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ABSTRACT

This paper presents a theory for the anomalous magnetic gradient tensor due to a uniformly
magnetised general triaxial ellipsoid. Expressions for the magnetic field vector and its gradi-
ent tensor are derived from expressions for the gravitational field or the gravity gradient tensor
via an application of Poisson’s theorem. This theory provides increased capability in forward
modelling, inversion and equivalent source applications in both magnetic and gravimetric explo-
ration. It provides an accurate and computationally efficient means of modelling the magnetic
gradient tensor of ellipsoidal bodies which may possess isotropic or anisotropic magnetic sus-
ceptibility, remanent magnetisation and, in the case of highly magnetic ellipsoids, may be
subject to the effect of self-demagnetisation. This paper presents a novel method based on the
eigenvector decomposition of the magnetic gradient tensor to provide estimates of the mag-
netisation direction over an ellipsoidal source. This includes an investigation of the influence of
shape detail, observation height and inclination of magnetisation on the positioning of global
maxima in normalised source strength and how this affects the problem of estimating magneti-
sation direction. This study confirms that magnetisation directions may be accurately estimated
for extremely elongated ellipsoidal bodies where the ratio of smallest observation height to
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maximum elongation (in plan view) is greater than 1.

Introduction

The general triaxial ellipsoidal model in gravity and
magnetic modelling is an extremely versatile one with
several advantages over other simple body types. First,
the ellipsoidal model can provide a useful representa-
tion of a variety of discrete gravitational and magnetic
sources. These include equidimensional or spheroidal
sources, elongate or pencil-like sources (the prolate
ellipsoid) or flattened, sheet-like sources (the oblate
ellipsoid). Geologically, the equidimensional model
may approximate a spheroidal cavity in gravity mod-
elling or a dipole source in magnetic modelling. The
prolate ellipsoid may be used to model elongated
sources such as lava tunnels in gravity investigations
or pipes and quasi-symmetric intrusive bodies in both
gravity and magnetic investigations. The oblate ellip-
soid may be used to model lenticular, flattened or
sheet-like bodies such as sills, lopoliths and some
stratabound ore-bodies including banded iron forma-
tion deposits. Second, the magnetic ellipsoidal model
which includes the general triaxial ellipsoid, the pro-
late and oblate ellipsoids of revolution, the sphere,
and the infinite horizontal elliptic and circular cylin-
der body classes (see Emerson, Clark and Saul 1985;
Clark, Saul, and Emerson 1986; Takahashi and Oliviera
2017) are the only body types that can account for

the phenomenon of self-demagnetisation in uniformly
magnetised sources. Self-demagnetisation is particu-
larly important in bodies which possess very high
magnetic susceptibility, namely, corrections are advis-
able when the magnetic volume susceptibility k is
above 0.1 SI units (Clark 2014). The Tennant Creek
Field of the Northern Territory, Australia can be con-
sidered a type example of the utility of ellipsoid
modelling in a highly magnetic environment where
self-demagnetisation is important. Farrar (1979), Clark
and Tonkin (1987), Hoschke (1991) and Clark (2000)
show examples of ellipsoid modelling of magnetite-
rich ironstone bodies that host Cu—Au mineralisation in
this area.

Why the magnetic gradient tensor?

Several authors including Pedersen and Rasmussen
(1990), Schmidt and Clark (2006), Foss (2006) and Clark
(2012) have reported that the magnetic gradient ten-
sor has several theoretical advantages over the conven-
tional measurement of the total magnetic field intensity
(TMI). In particular, the gradient tensor contains more
information on magnetic sources than both the mag-
netic field vector and the TMI. Importantly, the gradi-
ent tensor carries information on the curvature of the
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magnetic potential which isimportantin inversion (Reid
and Thurston 2014). The magnetic gradient tensor is
superior to the TMI at low magnetic field inclinations
andin areas of rugged topography (Clark 2012). Further-
more, tensor gradient measurements are less affected
by background interference and time-varying geomag-
netic fields which are commonplace in magnetic field
survey data. The gradient tensor and its eigenvalues and
eigenvectors facilitate determination of the direction of
magnetisation and the centre of magnetisation either
by inversion or by magnetic moment analysis (Phillips
etal.2007; Beiki et al. 2012; Clark 2012, 2014). The gradi-
ent tensor may also provide estimates of magnetisation
direction in regions where there is an anomalous peak
in the normalised source strength (NSS) over a variety of
compact dipole-like magnetic sources (Beiki et al. 2012;
Clark 2012).

The importance of knowledge about
magnetisation intensity and direction

The correct determination of magnetisation direc-
tion is fundamental to the interpretation of mag-
netic field and gradient tensor data (Austin et al.
2014; Clark 2012, 2014; Foss 2017; Takahashi and
Oliviera 2017). It is essential to the successful mod-
elling and inversion of magnetic targets which may
carry anisotropy of magnetic susceptibility, remanence
and self-demagnetisation. All of these phenomena can
rotate the magnetisation of magnetic bodies away from
the direction of the inducing geomagnetic field. Incor-
rect magnetisation directions can lead to erroneous
determinations of the location and dip of magnetic
bodies. Knowledge of the magnetisation intensity and
Koenigsberger or Q ratios may contain important infor-
mation on the nature of magnetic carriers in rocks
while knowledge of the magnetisation direction may
be utilised in age determinations for remanently mag-
netised bodies. Most importantly, knowledge of the
magnetisation direction is often essential to the suc-
cessful application of the general phase transformation
to magnetic survey data (Blakely 1995).

Theory

The expressions for the gravity and magnetic fields due
to a general triaxial ellipsoid with uniform density p,
uniform magnetisation M and semiaxesa > b > cwere
derived in an earlier paper by Clark, Saul, and Emerson
(1986). | refer to this paper quite extensively but with a
slight change in nomenclature, namely, that the major,
intermediate and minor semiaxes are now referred to as
aj; > a; > as respectively replacing the g, b, c nomen-
clature in Clark, Saul and Emerson (1986). Hence the
equation of the surface for a general triaxial ellipsoid
centred at the origin is now (Stratton 1941; Clark, Saul

and Emerson 1986)
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where x1,x2,x3 are the Cartesian coordinates with
respect to its principal axes, i.e. the body axis coor-
dinates r,. The expression for a family of ellipsoidal
surfaces centred at the origin and containing any
internal (A < 0) or external (A > 0) observation point
P(x1,x2,X3) is
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where A is its principal ellipsoidal coordinate (see
Appendix A1). Furthermore, the A()), B(A) and C(A)
Green'’s functions in Equations (11)-(18) of Clark, Saul
and Emerson (1986) which describe the external grav-
itational potential Uey Of an ellipsoid are now replaced
by A1(4), A2(A) and A3(2) respectively. The theory pre-
sented here and by Clark, Saul and Emerson (1986) is in
the body or principal axis coordinate system of the ellip-
soid (see Figure 1). The survey axis coordinate system r
adopted here uses the convention for the International
Geomagnetic Reference Field (IGRF), i.e. x is North, y
is East and z is vertically down. Expressions for trans-
forming vectors and gradient tensors between the sur-
vey axis and body axis coordinate systems are given in
Appendix A3.

An expression for the gravitational scalar potential
Uext of a general triaxial ellipsoid with uniform density
p is given by Kellogg (1929) and Clark, Saul and Emer-
son (1986). For an external observation point P(ry,) in the
body axis coordinate system of the ellipsoid, i.e. r, =
(x1,x2,x3)7, the gravitational potential Uext(rp) is given
by the following integral (Clark, Saul and Emerson 1986,
Equation (11)):

[ee) 3 XZ
Uext(rp) = nGpmazagf 1— —t
* X ; (@ +u)
1

x ——du fori >0, (3)

R(u)
while for an internal point P(ry), the gravitational poten-
tial Uint(rp) is (Clark, Saul and Emerson 1986, Equation

(13)):
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X Ldu forr =0, (4)
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where
Rw =@ +w)@+u)@+u), 6

and G is the universal gravitational constant.
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Figure 1. The body axis coordinate system r, = (x1,X2,x3)" for a general triaxial ellipsoid centred at the origin with semiaxes a; >
a; > as.The orientation of the ellipsoid is defined by three direction cosine vectors ¥, ¥, V3 along the ay, a3, as semiaxes or X1, X2, X3
body axes (see Figure 1(a,b)). The direction cosine vectors are uniquely specified via three ellipsoidal angles «, §, v, i.e. « is the azimuth
of the downward pointing major semiaxis, § is its plunge, and y is the rotation of the ellipsoid about its downward pointing major
axis as shown in Figure 1(c). Figure 1(c) shows an inclined section through the ellipsoid which contains the a; and as semiaxes. The
view is looking down the major axis with anticlockwise rotations defined as negative. The vertical dotted line in Figure 1(c) is the

trace of the vertical plane containing the major axis.

The expression for the external gravitational poten-
tial may be rewritten as (see Clark, Saul, and Emerson
1986, Equations (14)-(18)),

3
Uext(ry) = mGpaiazas [D(K) - ZAi(X)X?] , (6)

i=1

where

* 1

and

o0 1
Ai(d) = — du, fori=1,23, (8)
@) /x (@ + u)R(u)

and where A is the principal ellipsoidal coordinate of the
observation point P with respect to the centre of the
ellipsoid (see Clark, Saul, and Emerson 1986, Equations
(2)-(9)).

The expressions for the body axis components
g1,92, 93 respectively of the anomalous gravitational
field g(rp) due to a general uniform triaxial ellipsoid
at an external point P(r,) where r, = (x1,X2,X3)" are
obtained by taking the gradient of the scalar potential
Uext(rp) in Equation (3):

g(rp) = VUext(rp)

ou N au R au N
_ ext ) + ext G + ext as !,
X1 9x3 X3

9)

where @7, Oy, O3 are the direction cosines along the
X1, X2, X3 body axes, respectively.

Hence, by the chain rule of partial differentiation in
Equation (6), the ith component of the anomalous grav-
itational field due to the triaxial ellipsoid is (see also
Clark, Saul, and Emerson 1986, Equations (21)-(23)):

.(r )_ 8Uext _ 8Uext oA
9ite) == = Ton ox;

fori=1,2,3.

= —2nGpaya2azxAi(L), (10)

Closed form expressions for the Green’s functions
A1 (A), A2(A) and Asz()) in Equations (8) and (10) are
given in Appendix A1 and a derivation of Equation (10)
is given in Appendix A2.

Poisson’s relation and the magnetic scalar
potential

From the second Maxwell equation, when there are no
electric currents present within a region of investiga-
tion, the magnetic induction b is irrotational, i.e. V x
b = 0, and according to the Helmholtz theorem, there
exists a scalar potential V within that region such that
b = —VV. The magnetic scalar potential Vext(r,) due
to a uniformly magnetised ellipsoid with magnetisation
M = (Mq, M3, /\/13)T may be derived from Equation (10)
via Poisson’s relation (see Grant and West 1965, 213;
Clark, Saul, and Emerson 1986, 191, Equations (24)-(25),
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Blakely 1995, 92):

G G
Vext(rb) = - (G_r;) VUext - M = — <G_r;> gT M

3
= 21Cnaaxas ) _ xiAIGOM;, (11

i=1

where Cp, is a constant which depends on the system
of electromagnetic units used (see Blakely 1995, 67-68).
In the International Standard (Sl) system of units used
here, C;, has a value of 100 nH/m or 100 nTm/A for
magnetic fields expressed in nanotesla (nT) and mag-
netisations expressed in ampere per metre (A/m). The
magnetic scalar potential is expressed in nWb/m or
nTm.

The body axis components of the anomalous mag-
netic field b(r,) = (b1, by, b3)" due to a uniformly mag-
netised general triaxial ellipsoid at an external point
P(rp) where r, = (X1, X2, x3)" are obtained by taking the
gradient of the magnetic scalar potential Vex(rp) (see
Clark, Saul, and Emerson 1986, Equations (26)-(28)).

b(r,) = —VVext(rp)

aV, . aV, N aV, N
- _ ext U'| + ext u2 + ext u3 .
X1 X2 0x3

(12)

The negative sign in Equation (12) follows the conven-
tion in Kellogg (1929) for electrostatic fields (see Blakely
1995, 7, Chapter 1). Thus from Equations (11) and (12),
the external magnetic field components b;(r,) are

aV, oA
bi(rp) = — ( aiXt) (a) = —27Cna1a;,as3
1

3
aA
Ai(MM; E XA : (MM — ,
X (MM + j 1()1 <3X,'>

j=1
(13.1)
where
/ dAI(M) [ 1 } .
Ai(x) = = — 5 i=1.23,
G (a7 + MR
(13.2)
R(\) = \/ (@ 4+ 2)(@3 4+ 1)(@3 + 1), (13.3)
and
I 2 3 2
X; X;
L R PPN w B
dxi [(a,-erk)S(k)} > ;{(aﬂk)}
(13.3)

The expressions for the body components of the
anomalous magnetic field of a triaxial ellipsoid agree
with those of Clark, Saul, and Emerson (1986, Equations
(26)-(28)).

The gravity gradient tensor of the triaxial
ellipsoid

From Equations (11) and (12), it may be deduced
that the external magnetic field vector may also be
expressed in terms of the gravity gradient tensor T
which is defined as the gradient of the gravity field vec-
tor, i.e. I'(r,) = Vg(ry), or in tensor notation, I'(ry) =
dgi(rp)/dx;fori, j=1, 2, 3,

b(ry) = —VV(ry) = (g-;) vg' M

- <C_m) I'(rp) -M=CpT(rp) - M,  (14)
Gp

where TT denotes the transpose of T. The 3 x 3 matrix
T=Tjij=1,2,3is a second-order symmetric tensor
of Green’s functions, i.e.

1 1\ 9gi
= (& o= (1) 2

= —27ma;a2a3 {Ai()\)‘sij + XiAi (L) (g_j) }
j
(15)

where §;; is Kronecker delta.

