrary magnetic source, the magnetic field can be
described in terms of a multipole expansion (Jackson
2007, p. 145). Unless the dipole moment vanishes identi-
cally, the far-field is always dominated by the dipole
term. For finite uniformly magnetised bodies of
orthorhombic, or higher, symmetry (e.g. ellipsoids, rec-
tangular prisms, right circular or elliptic cylinders) the
quadrupole moment is zero and the lowest non-dipole
term is usually the octupole contribution. As an extreme
case, consider an axially magnetised long thin pipe,
which behaves like a bar magnet with equal and oppo-
site point poles at the ends. At a distance from the centre,
r, that is greater than three times the length of the pipe,
the non-dipole field in all directions contributes only
~5% of the dipole field, and this falls off as ~1/r? at
greater distances. For sources that are more equidimen-
sional, the dipole approximation is acceptable at shorter
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ranges than for an elongated source. For highly symmet-
ric sources (cube, octahedron, cylinder with height/
diameter ~0.9, etc.) the octupole term also vanishes and
the source is well represented by a point dipole at rela-
tively short ranges. For complex shapes such as pipes
with horizontal top faces it may be convenient to sepa-
rately consider a ‘near-field’ close to the source and a
‘far-field’ at greater distances, but for the ellipsoids
which we have used in this study the influence of dis-
tance from source is more smoothly continuous. To
investigate the influence of elevation at which the mag-
netic field is measured we computed the fields of a dipole
and the same ellipsoid used in the study of plunge. NSS
peaks directly above the dipole at all elevations and (as
already proven) dipole tensor analysis at that peak
exactly recovers magnetisation direction. For the dipole
the TG peak has a consistent horizontal displacement
from the magnetisation centre of 12% of its depth (Fig.
7.11a) and error of the dipole tensor analysis at that peak
is consistently 27° (Fig. 7.11b). These values vary for dif-
ferent magnetisation directions and different geomag-
netic field inclinations. For the north and south plunging
ellipsoids NSS and TG peaks have almost converged to
those of the otherwise identical horizontal ellipsoid at a
depth of 400 m (twice the length of the longest axis). At
this depth the dipole tensor analysis error for all three
ellipsoids at their NSS peak is 8° and this reduces to 4° at
a depth of 800 m. The dipole tensor analysis error for all
three ellipsoids at their TG peak is ~27° across this depth
range (the same as for the dipole).
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Fig. 7.11. a) NSS and TG peak offsets from the centre of magnetisation and b) error in dipole tensor magnetisation analysis at the NSS

and TG peaks for a dipole and the ellipsoids of Figs 7.5 and 7.10.

An upward continuation of 100 to 200 m of the fields
due to magnetisations at 120 m depth would reduce dis-
placements of the NSS peak for the plunging ellipsoids
with corresponding improvement of magnetisation
direction estimates at those peaks. However, more sub-
stantial upward continuation is likely to achieve only
slight further improvements due to substantial reduc-
tion in amplitude of the fields and gradients for these
compact sources.

7.4 CASE STUDY

Figure 7.12a shows a measured TMI anomaly at Ethabuka,
central Queensland, Australia from a survey with 400 m
spaced east-west flightlines flown at a ground clearance
of 80 m. There are no overlapping adjacent anomalies but
there is some ambiguity in separating the anomaly from
the background field. The east-south-east trough to peak
orientation of this southern hemisphere anomaly indi-
cates the declination of magnetisation, and the similar
amplitudes of the peak and trough in this moderately
steep geomagnetic field (inclination —65°) indicates a low
inclination of magnetisation. Figure 7.12b shows an
image of model-computed TMI for a parametric inver-
sion of a steeply plunging elliptic cylinder (outline shown
in Fig. 7.12b and 7.12¢) with a top 740 m below sensor. The
inversion simultaneously resolves the spatial and mag-
netisation properties of the model. The best estimated

magnetisation direction is declination 100.8°, inclination
+18.2°, consistent with expectations from visual analysis
of the anomaly. The close match between the computed
field in Fig. 7.12b and the measured field in Fig. 7.12a
does not prove the inversion model correct but does jus-
tify it as at least an equivalent source suitable for use in
data transforms. One such transform is an RTP using the
recovered magnetisation direction, the output of which
is shown in Fig. 7.12c. The compact positive-only RTP
anomaly strongly supports the estimated magnetisation
direction. The box in Fig. 7.12c is the area shown in
greater detail in Fig. 7.13.

Figures 7.13a and 7.13b show TG and NSS peak con-
tours over an image of the difference between magneti-
sation direction estimated by inversion and that
computed at each grid cell using the tensor analysis
algorithm. Tensor analysis at the NSS peak recovers an
estimated magnetisation direction (completely inde-
pendent of the inversion) only 5° different to the inver-
sion estimate, and the NSS contours are closely
co-centred with the RTP contours of Fig. 7.12c. The dif-
ference in estimated magnetisation direction between
tensor analysis at the TG peak and the inversion result is
38°. Estimation of the location of magnetisation from
the inversion model is also more compatible with the
NSS peak than the TG peak. These relationships are
further supported by almost identical results obtained
by applying TG and NSS transforms to the model

165



EXPLORATION MAGNETICS

Fig. 7.12. The Ethabuka anomaly: a) measured TMI, b) model computed TMI with outline of the top of the model, and c) reduced to

pole (RTP) TMI using the inversion model magnetisation direction.

Fig. 7.13. Image and contour map (black with 5° contour interval) of the difference in magnetisation direction from inversion and
tensor analysis with overlays (black lines) of a) TG peak contours and b) NSS peak contours. The outline of the inversion model is shown.

computed field of Fig. 7.12b for which the (virtual) mag-
netisation is of known direction and location.

7.5 CONCLUSIONS

We have shown that the direction of magnetisation of a
dipole source can be derived from ratios of its field com-
ponents or tensor gradient elements directly above its
centre. The NSS transform peaks directly over a dipole
and indicates where that analysis can be performed. The
ratios of field components and of tensor gradients pro-
gressively diverge from their ideal values away from the
centre axis of a dipole, and they also diverge for
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magnetisations which differ from a dipole. Estimates of
magnetisation direction are particularly influenced by
plunge. With increasing elevation the magnetic field of
a compact source progressively converges towards that
of an equivalent dipole, but any advantage of upward
continuation to improve magnetisation estimates is
restricted by attenuation of the magnetic field and gra-
dients. We present a case study for which the NSS peak
closely conforms with the centre of magnetisation
derived by parametric inversion, and for which the mag-
netisation direction from dipole tensor gradient analysis
at that peak agrees to within 5° of the inversion model.
We only recommend dipole analysis for initial
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magnetisation direction estimates. If magnetisation
directions are required to higher precision they should
be obtained by inversion, with a key advantage that
inversion can be performed directly on the primary line
data, avoiding any problems arising from gridding of the
data.
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