Hence from Equation (15), the expression for the
anomalous gravity gradient tensor at a point P(rp)
external to a uniform triaxial ellipsoid is

agi(r
gl( .b) = —2JTG/)G10203

Lij(rp) = w
j

12 a)" P
X {A;(A)S;j + X;A; (L) (8_x>} (fori,j=1,2,3).
d
(16)

Expressions for Ai(i) and (%) are given by Equations
(13.2) and (13.3) while those for the Green’s functions
Ai(}),i =1,2,3 are given in Appendix A1. Inspection of
Equation (16) shows that the gravity gradient tensor is
symmetric, i.e. I'y = T}; fori #j=1,2,3. Furthermore,
it may be shown that the gravity gradient tensor of a
triaxial ellipsoid at an external observation point is also
traceless,i.e. Tr{I'} = I'1; 4+ I'y2 + I's3 = 0. Thisis easily
deduced from the following identity

> ) 2
EA,-(A) =- Ex,-A,-u) (a_x,) = 2

The magnetic gradient tensor

The magnetic gradient tensor B(ry) is defined as
the gradient of the magnetic field vector, i.e.B(rp) =
Vb(rp), or in tensor notation, B(ry) = ab;(r,)/dx; for
i,j=1,2,3. Expressions for the tensor elements at a
point P(rp) external to a uniformly magnetised general
triaxial ellipsoid where r, = (x1,x2,x3)" are obtained



by differentiation of Equation (13.1) with respect to
xjforj=1,2,3.Then,

ab ad
B,'j(l'b) = (3_)(]) = —27rCma1azaga—Xj
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Hence for the six off-diagonal Bjj(r,) tensor elements
wherei #jandi,j=1,2,3

Bij(ry) = —2nCpaiazas
dA oA
A oM () + Aj00m; ()
3 / 921
% + k§ XkAk()‘)Mk (3X,‘3Xj>

3
| 2 Ay oomi | () (3)

k=1

= Bji(rp). (18.1)

and for the three diagonal Bj;(r,) tensor elements where
i=j=123,

Bii(rp) = —2nCpaiaas
L 3
2400M; (32) + | 3 XAy M
k=1

x (22) + [é xkA;;<x>Mk} ()
(18.2)

X
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(19

= — fori,j=1,2,3
oxj0x;  0x;

and
3 X 2
S(h) = [—’} ;
; @ +2)
IS _ xi 23: X} <a_x)
0% @+0" |5 @+’ |\
(20)
and
A0 = PAMN) _dAG) D —1
PR T e an | @+ MR |

(21.1)
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and

GAG) _ <8A,~(A)> (a_x) _ A0 (3_X> (21.2)
axi A 3%

The expressions for A7 (1), A7(1) and A (1) are derived
by differentiating the expression for A/(1) in Equation
(21.1), namely,

p %A1 (%)
T 3 @+ 1)+ @+
T 200 | (@ + 1) R2(%) '
(22.1)
p 9%Ax(0)
A =52
T 3 @+ 1) + @+
T 2R | (@ + 1) R2(%) '
(22.2)
p 9%A3(%)
A0 =02

T 3 @+ 1)+ @+
" 2R(M) (@ + 22 R2())

(22.3)

It is noted that equations (18.1)-(18.2), (19)-(21) and
(22.1)-(22.3) completely define the magnetic gradient
tensor due to a uniformly magnetised general triaxial
ellipsoid. Importantly it may be shown that the mag-
netic gradient tensor at an external observation point
is a harmonic potential function, i.e. it is symmetric,
traceless (satisfying Laplace’s equation). These prop-
erties follow directly from Maxwell’s equations in the
magnetostatic limit and in the absence of conduction
currents so that V.b(r,) = 0. Furthermore, the generic
nature of this formulation allows for the development
of extremely efficient and compact source code for the
computation of the magnetic field components and
gradient tensor elements of a triaxial ellipsoid. Although
not shown in this paper, the formulation presented here
is easily applied to other ellipsoidal bodies including
the prolate and oblate ellipsoids of revolution and the
perfect sphere.

The internal gravitational and magnetic fields
of a general triaxial ellipsoid

An expression for the internal gravitational potential
Uint(rp) of a homogeneous triaxial ellipsoid is obtained
by integration of Equation (4), namely (see Clark, Saul,
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and Emerson 1986, Equation (19))

3
Uint(rp) = 7Gparazas [D(m - ZA/(O)X,?} (A =0).
i=1
The body axis components of the internal gravita-
tional field due to a uniform triaxial ellipsoid are derived
by differentiation of Equation (4). Hence

8Uint .
Gi(int) (rp) = ™ = —2nGpaya,azxiAi(0), fori=1,2,3,
: (23.1)
where
e 1
Ai(0) = / du
0 (a7 + U)\/(a% + u)(a3 + u)(a3 + u)
fori=1,2,3. (23.2)

By inspection of Equation (23.1), the internal gravi-
tational field of a triaxial ellipsoid with uniform density
p is a linear function of its spatial coordinates. This is
because the A;(0) Green'’s functions only depend on the
dimensions of the ellipsoid (see Appendix A4). Whence
the internal gravity gradient tensor for the triaxial ellip-
soid I'jj(rp) is

9giiny () _ 9

= [—2n GpayayazxiAi0)]
0X; 0x;

Ljj(rp) =

= —27TGpG1GzG3A,'(O)3,'j for ij=1,2,3. (24)

Hence the off-diagonal elements of the gravity gra-
dient tensor are zero while its trace, the sum of its
three diagonal elements, is non-zero satisfying Pois-
son’s equation, namely,

V2Uint(rp) = Tr{['(rp)} = T11(rp) + M22(rp) + '33(rp)
3
= —2nGparayas Y _ A(0).

i=1
However, from Appendix A4, it may be shown that
Z,‘L Ai(0) = 2/(aiayas3), therefore,
V2Uint(rp) = Tr{['(ry)} = —27Gpaya,a3(2/(ara,a3)
The body axis components of the internal magnetic
field Hint due to a uniform triaxial ellipsoid are derived
by differentiation of the expression for the internal

scalar potential Vin¢(rp) derived from Equation (23.1) via
Poisson’s relation, namely,

C C
Vin(rp) = — (G—’;) VUi - M = — (%) Iine * M

3
= 27 Cparayas Y XA (OM;. (26)
j

The internal demagnetising field of a triaxial ellipsoid
Hint in the SI system of units is given by the following

expression:

1 Vi 1
Hjiny = — | — M- _a aasA;j(0O)M;,
47 ) ox; 2

forj=1,23, (27)

where both the magnetic field intensity Hjn and the
magnetisation M are expressed in ampere/metre (A/m)
units.

This internal magnetic field which arises from the
magnetisation is known as the self-demagnetising field
Hy (Clark, Saul, and Emerson 1986; Clark and Emersom,
1999). This field exists in all magnetically susceptible
bodies which are subject to an external magnetic field.
Its overall effect is to produce a back field Hy which
reduces the external inducing magnetic field Hg. Hence
the resultant or effective internal magnetic field Hef is

Hetf = Ho + Hy = Ho — NM, (28)

where N is a demagnetising tensor and M is the intrin-
sic magnetisation of the body. For ellipsoidal bodies, the
self-demagnetisation field is independent of xj,x2, X3
and is therefore uniform. It is related to the princi-
pal demagnetising factors Ny, No, N3 along the ay, a3, as
semiaxes of the ellipsoid by the relation

Hjinyy = —N;M;

forj=1,2,3. (29.1)

In the Sl system of units, the sum of the principal
demagnetisation factors is identically 1, i.e. 21-3:1 N; =
N7 4+ N3 + N3 = 1, while in the electromagnetic system
(emu) of units it is 4. By inspection of Equations (27)
and (29.1), the demagpnetising factors N; for an ellip-
soid in the SI system of units are related to the Green's
functions A;(0) by the relation (Clark, Saul, and Emerson
1986; Takahashi and Oliviera 2017)

1
N; = §a1a2a3Ai(O) forj=1,2,3. (29.2)

Computational aspects

Computation of the magnetic fields and gradient ten-
sors due to a general triaxial ellipsoid involve the follow-
ing steps:

(1) calculate the orthogonal matrix U for transfor-
mations from the survey coordinate system r; =
(x,¥,2)" to the body axis coordinate system r, =
(x1,x2,x3)" of the triaxial ellipsoid

(2) determination of the components of magnetisa-
tion M = (My, My, M3)T in the body axis coordinate
system of the triaxial ellipsoid

(3) transformation of each survey observation point
P(rs) = (x,y,2)" to the body axis coordinate system
P(ry) = (x1,X2,x3)" of the triaxial ellipsoid

(4) calculate all magnetic field components b(r,) =
(b1, b2, b3)T and gradient tensor elements Bj(ry); i,



j=1,2,3 at each observation point P(ry) in the
body axis coordinate system of the triaxial ellipsoid.
(5) transformation of each computed magnetic field
vector b(r,) and gradient tensor B(r,) from the
body axis coordinate systemrp, = (x7,X2,x3)" of the
triaxial ellipsoid to the survey axis coordinate sys-
temrs = (x,y, z)' for each observation point P(rs).
(6) eigenvector decomposition of the gradient tensor
B(r;) to find three ordered eigenvalues A1 > A5 >
A3 and three corresponding eigenvectors €1, €;, &3
for each observation point P(r;) of the tensor B(rs).

Expressions for the orthogonal transformation matrix
U which defines the body axis coordinate system of a
general triaxial ellipsoid are given in Appendix A3. The
treatment of magnetisation in this paper is completely
general, i.e. ellipsoidal bodies may possess isotropic or
anisotropic magnetic susceptibility, remanent magneti-
sation and, in the case of highly magnetic ellipsoids,
may be subject to the effect of self-demagnetisation. As
noted previously, all survey coordinates and magneti-
sations require transformation from the survey coordi-
nate system rs = (x,y,2)" to the body axis coordinate
system rp, = (X1,x2,x3)" of the ellipsoid. All magnetic
and gravity field components and their gradient tensors
are calculated in the body axis coordinate system r,, =
(x1,x2,x3)" of the ellipsoid which require transforma-
tion back to the survey coordinate systemrs = (x, , 2T,
These transformations are outlined in Appendix A3.

The expressions for the magnetic and gravitational
fields due to a general triaxial ellipsoid involve the A1 (1),
Ao (M), As(X) Green's functions (see Equation (10)). The
closed form expressions for the three Green’s func-
tions contain incomplete elliptic integrals of the first
F(k,B) and second E(k, ) kind (see Appendix A1).
These elliptic integrals are computed in double preci-
sion using an algorithm based on Landen’s transforma-
tion (Abramowitz and Stegun 1964; Press et al. 1992).
Both elliptic integrals F(k, 8) and E(k, 8) have been suc-
cessfully tested to eight significant figures respectively
by comparison with tables in Abramowitz and Stegun
(1964, Tables 17.5 and 17.6, respectively). The three
eigenvalues and eigenvectors of the magnetic gradient
tensor are calculated using a series of Jacobi orthogo-
nal similarity transformations of a real symmetric matrix
(see Press et al. 1992).

The effective or resultant magnetisation of a
general triaxial ellipsoid

The magnetisation M within a triaxial ellipsoid is
assumed to be homogeneous and quite general. It may
possess a weak or strong induced magnetisation and/or
it may possess a significant remanent component. Clark,
Saul, and Emerson (1986) and also Emerson, Clark,
and Saul (1985) show how to incorporate the effects
of isotropic or anisotropic magnetic susceptibility,
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remanence and self-demagnetisation into the compu-
tation of the body axis components of the magnetisa-
tion vector M within a triaxial ellipsoid.

When an ellipsoid is weakly or moderately magnetic,
the resultant magnetisation vector M is almost exactly
equal to the total resultant magnetisation Mot Which
is defined as the vector sum of its induced Mj,q and
remanent M, magnetisation vectors, namely,

Mot = Mind + Mnrm = KF + Mpym,

where K is the initial magnetic volume susceptibility
tensor and F is the local geomagnetic field vector.
Expressions for calculating the magnetic susceptibility
tensor when anisotropy is present are given in Emerson,
Clark, and Saul (1985). However in highly magnetic ellip-
soids where demagnetisation effects are significant, i.e.
where the bulk magnetic susceptibility k is high (i.e. in
the range from 0.05 to 0.1 Sl units), the resultant mag-
netisation vector M,es is No longer equal to the total
resultant magnetisation Mgot. A method for estimating
the magnetisation vector Myes accounting for demag-
netisation, remanence and anisotropy of susceptibility
has been outlined by Emerson, Clark, and Saul (1985)
and Clark, Saul, and Emerson (1986). This method is
exact for triaxial ellipsoids and their degenerate forms
including the prolate and oblate ellipsoids of revolution
and the perfect sphere (Emerson, Clark, and Saul 1985;
Clark, Saul, and Emerson 1986). The resultant or effec-
tive magnetisation corrected for self-demagnetisation
is estimated using the following expression (Clark, Saul,
and Emerson 1986, Equation (38))

Myes = Di] Mot = (I + KN)71 (Mind + Mnrm), (30)

where D is the demagnetisation or depolarisation
matrix, i.e.
D,'j = 5,‘1' + k,'ij (fori,j=1,23),

where §j;i,j =1,2,3 is the Kronecker delta function,
kij;i,j = 1,2,3 is the initial magnetic volume suscepti-
bility tensor, and N;;j = 1,2, 3 are the demagnetisation
factors along the ay, a;, as body axes respectively of the
triaxial ellipsoid such that Ny + Ny + N3 = 1.

A derivation of Equation (30) is supplied in Appendix
A6.

An example: the magnetic gradient tensor for
Magmod XV

Toillustrate the theory presented and the importance of
correctly accounting for the magnetisation properties
of ellipsoidal bodies, | present images of the six mag-
netic gradient tensor elements By, Bxy, Bxz, By, Byz, Bz;
due to a highly magnetic, general triaxial ellipsoid. For
this example | have used the synthetic models Mag-
mod XVA, XVB and XVC presented by Clark, Saul, and
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Table 1. Body properties for the Magmod XV triaxial ellipsoid.

Ellipsoid property description

Ellipsoid body properties

The semiaxial lengths (a1 > a; > a3)
The centroid coordinates C(x, y, z)
Volumev = %L aya,a3

The ellipsoid orientation angles (¢, §, y) forming a right-hand clock-
wise coordinate system

Azimuth of the downward a; semiaxis

Plunge of the downward a; semiaxis

Rotation of the downward a3 semiaxis from the vertical

Declination and inclination of the x;, x;, x; body axes:
Body axis Gy (along x4 or a; semiaxis)

Body axis G (along x; or a; semiaxis)

Body axis 3 (along x3 or az semiaxis)

Demagnetisation factors along the a;,a;,a3 axes (SI)
The local geomagnetic field vector by (nT):

Magnetic volume susceptibility (SI)

Intrinsic isotropic bulk susceptibility k;,

Intrinsic anisotropy of magnetic volume susceptibility (SI)
Major axis k1, declination Dy, , inclination Iy,

Major axis k,, declination Dy,, inclination /y,

Minor axis k3, declination Dy, inclination /i,

Intrinsic bulk susceptibility k, = (ki + k2 + k3)/3
Anisotropy P = kq /k3

Lineation L = kq /k;

Foliation F = ky /k3

a; = 250m,a; = 150m, a3 = 100m
G=0mC =0m,G =300m
v = 1.57079632679 x 10’ m3

a = 320°
8 = 45°
y = —45°

Dec @iy = 320.00° Inc Gy = 45.00°

Decu, = 14.736°% Inci; = —30.00°

Decus = 85.264° Inc i3 = 30.00°

N1 = 0.1674, N, = 0.3240, N3 = 0.5086

|bg| = 60000 nT Decbg = 10°Incbgy = —65°
Magmod XVA1, Magmod XVB1

kp = 1.256637 S|

Magmod XVC1

ki = 1.507964, Dy, = 90°, I, = 0°
ky = 1.256637, Dy, = 180°, Iy, = 0°
ks = 1.005310, Dy, = 0%y, = 90°
ko = 1.256637 S|

P = ki /ks = 1.500
L=ki/ky = 1,200
F = ky/ks = 1.250

Note: The intrinsic susceptibilities k1, ka, k3 are exactly 0.48, 0.40, 0.32 7 Sl units respectively.

Emerson (1986) in their seminal paper on the magnetic
fields due to a triaxial ellipsoid. Magmod XVA incor-
porates isotropic magnetic volume susceptibility and
remanence with no self-demagnetisation; Magmod XVB
incorporates isotropic magnetic volume susceptibility
and remanence with self-demagnetisation while Model
XVCincorporates anisotropic magnetic volume suscep-
tibility, remanence and self-demagnetisation. The body
properties of the ellipsoid in Magmod XV are sum-
marised in Table 1 and a three-dimensional perspective
plot is shown in Figure 2. The intrinsic remanent mag-
netisation Muym in each of these models is 120 A/m with
declination 0° and inclination 90°, i.e. at the north mag-
netic pole. To illustrate the effect of self-magnetisation
with increasing magnetic susceptibility, | have calcu-
lated the effective induced magnetisation Migm, the
effective remanent magnetisation Mygm, the intrin-
sic total resultant magnetisation Mgt = Mijnd + Mnrm
and the resultant or effective magnetisation Myes =
Midm + Mygm corrected for self-demagnetisation for
three increasing bulk susceptibilities, namely, 1.25, 1.90
and 2.77 Sl units. The magnetisations for each of these
models are shown in Table 2 and the computed images
of the gradient magnetic tensor for Magmod XVB2 are
shown in Figure 3 for an observation height of 300 m
above the centre of the ellipsoid.

The bulk susceptibility in Model XVC1 isalso 1.256637
SI units or 0.47 S| units exactly. However, its intrinsic
magnetic susceptibility kams = |Mind/|Po accounting
for  anisotropy but not self-demagnetisa-
tion (anisotropy P = 1.50) is approximately 1.056373 SI
units, while its effective magnetic susceptibility ke =
|Midam|/|bo| accounting for both anisotropy and self-
demagnetisation is 0.795751 Sl (see Tables 1 and 2).
The second susceptibility of 1.90 SI (Model XVA2)

corresponds to where the intrinsic total resultant
magnetisation is almost parallel to the direction of
strike of the ellipsoid while the third susceptibility
of 2.77 SI (Model XVA3) corresponds to where the
intrinsic total resultant magnetisation is horizontal.
Models XVA1, XVA2, XVA3 do not account for self-
demagnetisation so that the intrinsic total resultant
Mot and resultant magnetisations M,es are identical.
However models XVB1, XVB2, XVB3 do incorporate self-
demagnetisation so that their resultant magnetisations
Myes = Migm + Mdm are significantly lower in magni-
tude than their intrinsic total resultant magnetisations
Mot = Mijnd + Mprm and, mostimportantly, their direc-
tions are deflected by at least 7 degrees or more. This
is also the case for both the effective induced magneti-
sation vector Mjgm and the effective remanent mag-
netisation vector Mygm. Under the influence of self-
demagnetisation, both these magnetisations have sig-
nificantly lower magnitudes than their intrinsic coun-
terparts, Mjgm and Migm (see Table 2). Furthermore,
for models XVB1 to XVB3, the effective induced mag-
netisation is deflected from the inducing field direc-
tion by between 5° and 9° while the effective remanent
magnetisation vector Mygm is deflected from the intrin-
sic remanent magnetisation direction by between 6.9°
and 11.1°. The effect of self-demagnetisation on the
resultant magnetisation Myes and the effective induced
magnetisation vector Mjgm becomes more pronounced
as the magnetic volume susceptibility increases (see
Table 2). This also has the effect of slightly increasing the
effective Koenigsberger ratio Qsgm = |[Mrdm|/|Midm|
(Figure 2).

Parameters shown in Table 2 are as follows: kpyix
is the intrinsic bulk magnetic susceptibility and ket
is the effective magnetic susceptibility accounting for



EXPLORATION GEOPHYSICS 9

Table 2. Magnetisation parameters for ellipsoidal models Magmod XVA, XVB and XVC.

Parameter XVA1 XVA2 XVA3 XVB1 XVB2 XVB3 xvai
Kpulk (S 1.256637 1.900000 2.773091 1.256637 1.900000 2.773091 1.256637
kefr (sdm) (SI) 1.256637 1.900000 2.773091 0.909282 1.210265 1.523574 0.795751
[Ming| (A/m) 60.0000 90.7183 132.4054 60.0000 90.7183 132.4054 50.4381
Dind 10.000° 10.000° 10.000° 10.000° 10.000° 10.000° 11.947°
lind —65.000° —65.000° —65.000° —65.000° —65.000° —65.000° —59.5982°
[Mnrm| (A/m) 120.0000 120.0000 120.0000 120.0000 120.0000 120.0000 120.0000
Dnrm 0.000° 0.000° 0.000° 0.000° 0.000° 0.000° 0.000°
Inrm 90.000° 90.000° 90.000° 90.000° 90.000° 90.000° 90.000°
Qnrm 2.00000 132278 0.90631 2.00000 132278 0.90631 2.37915
[Mgot| (A/m) 70.3503 53.8268 55.9569 70.3503 53.8268 55.9569 80.6433
Diot 10.000° 10.000° 10.000° 10.000° 10.000° 10.000° 11.947°
lot 68.8728° 44.5801° 0.0000° 68.8728° 44.5801° 0.0000° 71.5477°
[Myes| (A/m) 70.3503 53.8268 55.9569 53.8470 37.3103 31.2248 64.5243
Dres 10.000° 10.000° 10.000° 351.253° 357.218° 3.9061° 347.062°
Ires 68.8728° 44.5801° 0.0000° 66.6478° 44.6862° 3.8932° 69.7861°
[Migm | (A/m) 60.0000 90.7183 132.4054 43.4150 57.7859 72.7453 37.9943
Digm 10.000° 10.000° 10.000° 21.5936° 25.5419° 29.7604° 21.3230°
lidm —65.0000° —65.0000° —65.0000° —66.3144° —66.7914° —67.2905° —62.1733°
[Mygm| (A/m) 120.0000 120.0000 120.0000 89.8487 80.3411 70.5461 94.9866
Dydm 0.000° 0.000° 0.000° 296.788° 298.174° 299.552° 294.472°
Irdm 90.0000° 90.0000° 90.0000° 83.0794° 80.9779° 78.8970° 82.3942°
Qsdm 2.00000 1.32278 0.90631 2.06953 1.39032 0.96977 2.50002
ZboMing 0.0000° 0.0000° 0.0000° 0.0000° 0.0000° 0.0000° 5.4764°
ZboMigm 0.0000° 0.0000° 0.0000° 4.9482° 6.5757° 8.2730° 5.7670°
ZMindMnrm 155.0000° 155.0000° 155.0000° 155.0000° 155.0000° 155.0000° 149.5982°
ZMindMzot 133.8728° 109.5801° 65.0000° 133.8728° 109.5801° 65.0000° 131.1459°
ZMingMyes 133.8728° 109.5801° 65.0000° 132.3329° 110.1399° 69.0395° 130.5984°
ZMindMidm 0.0000° 0.0000° 0.0000° 4.9482° 6.5757° 8.2730° 5.2345°
ZMpyrmMedgm 0.0000° 0.0000° 0.0000° 6.9206° 9.0221° 11.1030° 7.6058°
ZMnrmMres 21.1272° 45.4199° 90.0000° 23.1274° 45.3138° 86.1068° 20.2139°
ZMiotMyes 0.0000° 0.0000° 0.0000° 7.4022° 9.0869° 7.2274° 8.3602°
Moment |m| GAm? 1.10506 0.845509 0.878969 0.845827 0.586068 0.490479 1.01355

Figure 2. Three-dimensional perspective plot of the triaxial
ellipsoid model Magmod XV.

self-demagnetisation and anisotropy; Mjnd is the intrin-
sic induced magnetisation with declination D;,q and
inclination fing; Mprm is the intrinsic natural remanent
magnetisation with declination Dnm and inclination
Inrm; Qnrm = [Mnrm|/|Mind| is the intrinsic Koenigsberger
ratio; M¢ot = Mijnd + Mnm is the intrinsic total magneti-
sation with declination Dot and inclination liot; Myes is
the resultant or effective magnetisation accounting for
self-demagnetisation with declination Dy and inclina-
tion les; Mijgm is the effective induced magnetisation
accounting for self-demagnetisation with declination

Digm and inclination figm;Mygm is the effective natural
remanent magnetisation accounting for self-demagne-
tisation with declination D4y and inclination l4m;
Qsdm = |Migml/|Migm| is the effective Koenigsberger
ratio accounting for self-demagnetisation; ZboMj,q is
the angle between the geomagnetic field and the
intrinsic induced magnetisation; ZbgM;jgm is the angle
between the geomagnetic field and the effective
induced magnetisation (accounting for self-demagneti-
sation); ZMijndMnrm is the angle between the intrinsic
induced and remanent magnetisations; /Mj,dMgot is
the angle between the intrinsic induced and total mag-
netisations; ZMjndMyes is the angle between the intrin-
sicinduced magnetisation and the resultant or effective
magnetisation (accounting for self-demagnetisation);
/MuprmM;dm is the angle between the intrinsic rema-
nentand the effective remanent magnetisation; Z/Mpm
M,¢s is the angle between the intrinsic remanent mag-
netisation and the resultant magnetisation (account-
ing for self-demagnetisation); /MgotMyes is the angle
between the intrinsic total magnetisation and the resul-
tant magnetisation (accounting for self-demagnetisat-
ion) and |m| is the magnetic moment intensity.

The eigenvector decomposition of the
magnetic gradient tensor and a novel
approach to determining the magnetisation
direction

The NSS is a parameter that was introduced to applied
geophysics by the CSIRO Magnetics Group (Beiki et al.
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Figure 3. Images of the magnetic gradient tensor associated with model Magmod XVB2 which incorporates isotropic magnetic
susceptibility, remanence and self-demagnetisation. Figure 3(a—c) (top row: left to right) show gridded images of tensor elements
Byx—Nn: Bxy—ne, Bxz—np respectively while Figure 3(d-f) (bottom row: left to right) show tensor elements By, ¢, By,—£p, Bzz—pp
respectively. The body properties for Magmod XVB are summarised in Table 1 and the magnetisations for Magmod XVB2 are shown
in Table 2. The 1.25 x 1.25 km grids were generated by forward modelling using a spacing of 2.50 m at a height of 300 m above the

centre of the ellipsoid.

2012; Clark 2012). Importantly, the NSS is a generalisa-
tion of the scaled magnetic moment of a dipole source.
The scaled or normalised magnetic moment was origi-
nally defined by Wilson (1985) and later by Wynn (1999)
in the context of tracking magnetic dipole sources.
The NSS, as denoted by u, is defined in terms of the
eigenvalues of its magnetic gradient tensor, namely,

p=1/—23 — k3 foris =2y > 213,

where Ay > 0 is the first eigenvalue which is always
positive, A, is the second or intermediate eigenvalue
which has the smallest absolute value and A3 < 0 is
always negative. The tracelessness property of the ten-
sor, combined with the ordering of the eigenvalues,
ensures that the quantity under the square root sign in
Equation (31) is always positive unless there is no gradi-
ent, in which case all eigenvalues are zero and the NSS is
also zero. Therefore the NSS is always real and positive
definite whenever a magnetic field gradient is present,
and this is irrespective of the nature of the magnetic
sources.

31

The scaled moment vector p for a point dipole
source of magnetic moment mis (Clark 2012)
3¢gm  3Cym . 3Cmm
n(r) = A = Tum = HUmi b = ——F—,
(32.1)
where Gy, is the unit direction cosine vector for the mag-
netic moment m. For a dipole source, the magnitude u
of the scaled moment is proportional to the magnitude
of the dipole moment and inversely proportional to the
fourth power of the distance from the source. It can be
calculated directly from the eigenvalues of the gradient
tensor, using Equation (31).

The external field of a uniformly magnetised sphere
is identical to that of a point dipole with the same mag-
netic moment m. located at the centre of the sphere.
Hence for a uniformly magnetised sphere of radius a
and intensity of magnetisation M, the magnitude u of
the scaled moment or NSS at an external point a dis-
tance r from the centre is

3Cnm _ 4nCyMa?

® = 4ra*M
Hn=—a=="a

(form = Mv =

).
(32.2)

Importantly for a horizontal observation plane, the
NSS peaks directly above the centre of the sphere



regardless of the orientation of the magnetic moment.
This conclusion also holds approximately for any com-
pact source with a reasonably coherent magnetisation
direction, for which the external field is dominated by
the dipole moment. Clark (2012) and Beiki et al. (2012)
showed that the NSS, defined by Equation (31), peaks
directly over the source for a number of useful elemen-
tary models and that it is completely independent of
magnetisation direction for arbitrary 2D sources, as well
as for spheres and axially magnetised narrow plunging
pipes. The NSS is also only weakly dependent on mag-
netisation direction for a wide variety of 3D magnetic
models.

These observations lead to a formulation for the
magnetic gradient tensor in terms of the components of
magnetisation of a magnetic sphere. In particular, for an
observation point directly above a dipole or a uniformly
magnetised sphere of radius a with magnetisation M,
it may be shown (see Appendix A5) that the magnetic
gradient tensor B is given by

anCpa® | Mo O M
B(0,0.2) = — M, —M,
—My —M, 2M,
-M, 0 —My
=fl 0 M, —M,|, (33)
—My —M, 2M,

where f = (47Cna®)/z* and z < —a (a = 0 for a point
dipole).

The three eigenvalues 11, A3, A3 are found by solv-
ing for the roots of the characteristic equation det (B —
Al) = 0. These eigenvalues are obtained by solving the
depressed cubic equation in A (see Appendix A5 for
details).

The ordering of the three eigenvalues is determined
by the sign of the vertical component of magnetisation
M;. For M, > 0, the eigenvalues at an axial station in
descending order A1 > A, > A3 are given by the follow-
ing expressions:

f
=3 [/\/Iz + JAOE + M) + om2 |

M M
= =2 [1+\/4cot2IM+9]= 21+ A), (34.0)

2

Ay = —fMy, (34.2)

f
b= [MZ - \/4(/\/13 +M2) + 9M§]
= fzﬁ [1 — Jacotly + 9] - f%m —A), (343)

where Iy is the inclination of the magnetisation
vector M,

Iy = arctan

M, (MZ)
——— | orly =arctan| — |,
M2+ M2) M
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and

A= JAM2 +M2)/M2 19 = \JAR/M2) +9
= /4cot?ly + 9. (36)

Importantly for magnetisations where M, is positive
(such as induced magnetisations in the northern mag-
netic hemisphere), the second eigenvalue A; is always
negative, whereas for magnetisations in the southern
magnetic hemisphere where M, is negative, the sec-
ond eigenvalue A, is always positive and the A1 and A3
eigenvalues are interchanged. The NSS 1(0,0,2) along
the vertical axis through the centre of the sphere may
now be derived from Equations (34.1) o (34.3), namely,

1(0,0,2) = /=23 — A1A3

- /_ﬂ/wg - [’rz&m + A)] [%(1 - A)}

_ fMZ 2
= 5 (A%-5).

Since the  discriminant term is A=
\/4(M,2( + M3)/MZ + 9, then the final expression for the

scaled moment is

f
11(0,0,2) = 5\/4(/\/1; + M2) + 9M2 — 5M2

= £ /M2 + M2 + M2 = fIM]. (37)

This is an important result. It shows that the NSS on
the vertical axis of the magnetised sphere is indepen-
dent of the magnetisation direction (as is true at every
point around the sphere) and, for a particular observa-
tion height |z| above the centre, its magnitude is deter-
mined by the radius of the sphere and the intensity of
magnetisation only.

The angle ¢ is defined as the angle between the line
joining the centre of the dipole or magnetic sphere to
the observation point P(rs) and the magnetic moment
vector m (Clark 2012). However, when the observation
point is located on the vertical axis of the magnetised
sphere, the ratio cosp = A,/u yields an expression for
the inclination Iy, of magnetisation, namely,

Ay —fM, M,
cosp = — = =
"

fim \/Mi_{_/\//g B Yoty +1

—sgnM;,

b4 g
= —sinly fornggnand—E <lIy < 7
(38)
Therefore, for any axial observation point above a
uniformly magnetised sphere, it may be deduced that
=9 —m/2.
An expression for the declination of magnetisation

Dy may be derived from the each of the three eigen-
vectors @1,@;,e3 of the magnetic gradient tensor B
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for an observation station P(0,0,z) located at a height
|z| directly above an origin at the centre of a magne-
tised sphere. The declination angle Dy as defined here
follows the palaeomagnetic convention, namely, it is
defined as the azimuthal angle measured in degrees
positive clockwise from true north to the horizontal
direction of magnetisation (0° < Dy < 360°). The three
eigenvectors €1, ,, &; of the magnetic gradient tensor
are found by solving the linear equation B&; = 1;€; for
each of the three eigenvalues 11, A3, A3, respectively. A
full derivation is given in Appendix A5.

The first eigenvector &; at an observation point
P(0, 0, z) directly above the centre of a magnetic sphere
or dipole source in whichM, > 0and A = fMTZU + A)
is

2M2 T
h
(Mx' My, —MZ(3—A)>

amt
\/M§ M+ M%(thAV

(39)

A T
e = (e, ey, €17) =

The second eigenvector &, at an observation point
P(0, 0, z) directly above the centre of a magnetic sphere
or dipole source in which M; > 0and 1, = —fM; is

(—My, My,0) T
VM2 4+ M,?

T
0) =(—sinDM,cosDM,0)T. (40)

A T
€ = (exx, €2y, €2,) =

My M
S\ MMy

The third eigenvector @3 at an observation point
P(0, 0, z) directly above the centre of a magnetic sphere
or dipole source in which M; > 0and A3 = fMTZ(1 —A)
is

a2 \'
(’V’X' My, Wﬁm)

amy
MZ(3+A)?

(41)

&3 = (e3n €3y, €3,) =
\/ Mz + M +

By inspection of Equations (39) and (41), it is immedi-
ately evident that the declinations of the first De,q and
third De,3 eigenvectors at a point P(0, 0, z) are identical
to the declination of magnetisation for the magnetised
sphere, namely,

ey My
Deyy = arctan| — ) = arctan| — | = Dy
€1x My

(00 = Dev1 = 3600):

€3y My
Deys = arctan | == ) = arctan | —= )| = Dy
€3x My

(OO =< Dev1 = 3600)~

The inclinations of the first I, and third I 3 eigen-
vectors at a point P(0,0,z) are

€1z

/2 2
e ey

[ 2cotly
IM > O,
LB —4)

ley1 = arctan = arctan [

Mp
Mz(3 - A) :|

= arctan (43.1)

€3z

2 2
| Ve ey,

[ 2cotly :|
Iy > 0.
L3+ A)

ley3 = arctan

|: 2Mp, ]
= arctan

M3+ A)

= arctan

(43.2)

From Equations (36), (43.1) and (43.2), it can be
shown that the inclinations of the first and third eigen-
vectors differ by 90°.

By inspection of Equation (40), the inclination of the
second eigenvector at P(0,0,2) is zero and its declination
Dey; is related to the declination of magnetisation Dy as
follows:

—e
Dy, = arctan < 2X> = Dey2 & z. (44)
ezy 2

Finally, | also note that estimates of the declination of
magnetisation Dy may also be obtained from the mag-
netic gradient tensor directly. For example, by inspec-
tion of Equation (33), it is evident that the By, and By
tensor elements are given by —M, while the By, and B,,
tensor elements are given by —M,,. Hence an expression
for the declination of magnetisation is

M —B
Dy = arctan <—y> = arctan (—yz>
MX _BXZ

0° < Dy < 360°. (45)

The use and effectiveness of these new methodolo-
gies to reliably determine both the inclination and decli-
nation of magnetisation for a series of ellipsoidal bodies
will be investigated in the next section. Table 3 shows
the symmetries and anti-symmetries in the eigenvalues
and the direction of magnetisation parameters, namely,
o, Im, Dy for a specific inclination of magnetisation in
both the northern and southern magnetic hemispheres.
The declinations and inclinations of the first and third
eigenvectors, i.e. Dey1, lev1, Devs, leys allow for the correct
determination of the declination of magnetisation Dy in
each magnetic hemisphere. In addition, the declination
of magnetisation obtained from Equation (45) may be
used to ensure that the declination estimates obtained
from the eigenvector directions in Equations (42.1) and
(42.2) have been correctly determined.
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Table 3. Direction of magnetisation parameters in both the north and south magnetic hemispheres as estimated from the
eigenvector-eigenvalue decomposition of the magnetic gradient tensor at observation points directly above the centre of a magnetic

sphere with magnetisation M.

Parameter name

Northern magnetic hemisphere [y > 0and M, > 0

Southern magnetic hemisphere Iy < 0and M, < 0

fM,
A A==+ A) = —dss
A2 Ao = —FfMz(hoy < 0) = —As
M,
A3 AN = 7(1 —A)=—As
)\.2 b1
[ @ = arccos 55;1;571
// Iy = arccos T T
m m = 5T
M B, /2
Im Iy = arctan ( z) arctan ( ZZ/ )
M /B, + B2,

My —By.
Dy Dy = arctan = arctan
MX _BXZ
Dy Dy = arctan (ﬁ) Deyjij =13
€jx
2x T
Dy Dy = arctan (—) =Deyp = —
€y 2
2cotly
levt leyin = arctan G-A) levin < 0
2cotly
I} [/ = arctan I} 0
ev3 ev3N |:(3 T A)i| ev3N >

fM,
rMs = 7(1 —A)=—A3N
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Parameters influencing the determination of
magnetisation direction - a synthetic example
using Magmod IV

In this section, | present an investigation into the influ-
ence of body shape, observation height and inclination
of magnetisation on the determination of magnetisa-
tion direction using the eigenvector theory presented
above. For this research, | have calculated the magnetic
gradient tensor elements over a horizontal grid of mag-
netic stations at heights of 50, 75, 100 and 200 m above
the centre of a series of magnetic spheres, spheroids
and triaxial ellipsoids with the same intensity of mag-
netisation and magnetic moment but with different
shape anisotropy, i.e. where the ellipticity e = a1 /as in
plan view was allowed to range from 1 to 20. My inves-
tigations will look at the influence of shape anisotropy
on the accuracy of the magnetisation determinations
at different observation heights. In addition, | present
my findings from an initial investigation into the effect
of changing magnetisation direction on the accuracy of
the magnetisation determinations. This study will com-
pare the relative accuracy of the magnetisation deter-
minations for points directly over the centre of magneti-
sation with magnetisations determined at points where
the NSS u is at a maximum, the latter being the most
obvious starting point for these determinations when
the centre of magnetisation is unknown.

The model chosen for this investigation is the mag-
netic sphere model (Magmod IV) in Emerson, Clark, and
Saul (1985). This model incorporates isotropic magnetic
volume susceptibility and remanent magnetisation.

Self-demagnetisation effects have been neglected for
this study. The body properties of the magnetic
sphere and ellipsoids are summarised in Table 4.
The major and minor axes in each of the ellipsoidal
bodies are horizontal with the major axis aligned
north—-south and the minor axis east-west. The intrin-
sic or bulk susceptibility k, in each of these mod-
els was 0.125664 Sl units (0.01 cgs units) while the
remanent magnetisation My, in each of these mod-
els was intensity |Mpem| = 95.0094 A/m with declina-
tion Dnprm = 328.64° and inclination lnym = —43.56°.
The intensity of total resultant magnetisation Mot in
each of these models was 100 A/m with declination
Diot = 330.00° and inclination /ot = —45.00°.

The position of global maxima in the NSS u rela-
tive to the horizontal centre of magnetisation (hcm)
of the ellipsoidal bodies depends on the observation
height above the centre of the ellipsoid, the ellipticity
e of the ellipsoidal sources and the direction of mag-
netisation in these sources. The effect of observation
height and shape factor e on the location of global max-
ima max in the NSS is illustrated in Figure 4(a—c) for
a resultant magnetisation model in the fourth quad-
rant (Dy = 330°) of the southern magnetic hemisphere
(Iy = —45°), i.e. model Q4SH, as shown in Table 4. The
model nomenclature used here is Q4 for declinations in
the fourth quadrant (270°< Dy, <360°) and SH for incli-
nations in the southern magnetic hemisphere (—90°<
Im <0°). Figure 4(a) shows the distance from the hcm
to the position of the global maximum of NSS u for
observation heights of 50, 75, 100 and 200 m as the
ellipticity is increased from 1 to 20. Figure 4(b) shows
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Table 4. Body properties for the Magmod IV sphere and equivalent triaxial ellipsoids.

|z:5| for |z:5| for |zt5| for
e =ai/a3 ay (m) as (m) az (m) |ze] =50m |ze|=75m |ze| =100 m
1.000 13.3650 13.3650 13.3650 36.6350 61.6350 86.6350
1.100 14.0800 12.8000 13.2464 36.7536 61.7536 86.7536
1.250 15.0000 12.0000 13.2629 36.7371 61.7371 86.7371
1.500 16.2000 10.8000 13.6450 36.3550 61.3550 86.3550
1.750 17.5000 10.0000 13.6419 36.3581 61.3581 86.3581
2.000 18.0000 9.0000 14.7366 35.2634 60.2634 85.2634
2.500 20.0000 8.0000 14.9208 35.0792 60.0792 85.0792
3.000 21.0000 7.0000 16.2403 33.7597 58.7597 83.7597
4.000 24.0000 6.0000 16.5786 334214 58.4214 83.4214
5.000 26.0000 5.2000 17.6577 32.3423 57.3423 82.3423
6.000 28.2000 4.7000 18.0121 31.9879 56.9879 81.9879
7.000 29.4000 4.2000 19.3337 30.6663 55.6663 80.6663
8.000 31.4000 3.9250 19.3706 30.6294 55.6294 80.6294
10.000 35.0000 3.5000 19.4884 30.5116 555116 80.5116
12.000 37.8000 3.1500 20.0498 29.9502 54.9502 79.9502
15.000 42.0000 2.8000 20.3004 29.6996 54.6996 79.6996
20.000 48.0000 2.4000 20.7233 29.2767 54.2767 79.2767

Notes: The lengths of the a, semiaxis where a, = 3v/(4raya3) are shown to only 4 decimal spaces. The depths to the top surface z; in each of the ellip-
soids are tabulated for the 50, 75 and 100 m depths to the centre |z.| of each ellipsoid model. The semiaxial lengths ay, a,, a3 for the ellipsoids. Volume

v = ZLayaza3 = 10000.0 m?.

The ellipsoidal angles (e, 8, y) forming a right-hand clockwise coordinate system

« (azimuth of the downward pointing a; semiaxis) = 0.00°
8 (plunge of the downward pointing a; semiaxis) = 0.00°

y (rotation of the downward a3 semiaxis from the = —90.00° vertical plane containing the a; semiaxis)

Declination and inclination of the x1, X2, X3 (or ay, az, a3) body axes:
Declination 4y = 0.00°, Inclination 4 = 0.00°
Declination i, = 0.00°, Inclination i, = —90.00°
Declination i3 = 90.00°, Inclination G3 = 0.00°
The local geomagnetic field vector bg (nT):
|bg| = 58000 nT, Declination bg = 11.00°, Inclination bg = —64.50°
The bulk or intrinsic magnetic susceptibility kp:
ky = 0.125663706 Sl units (47 x 10~2 Sl units)

The intrinsic induced Mjng and intrinsic remanent magnetisation Mpem vectors:
[Mind| = 5.8000 A/m, Declination Dj,q = 11.00°, Inclination fj,g = —64.50°

[Mprm| = 95.0094 A/m, Declination Dpym = 328.64° Inclination /nm = —43.56°

Koenigsberger ratio Q = |Mp¢m|/|Mind| = 16.38
The intrinsic total resultant magnetisation vector Myes = Mind + Mnym:

[Mes| = 100 A/m, Declination Dyes = 330.00°, Inclination fres = —45.00°

Total magnetic moment |m| = Myes|v = 106 Am?.

the azimuthal angle from the hcm to the position of
the global maximum of NSS i for observation heights
of 50, 75, 100 and 200 m as the ellipticity is increased
from 1 to 20. Figure 4(a) also shows the position of ttmax
relative to the centre of magnetisation for a magneti-
sation Q4NH (i.e. declination Dy = 330° in the fourth
quadrant Q4 and inclination /y; = 45° in the northern
— NH) at an observation height of 100 m. The posi-
tions of umayx are always offset from the hcm for ellip-
ticies e > 1.75 and for observation heights z < 100m.
This increases to an ellipticity e > 3 for an observa-
tion height of 200 m. For magnetisations in the south-
ern magnetic hemisphere, the global maxima in tmax
migrate very slightly in an E or NE direction from the
centre of magnetisation of the ellipsoid as the elliptic-
ities increase above 3.0. For a low observation height
of 50 m, the maxima in umax for model Q4SH are posi-
tioned directly north of the hcm along the major axis
of the ellipsoidal bodies for ellipticities above 5. More-
over, for an equivalent magnetisation in the northern
hemisphere (model Q4NH), the global maxima umax
in the NSS are positioned southwards from the hcm.
This trend is less pronounced as the observation height
increases (see Figure 4(b)). The difference in azimuth
between model Q4NH and Q4SH at an observation

height of 100m is 180 degrees (see Figure 4(c)). The
behaviour exhibited here is governed by the shape fac-
tor of the ellipsoids and the observation height above
their centres. For low observation heights, the shape
factor strongly influences the location of global maxima
max in the NSS with the positions migrating towards
points on the major axis of the ellipsoid as the degree
of ellipticity increases. This migration is towards oppo-
site ends of the ellipsoid for magnetisations in the north
and south hemispheres. Furthermore as the observa-
tion height |z| increases, the displacement in the posi-
tion of wmax from the hcm is considerably reduced as
is the degree of rotation towards the major axis. This is
consistent with the dipole-like behaviour of ellipsoids as
the observation height becomes large (Clark, Saul, and
Emerson 1986; Foss 2017).

Figure 5(a,b) shows plots of the estimated inclina-
tion of magnetisation calculated from Iy = ¢ — /2.
at four different observation heights (i.e. 50, 75, 100
and 200 m) as the ellipticity e = a; /a3 of the ellipsoidal
sources is increased from 1 to 20. Figure 5(a) shows
the results for observation points directly above the
centre of magnetisation (hcm) while Figure 5(b) shows
results for observation points at the global maximum
Imax in the NSS. Figure 5(c) displays the departures of



. 120 =4 d hcm_mu_zdc200m_SH |
g —#—d hem mu_zdc100m_SH (a)
>< 10.0 -+ —&—d_hcm_mu_zdc75m_SH /
g —¢—d hcm mu zdc50m SH /b;
3 80 4+ ==0==d hcm mu zdc100m NH
= -
g 6.0 -~ ~
<= : / AT
S 40 = 1
MY/ Zaa0 =
Q
S 2.0 ot = -
@
0.0 e |
1 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
ellipticity e = a,/a,
12
§ 0 (b) —6—Az_hcm mu_zdc200m_SH
= —#— Az _hcm_mu_zdc100m_SH
2 90 —&— Az _hcm_mu_zdc75m_SH
& —e—Az hcm mu zdc50m SH
Q
g 2 60 7'J
& 2
v &
=S 30
: % —
£ 0 .
5
g
S -30
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

300
7 270
o 240
& 210
o

= 180
(]

50 150
g 120
= 90
S 60
=

£ 30
N

S 0

EXPLORATION GEOPHYSICS

ellipticity e = a,/a,

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

[
Y (c)
I
Y | |
—6—Az hcm _mu_zdc100m_SH
0000 —#— Az hem_mu zdc100m_NH
A —&—diff Az zdc100m NH-SH
hod +

ellipticity e = a,/a,

15

Figure 4. The location of global maxima in NSS pmax relative to the hcm for a series of triaxial ellipsoids with ellipticities e ranging
from 1-20 and observation heights 50, 75, 100 and 200 m above the centre of magnetisation . Figure 4(a) shows the distance from
the hcm to the location of pmax While Figure 4(b) shows the azimuth in degrees from true north. Figure 4(c) shows that the difference

between the azimuthal angles from the hcm to the location of timax in the northern and southern magnetic hemispheres is 180°.

the estimated inclination of magnetisation /yest) for the
same series of ellipsoids, one with an inclination of mag-
netisation Iy of 45° in the northern hemisphere and the

other with an inclination of magnetisation Iy, of —45°
in the southern magnetic hemisphere. The observation
height is 100 m in both cases. The plots of estimated
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Figure 6. The declination of magnetisation Dy estimated from the principal eigenvector €3 for a series of triaxial ellipsoids with
ellipticities e ranging from 1 to 20 and at observation heights of 50, 75, 100 and 200 m above the ellipsoid centre. Figure 6(a) shows
the estimated declination of magnetisation at points above the centre of magnetisation while Figure 6(b) shows the estimated
declination of magnetisation at observation points where the NSS w is a maximum.

inclination of magnetisation at the hcm in Figure 5(a)
are smoothly varying while those in Figure 5(b) for the
estimated inclination of magnetisation show discontin-
uous steps consistent with positional shifts in the global
peaks in umax as the ellipticity e = aj /a3 is increased
from 1.75 to 20.

Most significantly, the estimated inclinations of mag-
netisation are not significantly affected by the degree
of ellipticity of the ellipsoidal source at least for obser-
vation heights 100 m above the centre of the ellipsoid
or ~79.3-86.8m above the top surface of the ellip-
soidal sources. For example, the maximum deviation
from the true inclination is less than ~1.5° and ~2.5°
at observation heights of 200 and 100 m, respectively.
Even for an observation height of 50 m above the cen-
tre or 29.3—36.8 m above the top surface the deviation
from the true inclination of magnetisation is less than

10° for an ellipticity of 10 in Figure 5(a,b). This obser-
vation height is akin to a surface gradiometer survey
with sources ~ 30-40 m below ground. The accuracy of
the inclination estimates increases as the observation
height increases. Importantly the estimates of inclina-
tion of magnetisation are similar for observation points
above the centre of magnetisation or where the NSS
is at a global maximum for a particular observation
height. For example, the mean absolute error between
the estimates of inclination of magnetisation at the two
measurement points is 0.090° at an observation height
of 200m, 0.258° at 100m, 0.177° at 75m and 0.152° at
50m.

Figure 6(a,b) shows plots of the declination angles
estimated from the declination De,3 of the principal
eigenvector €3 (see Table 3) at four different observa-
tion heights as the ellipticity e = a; /a3 of the ellipsoidal
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in both models.

sources is increased from 1 to 20. The accuracy of
the declination estimates improves as the observation
height increases. This is consistent with the diminish-
ing influence of shape anisotropy as the observation
height increases with magnetic ellipsoids behaving as
quasi-dipoles. The estimates of declination at the global
maxima in NSS in Figure 6(b) have higher absolute
errors than those over the centre of magnetisation in
Figure 6(a). Also the deviation from the true declina-
tion angle is approximately quasi-linear especially for
ellipticities e > 4. Furthermore, for magnetisations in
the southern magnetic hemisphere (Q4SH), the third
eigenvector &3 yields the smallest deviations from the
true declination while the first eigenvector €, yields the
largest. This is reversed for magnetisations in the north-
ern magnetic hemisphere (Q4NH) where the first eigen-
vector €; yields the smallest deviations from the true
declination while the third eigenvector &3 yields the
largest. In both instances the eigenvector yielding the
smallest deviation from the true declination of magneti-
sation is associated with the principal or largest eigen-
value which is A3 in the southern magnetic hemisphere
and Aq in the northern magnetic hemisphere. This is
illustrated in Figure 7 where the estimated declination
of magnetisation curves for & in model Q4SH are iden-
tical to those from for €3 in model Q4SH. It is noted that
plots of the declination of magnetisation are smoothly
varying for observation points above the centre of mag-
netisation while those at the global maxima of the NSS
have discontinuities consistent with slight shifts in the
position of wumax. Figure 8(a,b) shows the departures
of the estimated magnetisation direction from the true
magnetisation direction for a series of triaxial ellipsoids

with ellipticities e, ranging from 1 to 20 and at observa-
tion heights of 50, 75, 100 and 200 m above the ellip-
soid centre. Estimates of the departure from the true
magnetisation direction for points above the centre of
magnetisation in Figure 8(a) are extremely accurate,
i.e. < 3°for ellipticities e < 12 and observation heights
z>75m.

The effect of shape anisotropy on the eigenvalues of
the gradient tensor in model Q4SH is shown in Figure 9.
The relative change in the normalised principal eigen-
values for model Q4SH is shown for observation heights
of 50, 75, 100 and 200 m. There is little change in the
relative amplitude of the normalised eigenvalues with
increasing ellipticity for observation heights of 100 and
200 m, respectively. For example, at an ellipticity of 15,
the amplitudes of the normalised eigenvalues at obser-
vation heights of 100 and 200 m, respectively, are still
92.6% and 97.4% of the amplitudes for the equivalent
perfect sphere with ellipticity of 1. Figure 10 shows
plots of the ratio of observation height above the top
surface of the ellipsoid to its maximum dimension, i.e.
Zic/2a4. This ratio is equivalent to the distance of closest
approach at which the magnetic field or gradient tensor
is measured to the maximum elongation of a magnetic
source. For magnetic field measurements, Foss (2017)
states that bodies with ratios above 2 display behaviour
consistent with a dipole magnetisation. For magnetic
gradient tensor measurements above or in close prox-
imity to the centre of magnetisation of a triaxial ellip-
soid source, reliable magnetisation directions may be
obtained when the ratio z;c/2a; is close to 1.0. The influ-
ence of magnetisation direction will be investigated in
the next section.
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Figure 8. Rotation of the estimated magnetisation direction from the true magnetisation direction for a series of triaxial ellipsoids
with ellipticities e ranging from 1 to 20 and at observation heights of 50, 75, 100 and 200 m above the ellipsoid centre. Figure 8(a)
shows the ARA for the estimated magnetisation direction at points above the centre of magnetisation while Figure 8(b) shows the
ARA for the estimated magnetisation direction at observation points where the NSS . is a maximum.

The effect of magnetisation direction

Figure 11(a,b) and Figure 12(a,b) show plots of the esti-
mated inclination Iyest) and declination Dyjesty of mag-
netisation respectively for a series of ellipsoids with
ellipticities of 2, 5, and 10 as the true inclination of
magnetisation Iy is varied from —90° to 0°. Figure 12(c)
shows the departure or apparent rotation angle (ARA)
of the estimated magnetisation direction from the true
magnetisation direction for the same series of ellip-
soids at observation points where the NSS u is a max-
imum. The results shown here have been calculated
at an observation height of 100 m above the centre
of each ellipsoid. This yields shape factors zi/2a; of

2.36, 1.73 and 1.15, respectively, for the ellipsoids in
Figure 11(a) and Figure 12(a). The step size between
Iy estimates varies from ~7° near the pole to ~8.5°
near the equator. The estimates of inclination of mag-
netisation in Figure 11(a,b) have been determined at
both the hcm and at the position of each global max-
imum pmax in the NSS. The estimated inclinations are
almost identical in both cases with the best results
being achieved at low magnetic inclinations. However,
the reliability of this method to estimate the inclina-
tion of magnetisation is shown to deteriorate at high
inclinations of magnetisation particularly for ellipsoids
where the shape anisotropy is high (e > 5) and where
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Figure 10. The shape factor z;/2a for a series of triaxial ellipsoids with ellipticities e ranging from 1 to 20 and at observation heights
of 50,75, 100 and 200 m above the ellipsoid centre. Shape factors z;c/2a; > 1 yield reliable estimates of magnetisation direction for

each of the observation heights shown.

Zic/2a1 < 1.5. For example, at an observation height
of 100 m, the estimated inclination of magnetisation
for ellipsoids with ellipticities of 5 and 10 are unable
to accurately resolve (i.e. to within 5°) inclinations of
magnetisation |/yy| above 70° and 65° respectively. This
improves to |ly| < 81° at an observation height of
200 m and for ellipticities e < 10. The declination esti-
mates in Figure 11(a,b) have been determined at both
the hcm and at the position of each global maximum
Umax in the NSS. The plots in Figure 12(a) show that very
accurate determinations of the declination of magneti-
sation may be obtained from the principal eigenvector
of the gradient tensor (i.e. €3 in the southern magnetic
hemisphere) even at high inclinations of magnetisation
near the south pole. These determinations are best

made at the hcm where the effect of the true incli-
nation of magnetisation is not significant. The plots in
Figure 12(b) show that satisfactory determinations of
the declination of magnetisation at points where the
NSS w is a maximum may be obtained from the principal
eigenvector of the gradient tensor for magnetisations in
the low to mid-latitudes, i.e. for |/y| < 50° at an obser-
vation height of 100 m above the centre of the ellip-
soid bodies. This improves to |Iy| < 65° for observation
heights of 200 m and ellipticities e < 10. It is noted that
the interpretation of differences between the true and
estimated declinations can be misleading or even irrel-
evant especially at very steep inclinations. Under these
circumstances, it is better to use the apparent rotation
or departure angles (ARA’s) as shown in Figure 12(c).
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Figure 11. The inclination of magnetisation /yest) estimated for a series of triaxial ellipsoids with ellipticities e = 2, 5, 10 in which
the true inclination of magnetisation /y; is varied from —90° to 0°. Figure 11(a) shows the estimated inclination of magnetisation at
points above the centre of magnetisation while Figure 11(b) shows the estimated inclination of magnetisation at observation points
where the NSS w is a maximum. The observation height above the centre of magnetisation is 100 m in each model.

The departure angles shown in Figure 12(c) indicate
that quite accurate determinations of the magnetisa-
tion direction (within ~ 15°) may be obtained from
the principal eigenvector at points where the NSS u is
a maximum for ellipsoids possessing steep magnetisa-
tions |ly| < 70° and moderate ellipticities e < 5.
Figure 13(a,b) shows the position of global maxima
in the NSS i relative to the hcm for a series of ellipsoids
with ellipticities of 2, 5, and 10 in which the inclina-
tion of magnetisation in these sources is varied from
Im = —90° to 0°. Figure 13(a) shows the distance from
the hcm to the position of the global maximum of NSS u
while Figure 13(b) shows the azimuthal angle from the
hcm to the position of the global maximum of NSS .

The observation height is 100 m in each of these plots.
The positions of umax become offset from the hcm as
the inclination of magnetisation changes from low mag-
netic latitudes towards the magnetic pole. This offset of
Umax from the hcm occurs at progressively lower incli-
nations of magnetisation as the shape anisotropy or
ellipticity e increases. For example, Figure 13(a) shows
that the offset in umax occurs at inclination angles Iy in
the range (—37.9°, —45.0°) for an ellipticity e = 2,and in
the range (—16.3°, —23.5°) for e = 5, and in the range
(—9.0°, —16.3°) fore = 10.

For magnetisations in the southern magnetic hemi-
sphere, the global maxima in © migrate in an E or
NE direction from the centre of magnetisation of the
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Figure 12. The declination of magnetisation Dy estimated from the principal eigenvector @s for a series of triaxial ellipsoids with
ellipticities e = 2, 5, 10 in which the true inclination of magnetisation Iy is varied from —90° to 0°. Figure 12(a) shows the estimated
declination of magnetisation at points above the centre of magnetisation (hcm) while Figure 12(b) shows the estimated declination
of magnetisation at observation points where the NSS w is a maximum. Figure 12(c) shows the departure or ARA of the estimated
magnetisation direction from the true magnetisation direction at observation points where the NSS w is a maximum. The observation
height above the centre of magnetisation is 100 m in each model.
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Figure 13. The location of global maxima in NSS 1max relative to the hem for a series of triaxial ellipsoids with ellipticities e = 2, 5,
10 in which the true inclination of magnetisation Iy is varied from —90° to 0°. Figure 13(a) shows the distance in grid-spacing units
(1 gu = 1.25m) from the hcm to the location of 1max While Figure 13(b) shows the azimuth in degrees from true north.

ellipsoid towards a point on the major axis of the ellip-
soid as the inclination of magnetisation approaches
the south magnetic pole. The offset distances reach a
maximum at high inclinations of magnetisation rang-
ing from —60° to —75° before declining substantially
towards the centre of magnetisation for magnetisations
near the magnetic pole. It is also confirmed that the
position of umax is coincident with the hcm for an incli-
nation of magnetisation at the magnetic pole, i.e. for
Im = £90° (see Figure 13(a)). The maximum offset dis-
tance increases with the degree of shape anisotropy
(see Figure 13(a)). At very high inclinations of mag-
netisation and irrespective of the ellipticity or shape
anisotropy, the global maxima in pumax all lie on the
major axis of the ellipsoid at a distance of only one

grid spacing away from the hcm (see Figure 13(b)).
This migration of pumax back towards the hcm may
explain the stability of declination of magnetisation esti-
mates from @3 at high inclinations of magnetisation as
shown in Figure 12(a). | also note that the declination
of the @, and &5 eigenvectors is 0° or 360° for a mag-
netic sphere in which the inclination of magnetisation
is +£90° as shown in Figure 12(a) (see Equation (A57) in
Appendix A5).

In summary

The effect of body shape or shape anisotropy (in
this instance as defined by the ellipticity of an ellip-
soid) diminishes with increasing observation height or
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distance at which the magnetic field is measured. Even
for extremely elongated ellipsoidal bodies, its gradient
tensor becomes more “dipole-like” as the observation
distance becomes quite large. Provided that the gra-
dient tensors are sufficiently well defined at these dis-
tances, this allows for reliable estimates of magnetisa-
tion direction.

A preliminary study into the effect of true mag-
netisation direction and particularly the inclination of
magnetisation Iy has shown that magnetisations with
lower inclination yield the most accurate determina-
tions of magnetisation direction based on the eigen-
vector decomposition of the magnetic gradient tensor.
The accuracy of this method improves as the observa-
tion height increases, i.e. where z;./2a; > 1,and as the
degree of anisotropy of the ellipsoid decreases. How-
ever, the effect of the latter is much less pronounced
particularly for observation heights where z./2a; > 2
(see Figure 10). This is consistent with the dipole-like
behaviour of uniformly magnetised magnetic ellipsoids
as the observation height becomes large relative to the

p (nT/m) : XVB2 ; Mres =373 A/m
T T T T T

largest dimension of the body, i.e. the source magneti-
sation dominates the influence of body shape. Impor-
tantly, reliable estimates of the inclination of magneti-
sation /yy may be obtained at both the hcm and also
at the global maxima pmax in the NSS. Estimates of
the declination of magnetisation /y; are best obtained
from the principal eigenvector of the gradient tensor,
i.e. eigenvector &7 in the northern magnetic hemisphere
and e3 in the southern magnetic hemisphere. However,
these determinations are best made above the centre
of magnetisation where the effect of the true inclina-
tion of magnetisation is not significant. Estimates of the
declination of magnetisation at positions where p is at
a global maxima are less accurate particularly for obser-
vation heights where z;/2a; < 1.5 and for ellipticities
e > 10.

The positioning of global maxima pumax in the NSS
relative to the hcm is influenced by observation height,
shape anisotropy and the inclination of magnetisation.
For the ellipsoids studied here, the global maxima ptmax
in NSS migrate towards the major axis of the ellipsoid
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Figure 14. Figure 14(a—c) (top row: left to right) shows images of (a) the NSS u, (b) the estimated inclination of magnetisation
ly—5/2 based on (¢ — 7/2), and and (c) the estimated declination of magnetisation De,1 based on the principal &; eigenvector
for ellipsoid Magmod XVB2 which has a bulk susceptibility of 1.90 SI, a resultant magnetisation intensity |[Myes| = 37.3 A/m, dec-
lination Dyyres = 357.2° and inclination Iyes = 44.7°. Figure 14(d—f) (bottom row: left to right) shows images of (d) the NSS w, (e)
the estimated inclination of magnetisation /,_/, based on (¢ — 7/2), and (f) the estimated declination of magnetisation Dey3
based on the &3 eigenvector for ellipsoid Magmod XVB3 which has a bulk susceptibility of 2.77 SI, a resultant magnetisation intensity
[Mpes| = 31.2 A/m, declination Dyyres = 3.91° and inclination /yres = 3.89°. The contours of estimated inclination of magnetisation
Imest) or (¢ — 7/2) (shown in pink) range from 20° to 70° in Figure 14(b) and from —30° to 30° in Figure 14(e). The contour interval

is 10°in both figures.



as the degree of shape anisotropy increases and also as
the inclination of magnetisation increases towards high
magnetic latitudes, i.e. |ly| from 60°to 75°. Also, the total
offset distance from the hcm is less in more compact
bodies and increases with increasing shape anisotropy
and decreasing observation height. However, at low
magnetic inclinations and also at the magnetic pole the
positions of the global maximum pmax and the hcm are
coincident for quasi-horizontal ellipsoids.

The reliability of the eigenvalue-eigenvector decom-
position of the magnetic gradient tensor to estimate
the inclination of magnetisation is shown to deteriorate
for high inclination magnetisations particularly for ellip-
soids where the shape anisotropy is high (e > 5) and
where z;./2a1 < 1.5.

Magnetisation estimates for a dipping triaxial
ellipsoid: does it work?

In an earlier example, | presented images of the mag-
netic gradient tensor due to a plunging triaxial ellipsoid
model, namely, Magmod XVB2. The spatial and mag-
netic properties of this model are listed in Tables 1
and 2 and the images of the six tensor elements are
shown in Figure 3(a-f). As yet | have not shown how
well the eigenvector decomposition is able to reveal the
magnetisation direction for a plunging ellipsoid model
which has significant shape anisotropy (e = 2.5), for
example, in models Magmod XVB2 and XVB3 which
plunge to the north-west and have quite different incli-
nations of magnetisation, i.e. 44.70° and 3.89° respec-
tively. Figure 14 shows images of the (1) NSS w, (2) esti-
mates of the inclination /yesty of magnetisation based
on (¢ — /2), and (3) estimates of the declination of
magnetisation Dy esty based on the declinations Dey;
and Dey3 of the @; and @3 eigenvectors for ellipsoidal
models Magmod XVB2 and XVB3 respectively in Table 2.
The contours of the NSS u in Figure 14(a,d) are super-
imposed upon the images of the estimated inclination
and declination in Figure 14(b,c,e,f). The direction of dis-
placement of the location of pmax from the point above
the centre of magnetisation for both these models is at
—75.0 N, 67.5 E which is consistent with the azimuth of
the upward directed major axis of these ellipsoids, i.e.
at 140°. The estimates Iy (est) of the inclination of mag-
netisation Iyyres for Magmod XVB2 range from 41° above
the centre of the ellipsoid to 49° at the location of tmax
and for Magmod XVB3, the estimates of /yjres range from
—3°above the centre of the ellipsoid to 10° at the loca-
tion of umax. These estimates Iyest) of the inclination
of magnetisation in both models are in close agree-
ment with the true inclinations of magnetisation /yes of
44.7° and 3.9°, respectively (see Figure 14). Importantly
there is a region to the immediate north and west of the
location of max Where Iyest) is within £15° of the true
inclination of magnetisation with the lower inclination
model MMXVB3 yielding the most consistent estimates
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over a broader region. The estimates of the declination
of magnetisation De,1 from the principal eigenvector
€1 for Magmod XVB2 range from 350° to 10° along a
S-N trending line which extends from slightly west of
the location of umax to a point at about 250 N, —5 E.
The strike of this line closely matches the declination
of magnetisation in Magmod XVB2 which is 357.2°. The
estimates D, 1 of the declination of magnetisation Dyyes
derived from the principal eigenvector &; in Magmod
XVB3 range from 3.5° above the centre of the ellipsoid to
14° at the location of pumax. The corresponding estimates
for the declination of magnetisation from eigenvector
€3 are 29° above the centre to 359° at the location of
Mmax-

To investigate further, Figure 15 shows images of
(1) the difference between the estimated inclination of
magnetisation and the true inclination of magnetisa-
tion, (2) the difference between the estimated declina-
tion of magnetisation (Dey7 — Dptres) and (Dey3 — Dpjres)
(based on the @, and &3 eigenvectors) and the true dec-
lination of magnetisation, and (3) the departure or ARA
between the estimated magnetisation direction and the
true magnetisation direction for the pair of ellipsoidal
models Magmod XVB2 and Magmod XVB3 in Table 2.
The ARAS 6j—pest in Figure 15(c) are calculated as

AT -~
OM—Mest = arccos (Up - Umest),
where
R ) . T
Umest = (COS Dey1COS Iptest,SiN Dey1 COS Ipjest,Sin Iyest)

In addition to the overlain contours of NSS p,
Figure 15(a,b) also displays contours of (l,_z/2 — Ipres),
while Figure 15(c,d) also displays contours of (Deyq —
Dpres) and (Deys — Dyres), respectively. These differ-
ence contours are shown in pink at an interval of 10°
over a range from —30° to 30°. Figure 15(c,f) displays
contours of the ARA (shown in pink at an interval of 10°
over a range from 0° to 40°) superimposed upon the
ARA images for ellipsoidal models Magmod XVB2 and
Magmod XVB3 respectively.

For Magmod XVB2, Figure 15(b) reveals a fan-shaped
region of low deviation from the true declination of
magnetisation which extends northwards from the
position of ymax, While for Magmod XVB3, Figure 15(e)
shows a band of low departures from the true decli-
nation extending west and east from the global max-
imum in NSS. Figure 15(d) reveals results which are
even more consistent for the estimated inclination of
magnetisation in Magmod XVB3. Here the departures
from the true inclination of magnetisation extend in
an east—west band across the region of maximum NSS.
The average or mean inclination of magnetisation for
Magmod XVB2 estimated within a rectangular region
bounded by 125 S to 75 N and 300 W to 300 E (19,521
points) is 41.51°, i.e. a departure of —3.18° from the true
inclination /s of 44.69°. For Magmod XVB3 over the
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Figure 15. Figure 15 (a—c) (top row: left to right) shows images of (a) the difference (/,— /2 — Iures) between the estimated inclina-
tion of magnetisation /,_,/, based on (¢ — 7/2) and the true inclination of magnetisation /yyes, (b) the difference (Dey1 — Diyres)
between the estimated declination of magnetisation De,q based on the &, eigenvector and the true declination of magnetisa-
tion Dyres, and (c) the apparent rotation (ARA) of the estimated magnetisation direction from the true magnetisation direction
for Magmod XVB2 which has a resultant magnetisation intensity |Myes| = 37.3 A/m, declination Dyyes = 357.2° and inclination
Imres = 44.7°. Figure 15(d—f) (bottom row: left to right) shows images of (d) the difference (/,_7/2 — Iures) between the estimated
inclination of magnetisation /,_ > and the true inclination of magnetisation Iyyes, (€) the difference (Dey3 — Dures) between the esti-
mated declination of magnetisation D3 based on the &3 eigenvector and the true declination of magnetisation Dyes, and (f) the
apparent rotation (ARA) of the estimated magnetisation direction from the true magnetisation direction for Magmod XVB3 which has
a resultant magnetisation intensity |Myes| = 31.2 A/m, declination Dyres = 3.91° and inclination /yyes = 3.89°. Figure 15(a—f) dis-
plays contours of NSS 1, which are shown in black. Figure 15(a,b) displays contours of (ly—z/2 — Iures) and (Dey1 — Dures) while
Figure 15(d,e) shows contours of (ly—z/2 — Imres) and (Dey3 — Dyres). These contours are displayed in pink at an interval of 10°
over a range from —30° to 30°. The images in Figure 15(c,f) also display contours of the departure angles ARA_M_Mest—ey1 and

ARA_M_Mest—ey3, respectively. These are shown in pink at an interval of 10° over a range from 0° to 40°.

same region, the average inclination of magnetisation is
1.37°,i.e. a departure of —2.51° from the true inclination
of 3.89°, while the average declination of magnetisa-
tion estimated from De,3 within a rectangular region
bounded by 125 S to 25 N and 300 W to 300 E (14,701
points) is 7.28° which is a departure of 3.37° from the
true declination Dyres Of 3.91°. The mean declination of
magnetisation estimated for Magmod XVB2 from D3
over the fan-shaped region in Figure 15(b) extending
from 50 S to 150 N and from 0 E to 100E at 50 S to
300 W to 300 E at 150 N (~ 16,461 points) is 355.13°.
This estimate is a departure of only —2.09° from the
true declination Dyes of 357.22°. For Magmod XVB2, the
average departure angle from the true direction of mag-
netisation using the average estimated declination and
inclination angles of Dyjest = 355.13°and Iyjest = 41.51°
respectively is Oy—_pest = 3.52°. For Magmod XVB3, the

average departure angle from the true direction of mag-
netisation using the average estimated declination and
inclination angles of Dyest = 7.28° and Iyjest = 1.37°
respectively is Oy—_pest = 4.20°. These results are supe-
rior to those obtained by taking an average of the
ARAs over the same regions in Figure 15(c,f). For exam-
ple, when averaging was performed over two smaller
regions enclosed by the 30° ARA contour, the average
departures from the true magnetisation directions were
19.46° for Magmod XVB and 12.56° for Magmod XVC.
These results for Magmod XVB2 and XVC3 are deemed
satisfactory.

This example shows that it is possible to accurately
estimate the magnetisation direction of a dipping tri-
axial ellipsoid using gridded parameters derived from
the eigenvector-eigenvector decomposition of its mag-
netic gradient tensor.



Conclusion

The formulation presented here allows for the rapid
computation of the magnetic gradient tensor due
to a uniformly magnetised triaxial ellipsoid in which
the sources of the magnetisation are considered to
be completely general and may include isotropic or
anisotropic magnetic susceptibility, remanence and
self-demagnetisation. The expressions are quite generic
and allow for the computation of the potential fields,
gradient tensors, gradient tensor invariants and canoni-
cal invariants of the gradient tensor including the eigen-
values and eigenvectors for all classes of ellipsoidal bod-
ies. It has been demonstrated that maxima in the NSS or
scaled moment pimax provide a means for the determin-
ing the magnetisation of ellipsoidal bodies even when
the position of pmax is displaced from the true hori-
zontal true centre of magnetisation of an ellipsoid. This
allows for the determination of magnetisation direction
in highly magnetised sheet-like bodies or extremely
elongated bodies which may be remanently magne-
tised or possess significant shape anisotropy due to
self-demagnetisation.
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Appendices

Appendix A1. The Green’s functions
A1(0),A2(0),A3()) for the general triaxial
ellipsoid

Expressions for the Green’s Functions which arise in expres-
sions for the gravity and magnetic potential at an external
point due to a general triaxial ellipsoid are derived by solving
the following definite integral,

A0 = / ! du
ho(a?+ u)\/(af + u)(a3 + u)(a2 + u)
fori=1,2,3, (A1)

where A is the principal ellipsoidal coordinate of the observa-
tion point P(x1, x2,x3) with respect to the centre of the ellip-
soid (see Clark, Saul, and Emerson 1986, Equations (2-9)). It is
noted that X is unique for any observation point. Furthermore
Ais positive (A > 0) for all external points, negative (A < 0) for
all internal points and zero (. = 0) for points on the surface of
the ellipsoid. The integral in Equation (A1) has been evaluated
by Kellogg (1929),

2
Ay = [F(k,8) — Ek, P, (A2)
(@} —a3),/ (@} - a3)
2,/(a? —a3)
Ar(h) = s
(a7 —a3)(a; — a3)
(a3 a3) k? sin B cos B
E(k, —— > Fk,B) - ————
|:( p= (a? —a3) Fip) \/1—k25inﬁ}
(A3)
) —
A3() = 2 [s'”ﬁ ”C]osg snp —E(k,ﬂ)]
(@5 — ag)\/ (@t —a3)
(A4)

where F(k, 8) and E(k, B) are the incomplete elliptic integrals
of the first and second kind respectively with modulus k and
angular amplitude 8, namely,

B 1
F(k, B) = —do, A5
L2 ./o V1 —k?sin6 (AS)
and
B
E(k, B) :/ V1 —k2sin6do, (A6)
0
where
2
k2=sina—(a 02) OSaSz
( —03) 2
and sin g = (( 11‘13)) 0<p< % (A7)

Appendix A2. Derivation of expressions for the
external gravitational field due to a uniform
general triaxial ellipsoid

The gravitational potential Uext (ry,) at an external observation
point P(rp) in the body axis coordinate system of the ellipsoid,

i.e.rp = (x1,x2,x3)", is

3
Uext(rp) = mGpaiazas |:D()~) - ZA:'(?»)X,{| . (A8)

i=1

where

%

o0
1
A;(k):/ ————du fori=123,
r (@ +wR)

and

R(u) = \/(af + u)(a3 + u)(al + u).
Expressions for the body axis components of the exter-
nal gravitational field due to a triaxial ellipsoid are derived by
taking the gradient of its potential Uext(rp):

IUext
gi(rp) = %
9
= nGpmazaga— |:D(A) ;A (X } fori=1,23,
(A9)
aD(A)_aD(A)al_<al><3/°°L)du
axi  or oxi \oax;/ \oult, Rw
- -
axi ) \Rw) /, R \ox;

ST 1D orE { ——
_< Xi) fo an (/k (af+u)R(u)d“> + 2xiAi (%)
3 R 1 00

;Xj <( T ORW )> + 2x:Ai(1)

1 2
- (W) <8x, ((a n x)) A

fori=1,2,3.

2
g
3
(A17)

3 Xz

However from Equation (2), Z = 1,sothat Equation

(a +k)
(A11) becomes

2 ZA,(A)X =— <R(A)) <8)L> + 2x;Ai(0) fori=1,2,3.

(A12)
Thus on substitution of the expressions for the x; partial
derivatives in Equations (A10) and (A12) into Equation (A9)

3
gi(ry) = nG,oa]aza3i |:D(A) ZA ()X } fori=1,2,3

i=1

G ‘ 1 oA
1 oA R
—[ (R(A))( >+2x,A(A)]} fori=1,2,3.



By inspection the terms involving g—; have opposite signs
and therefore cancel, hence

gi(rp) = —2nGparazazxAi(h) fori=1,2,3. (A13)

Appendix A3. Expressions for the
transformation matrix U from the IGRF
coordinate system to the body axis coordinate
system of a general triaxial ellipsoid

The survey axis coordinate system rs = (x,y,2)" used here is
identical to the convention for the IGRF, i.e. x is North, y is
East and z is vertically down. The body axis coordinate sys-
tem x1, x2, x3 parallel to the ay, az, azsemiaxes respectively of
a general triaxial ellipsoid a1 > a; > a3 is defined by three
direction cosine vectors 4, U, iz whose orientation is spec-
ified via three ellipsoidal angles «, 8, v (see Figure 1), namely,

«a is the horizontal azimuth of the downward pointing major or
a; semiaxis measured positive clockwise from reference
north 0° < o < 360°

8 is the downward plunge of the a; semiaxis measured pos-
itive clockwise from the horizontal azimuthal direction
0° <48 <90°

y is angle measured positive anticlockwise through which the
ellipsoid must be rotated about its downward pointing
major a; semiaxis until the intermediate semiaxis a; is
horizontal and the minor semiaxis as points downward
in the principal vertical plane containing the a; semiaxis
—90° < y < 90°

The unit direction cosine vectors @7, {,, 03 along the
X1,X2, x3 body axes of the ellipsoid are defined as follows:

lﬂ = (cos cos §,sina cos §,siné), (A14)
0} = [~(sina cosy 4 cosasin§siny),
(cosa cosy —sinasindsiny),cosdsiny], (A15)
c@ = [(sina sin 8 + cosa sin§ cos y),
— (cosasiny +sinasindcosy),cosdcosyl. (A16)

Hence the transformation matrix U from the survey coor-
dinate system to the body axis coordinate system of a general
triaxial ellipsoid is

T
u
1 Uix Uiy Uiz
U= u; = |Ux Uy Uy (A17)
ﬁg Usx U3y U3z

Both the survey axis coordinates and the body axis coor-
dinates defined here form right-hand clockwise coordinate
systems. When the three ellipsoidal axes «, §, y are zero then
the body axis coordinates are identical to the survey axis
coordinates, i.e. @17 is North, G is East and Qs is vertically down.

As already stated, all computations of the magnetic and
gravity field components and their respective gradient ten-
sors are made in the body axis coordinate system of the
triaxial ellipsoid. In order to do this, all survey coordinates
P(rs) and magnetisations including Mjng and Mpem must first
be transformed from the survey axis coordinate system rs =
(x,y,2)" to the body axis coordinate system r, = (x7,X2,x3)".
For example if U is the transformation matrix, then

rp = Urg; Mindg (rp) = UMing (rs); Myem (fp) = UMyem (1s),
(A18)
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and
AT
Xj = Uj - Fs Or X; = UjxX + Ujyy + UjzZ,

Mitng) = ﬁ;r - Mina (rs) and Mjinrm) = ﬁ;r - Mpm (rs),

and where ﬁiT = (Ujx, Ujy, Ujz) is the ith row vector of the trans-
formation matrix U and rs is the column vector (x,y, 2)T.

Once the magnetisation M, field components b(r,) and
gradient tensors B(ry) of the triaxial ellipsoid have been cal-
culated, then these quantities need to be transformed back to
the survey axis coordinate system. To transform the body axis
components of the magnetic field vector b and the effective or
resultant magnetisation vector M to survey axis coordinates,
the following orthogonal transformation is required

b(rs) = (bx, by, by)" = U'b(ry),

M(rs) = (My, My, My)T = UTM(rp), (A19)

where UT the transpose of U, is the inverse of the orthogonal
transformation matrix U, i.e. U=!' = UTand UTU = I. There-
fore expanding Equation (A19)

by = u1xb1 + uaxby + uzcb3; by = uqy by
+ uzyby + u3yb3; b; = u1zb1 + Uuzzby + U3 b3
My = urxMy + uaMy + usMsz; My = uryMy + uzyMs

+ usyM3; My = ur My + uz Mo + u3 Ms. (A20)

To transform the magnetic gradient tensor B(ry,) = Vb(ry,)
from the body axis coordinate system of the ellipsoid to the
survey axis coordinate system the following transformation is
applied:

B(rs) = Bji(rs) = U'B(rp,)U; ij=1,2,3

forx,y, z, respectively. (A21)

The transformations from body axis coordinates to survey
coordinates in Equations (A20) and (A21) also apply to the
gravity gradient tensor I'(rp) and the gravitational field vector
g(rp) respectively.

Appendix A4. The demagnetisation factors for
the general triaxial ellipsoid

The three demagnetising factors N;,i = 1,2, 3 of a general tri-
axial ellipsoid with uniform magnetisation M are related to
its internal magnetic field components Hjjnt) by the following
relation:

1\ Vi
Hiinyy = —NiMij = — ( > o

4 oXj

1
—<4—)2na1aza3A,~(O)M, fori=1.23, (A22)
T

where

Ai(0) = / ) 1 du
0 (a?+ u)\/(a$ + u) (a3 + u) (a2 +u)

forh=0andi=1,2,3. (A23)

Hence by inspection of Equation (A22), the demagnetising
factors N; are directly proportional to the Green’s functions
A;i(0), namely,

1
N; = <47rM,') 2w ayaxasAi(0)M;

1
5010203Ai(0) fori=1,2,3. (A24)
The integrals in Equation (A23) have been evaluated by

Stoner (1945). Closed form expressions for Aq(0), A2(0) and



30 K. B. MCKENZIE

A3(0) functions are given in Clark, Saul, and Emerson (1986)
and also in Takahashi and Oliviera (2017). Hence the expres-
sions for the demagnetisation factors of the general triaxial
ellipsoid in Sl units are:

aiaxas

(@} —a3),/ (@} —a3)

1
N, =§G10203A1(0)= (F(k, B) — E(k, ).

(A25.1)
1
N; = 5010203/42(0)
a1a2a3,/ (a> — a?) 2 2
T s P e P
(a7 —a3)(a; — a3) (a7 —a3)
az(a? — a3)
- |, (A25.2)
a0,/ (a3 — a3)
1
N3 = 5010203/\3(0)
_ aaas az\/ ((ﬁ - a%) _E(k, B)
(@3 —a3)\/(a? — ad) 103
(A25.3)

where F(k, B)and E(k, B) are the incomplete elliptic integrals
of the first and second kind respectively as given in Equations
(A5) and (A6) with modulus k and angular amplitude 8

2 2
. (a7 —a3) T
kzzsmzoe:% 0<a<=and
(a7 —a3) 2
] (@? — a?) as T
sin®B=—"—""orcosp=—0<p <.
a ai 2

1

Importantly, it may be shown that the sum of all three
Green's functions A;(A), i = 1, 2, 3 given in Equations (A2)-(A4)
of Appendix A1 is exactly 2/R()) with the sum of terms involv-
ing both F(k, B) andE(k, B8) being identically zero. Since the

expression for R(L) is R(1) = /(@ + 1)(a3 + 4)(a3 + 1) then
for the special case of A = 0 in Equation (A24) above,

3
2 2
Ai(0) = A A A3(0) = — = .
; (©) = A1(0) +A2(0) + A3(0) = i =

(A26)
Therefore the sum of the three demagnetisation factors N;
is identically 1,

3 1 > 1 2
N; = —ayaza Ai(0) = | —aiaxa =1.
; = 50a 32 i(0) [2 102 3] [010203]

= (A27)

Appendix A5. Expressions for the magnetic
gradient tensor, its eigenvalues and
eigenvectors at a measurement point directly
above a magnetic dipole or uniformly
magnetised sphere of radius a and
magnetisation M

The expression for the magnetic gradient tensor due at a mea-
surement point P(r) due to a magnetic dipole with magnetic

moment m centred at the origin is given by Wilson (1985),
namely,

Bii(r) = uripj + urjpui + (- Qp)8i5 — 5(p - Gr) Uity

fori,j=1.230rx,y,z (A28)

where w = (jx, iy, 142) is the scaled magnetic moment and
ur = ﬁ = (Urx, Ury, ur,)7 is a unit vector in the direction of the
line joining the dipole to the measurement point P(r) and
8jj is Kronecker delta. For a uniformly magnetised sphere of
radius a, volume v and magnetisation M, the scaled magnetic
moment u(r) is

3Cnm _ 3CuMv 47 Cpa®M

nr) = P r4 , (A29)

where Cp, is a constant which depends on the system of elec-
tromagnetic units used (see Blakely 1995, 67-68). In the SI
system of units used here, C, has a value of 100 nH/m or
100 nTm/A for magnetic fields expressed in nanotesla (nT)
and magnetisations expressed in ampere per metre (A/m).
The expressions in Equations (A28) and (A29) for the gradient
tensor due to a uniformly magnetised sphere are completely
general and apply to any external observation point. However
for an observation station P(0, 0, z) located at a height |z| > a
directly above an origin at the centre of a magnetised sphere,
the expressions for its gradient tensor become greatly simpli-
fied since Gy = (Urx, Ury, Ur)" = (0,0, —1)T. Hence all terms in
Equation (A28) not involving uy, are identically zero. There-
fore, atany observation stationr = (0,0,2)T wherez < —a, the
elements of the gradient tensor Bj;(r) are

Byx =B11 = (- Gr)811 = —puz
47 Cma’
- ”rj’ M, fori=1,j=1, (A30.1)
By =By =0 fori=2j=1, (A30.2)
471Cma3 . .
Bxz = B13 = Ursjt1 = —ux = _TMX fori=1,j=3,
(A30.3)
By =By =0=B, fori=2j=1, (A30.4)
Byy = By = (i - Gir)822
47 Ca®
=y =M, fori=2j=2,  (A305)
47 Cpa® ) )
By; = B3 = U3ty = —puy = —T/Vly fori=2,j=3,
(A30.6)
47 Cpa®

Bsxx = B31 = U3 = —pux = — 4 My

=By, fori=3,j=1, (A30.7)
47 Cpa®

Bzy =B3 =upuy = —Hy = — 4 My

=B, fori=3j=2, (A30.8)

By, = B33 = 2u3p3 + (k- G)d33 — 5(i - Gru
= —2u3 + (—113)833 — 5(—p3)u?s
= —3u3 +5u3 = 2u3 =2,

_ 87Cpa’

p (A30.9)

M, fori=3,j=3.
Hence the magnetic gradient tensor Bj;(0, 0,2) for |z| > ais
-M; 0 =My

0o -M, —M,
My —-M, 2M,
—M; 0 —My

=f|l 0 M, -M,
—My —M, 2M,

47 Cpa®

B(0,0,2) = —

(A31)



The three eigenvalues A1, A3, A3 are found by solving
for the roots the of the characteristic equation det (B —
Al) = 0. On expanding Equation (A31), | obtain the follow-
ing depressed cubic equation whereby it is immediately evi-
dent that 2 = —fM; is an eigenvalue of the gradient tensor
B(0,0,2):

(—FMy — )2 (2fM; — 1)
— FPPMy (Mg — ) — FPMF(—fM; —2) = 0. (A32)

The two remaining eigenvalues are found by solving the
following quadratic equation:

W — Mg — F2(MZ + M), + 2M3) = 0. (A33)
And hence
A= g [MZ + .\ [4M2 + M2) + 9M§} or i
_f AZAZ [1 + /4cotly + 9], (A34)

where Iy is the inclination of the magnetisation vector M,

M.
 ME+MD)

The ordering of the three eigenvalues is determined by
the sign of the vertical component of magnetisation M. For
M; > 0, the eigenvalues for an axial station in descending
order A1 > Ay > A3z are

o= g [Mz + \/m]

ﬁgz[14—«2283EJ155]::5%E<1+—A» (A36.1)

Ay = —fMy,

A3 = g [Mz — JAM2 + M2) + 9Mg]
_ ™ [1 - \/m] - f%m —A). (A363)

2

Iy = arctan

M,
orly =arctan| — ). (A35)
My

(A36.2)

Importantly for magnetisations where M; is positive (such
as induced magnetisations in the northern magnetic hemi-
sphere), the second eigenvalue A; is always negative whereas
for magnetisations in the southern magnetic hemisphere
where M, is negative, the second eigenvalue 1, is always
positive and the A;and A3 eigenvalues are interchanged.
The NSS 1(0,0,2) along the vertical axis of the magnetic
sphere may now be derived from Equation (31) and Equations
(A36.1)-(A36.3), namely,

1(0,0,2) = /=23 — M3

- \/—f2M§ - [%(1 + A)] [MZ/’ZU - A)]

M,
)

(A% —5),

where

A= [AME+ M2 /M2 49 = \JAMR /M) + 9

= /4cot?ly + 9.
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Since the discriminant term is A = \/4(M)2( +M2)/M2 +9,
then the final expression for the scaled moment is

f
1£(0,0,2) = E\/4(/\/13 +M2) + 9M2 — 5M2

=f\/MZ + M + M2 = f|M].

This is an important result. It shows that the NSS on the
vertical axis of a uniformly magnetised sphere is independent
of the magnetisation direction and, for a particular observa-
tion height, its magnitude is determined by the radius of the
sphere and intensity of magnetisation only. From Equation
(32.2), it may be deduced that for any horizontal observa-
tion plane, the NSS p peaks directly above the centre of the
magnetised sphere.

Theangle ¢ is defined as the angle between the line joining
the centre of the dipole or magnetic sphere to the observation
point P(rs) and the magnetic moment vector m (Clark 2012).
However when the observation point is located on the vertical
axis of the magnetised sphere, the ratio cos ¢ = A,/ yields
expressions for the inclination Iy and coinclination /;, direc-
tions of magnetisation. For example, the inclination angle Iy
is related to the angle ¢ as follows:

(A37)

cos Ay —fM, —M, —sgnM,
QO = —_— = = =
wo fIM| \/Mﬁ + M2 Vot + 1
. T T
= —sinly forO§<p§nand—E§IM§E.

Therefore, for any axial observation point above a mag-
netic sphere, it may be deduced that Iy = ¢ — /2.

An expression for the declination of magnetisation Dy may
be derived from the second eigenvector &, = (e, ey, €)'
of the magnetic gradient tensor B for an observation station
P(0,0,z) located at a height |z| > a directly above an origin
at the centre of a magnetised sphere. The second eigenvector
&, = (e, €y, e2,)" of the magnetic gradient tensor is found
by solving the linear equation Bé&, = A,&, where 1; is the

second eigenvalue. Hence for A; = —fM;:
_MZ 0 —Mx €2x €2x
f 0 —Mz —My ey | = f/VIZ €y
—My —My 2M, €27 €2z

By expanding either row 1 or row 2 of the matrix equation,
it becomes immediately apparent that e, = 0, for example,

_szeZX - fMXEZZ = _fMZeZX so that €y; = 0.

Furthermore since ey, = 0 and from the expansion of row
3, itis now possible to express component e,y in terms of ey,
and vice versa.

— fMyex — fMyeyy, + 2fM,er, = —fM,es; so that ey,

My My
= ——€)x 0reéyy = ———~€yy.
My X X M, y

Hence the second eigenvector is given by e; =
T
M, . . N .
(—M—yezy, ey, 0) . This vector requires normalisation to unit
X

amplitude. Therefore the normalised second eigenvector &;
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My T
(—irex.ex.0) (=My, My, 0)"

- leo] 2 2 2
| ey 1+(%) \/MX +My

or &; = (exx, €y, e27)" = (—sinDy, cosDy,0)T.  (A39)

The declination of magnetisation Dy may now be esti-
mated from the second eigenvector as follows:

(A40)

—€ —€
tanDy = —= or Dy, = arctan ( X) .
ezy 62y

Similarly the first & = (eqx, e1y, e17)" and third eigenvec-
tors €3 = (esy, €3y, €3Z)T of the magnetic gradient tensor are
found by solving the pair of linear equations Bé; = A;€; and
Bés = A3&3 respectively where A1 = fM,(1 + A)/2 and A3 =
fMz(1 — A)/2 are the first and third eigenvalues respectively
for magnetisations in the northern magnetic hemisphere, i.e.
for M, > 0. The first eigenvector &, = (e, ey, e1,)" is found
by solving the equation

M, 0 —Myx €1x M, €1x

f 0 —M, —My ey | = > 1+ A) ey

—My —/Vly 2M, ez ez
(A41)

Expanding the three rows of Equation (A41), leads to the
following expressions for eqy, e1y andey,

eix = My 2 ez ey = My, 2 ez e
x = M, (A+3) 3z,€1y = M, (A—|—3) 1z, €1z
2M?2 M
h eixander, = ey, (A42)

~ MM,(3 — A) My

where My = /M2 + M} is the horizontal component of mag-

netisation. Hence from Equation (A42), the unnormalised
eigenvector e = (eqy, ey, e is

) T
e = (e ey ) = (e, %em Leu .
My ™ MMy (3 — A)

This vector requires normalisation to unit amplitude.
Therefore the normalised eigenvector &7 at a point P(0, 0, 2)
directly above the centre of a magnetic sphere in which
M, > 0Ois

5 T
My M2
eix| Vit wmmaes
. Wy " Vi, (3—A)

les| M, \ 2 am?
w1+ (i) + igaar
T
2M2
(MX' MY’ MZ(3£A))
= . (A43)
4
\/M§+M;+ b

& =

h
MZ(3—A)?

By inspection of Equations (A42) and (A43), the declination
Dey1 and inclination lgyq of the first eigenvector €4 at P(0,0,2)

are
e M

Dey1 = arctan <l> = arctan (—y)
€1x My

=Dy (0° < Dy < 360°), (A44.1)

€1z

/02 2
€ix +e1y

2cotly
= arctan Iy > 0.
3-24)

ley1 = arctan = arctan [

_ My
M,(3 — A)}

(A44.2)

Similarly the third eigenvector €3 = (esy, €3y, €3Z)T is found
by solving the matrix equation

—M; 0 —Mx €3x M, €3x

fl O -M; —M,y ey | = 7(1 —A) | esy

My =My, 2M, €3z €3z
(A45)

Expanding the three rows of Equation (A45), leads to the
following expressions for esy, e3y and es3;

My 2 My 2
€3x = Mzmeaz} e3y = Mzmesz} €3z
= %@ andes, = —>e (A46)
MM 3+ A) T T >

Therefore the normalised third eigenvector €5 at an obser-
vation point P(0, 0, z) directly above the centre of a magnetic
sphere in which M; > Qis

) T
M, M
es, 1, ——h___
e \ W MG A)
3 = —-— =
les| 2 4
e 14+ & + L
3x W MZMZG+A)2

2M2 T
(MX' My, et )
- . (A47)
am4
\/ M+ My + warar

By inspection of Equations (A46) and (A47), the declination
and inclination of the third eigenvector &5 at P(0, 0, z) are

e M
Dey3 = arctan <ﬁ) = arctan (—y)
e3X M)(

N

=Dy (0° < Dy < 360°), (A48.1)
es; |: 2Mp, i|
ley3 = arctan | —— | = arctan| ——
Jei + egy M;(3+ A)
2cotl,
= arctan [ M ] Iy > 0. (A48.2)
B+A4)

Thus the first and third eigenvectors have the same dec-
lination, equal to the declination of the magnetisation Dy.
Also Equations (A44.2) and (A48) imply that the inclinations
of the first ley1 and third ley3 eigenvectors differ by 90°. This
is confirmed using the formula for tan (ley3 — ley1) and the
expression for the discriminant term A = /4cot?ly + 9.

Some special cases:

(1) The gradient tensor at a station directly above the centre
of a uniformly magnetised sphere in which the inclina-
tion of magnetisation is zero, i.e. when Iyy = 0and M, =
0. Therefore from Equation (A31)

0 0 —M
B0,0,2=f| 0 0 —M,
My -M, 0

47 Cpa?

wheref = . (A49)




From Equations (A36.1)-(A36.3), the second eigenvalue
Ay = 0, since M, = 0, and therefore,

f
A=s [ﬂ: Jam2 + Mg)] — +fMy and A = M}, Aa

=0,A3 = —fM. (A50)
The pair of eigenvectors &, and &3 are
N My My T\
& = (eix ey e )T:( , ,_7)
1 1x: €1y, €1z ﬁMh ﬁ/\/’h ﬁ
1
= ——(cosDyy, sinDy, —1)T, (A51.1)
V2
. My My, 1\T
€3 = (e3y, €3y, €3 )T=( . 7)
o V2Mp, ﬁMh Ng)
1
= —(cosDy, sinDy, 1. (A51.2)

V2

By inspection the declination Dy, of magnetisation is iden-
tical to the declinations of the first and third eigenvectors,

e M
tanDey1 = Ty Y tanDy and
€1x My
e M
tanDegy3 = Ty tanDy. (A52)
€3x My
Furthermore the inclinations of the first and third eigen-
vectors are ley1 = —45° and ley3 = 45°, respectively, namely,
e —1
tanley, = Sz _ = —1and
€ih  /cos2Dy + sin2Dy
e 1
tanleyz = Sz =1

e /cos2Dy + sin2Dy

(2) The gradient tensor at station directly above the centre of
a uniformly magnetised sphere in which the inclination of
magnetisation is vertical, i.e. when Iy = £90°, is given by

—M; 0 0

B(0,0,z)=f| O -M, 0 where f
0 0 2M,
47 Cma®
= — A53
o (A53)

For a magnetisation in the northern magnetic hemisphere
where Iy = 90°, and M, > 0, the eigenvalues of the gradient
tensor in descending order are

M = 2fMy, hy = —FMy, 03 = —FM,, (A54)

so that A is the principal or largest eigenvector in magnitude,
while the remaining pair of eigenvalues are equal in magni-
tude and negative. By inspection, the principal eigenvalue A4
is associated with the third column vector in Equation (A53),
hence the three eigenvectors in this instance are

& =0,=(0,01)",8 =0, =(0,1,0)" and &3

=0, =(1,0,0) (A55)

Thus for a magnetisation at the north magnetic pole where
Im = 90°, the second and third eigenvectors are horizon-
tal with declinations Dey; = 90° and De,3 = 0° respectively,
while the inclination of the principal eigenvector &1, is vertical
and parallel to the inclination of magnetisation.
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For a magnetisation in the southern magnetic hemisphere
where lyy = —90° and M, < 0, the eigenvalues of the gradient
tensor in descending order are

M = —FfMy, Ay = —FMy, A3 = 2fM,, (A56)

so that A3 is the largest eigenvector in magnitude while the
remaining pair of eigenvalues are equal in magnitude and
positive. By inspection the principal eigenvalue A3 is associ-
ated with the third column vector in Equation (A53), hence the
three eigenvectors in this instance are

& =0,=(1,00",8 =0,=(0,1,0"and &

=d,=(0,01n". (A57)

Thus for a magnetisation at the south magnetic pole where
Im = —90°, the first and second eigenvectors are horizon-
tal with declinations Dey1 = 0° and Dey2 = 90° respectively,
while the inclination of the principal eigenvector &3, is vertical
and antiparallel to the inclination of magnetisation.

Appendix A6. The effective magnetisation of a
triaxial ellipsoid accounting for
self-demagnetisation, remanence and
anisotropy of magnetic susceptibility

Accounting for self-demagnetisation, the effective induced
magnetisation M’jnq Of a triaxial ellipsoid with resultant mag-
netisation M = M,,s in an external geomagnetic field Hy(ry,)
is defined as follows (Clark, Saul, and Emerson 1986)

M'ing = K[Ho + Hine] = K[Ho — N"M]

= KIHo — N"(M'ind + Mrem)], (A58)

where K is a symmetric matrix containing elements k;; of
the magnetic volume susceptibility tensor in the body axis
coordinate system of the ellipsoid, N = (N7, N2, N3)T are the
demagnetisation factors along the ay, ay, as axes of the ellip-
soid and Myen, is the remanent magnetisation vector. Hence
on gathering terms in M'jng

M'ind + N"M'ing = M'ina(1 + KN) = KHo — KNMyem

M'ing = (I+ KN) "' (KHp — KNMyem).  (A59)

The effective or resultant magnetisation vector Mes cor-
rected for self-demagnetisation is the vector sum of the effec-
tive induced magnetisation and remanent magnetisation.
Therefore if | make [I + KN]~' a common factor in the expres-
sions for M’jng and Myem, it becomes evident that the pair of
terms involving KNM,em cancel so that

Mres = M'ing + Mrem
=1+ KN]” (KHp — KNM;em + [I + KN]M;em)
= I+ KN]~" (KHo -+ Mrem)
= {1+ KNI™" (Ming + Mrem) = [1 + KNI~ 'Mot, (A60)

where Mijnd = KHp is the intrinsic induced magnetisation
uncorrected for self-demagnetisation and Mgt is the total
resultant magnetisation uncorrected for self-demagnetisation.
This expression for the effective or resultant magnetisation
of an ellipsoid agrees with Equation (38) in Clark, Saul, and
Emerson (1986). All vectors shown here are in the body axis
coordinate system of the ellipsoid.



	Introduction
	Why the magnetic gradient tensor?
	The importance of knowledge about magnetisation intensity and direction
	Theory
	Poisson's relation and the magnetic scalar potential
	The gravity gradient tensor of the triaxial ellipsoid
	The magnetic gradient tensor
	The internal gravitational and magnetic fields of a general triaxial ellipsoid
	Computational aspects
	The effective or resultant magnetisation of a general triaxial ellipsoid
	An example: the magnetic gradient tensor for Magmod XV
	The eigenvector decomposition of the magnetic gradient tensor and a novel approach to determining the magnetisation direction
	Parameters influencing the determination of magnetisation direction – a synthetic example using Magmod IV
	The effect of magnetisation direction
	In summary
	Magnetisation estimates for a dipping triaxial ellipsoid: does it work?
	Conclusion
	Acknowledgements
	Disclosure statement
	References
	Appendices
	Appendix A1. The Green's functions A1(),A2(),A3() for the general triaxial ellipsoid
	Appendix A2. Derivation of expressions for the external gravitational field due to a uniform general triaxial ellipsoid
	Appendix A3. Expressions for the transformation matrix U from the IGRF coordinate system to the body axis coordinate system of a general triaxial ellipsoid
	Appendix A4. The demagnetisation factors for the general triaxial ellipsoid
	Appendix A5. Expressions for the magnetic gradient tensor, its eigenvalues and eigenvectors at a measurement point directly above a magnetic dipole or uniformly magnetised sphere of radius a and magnetisation M
	Appendix A6. The effective magnetisation of a triaxial ellipsoid accounting for self-demagnetisation, remanence and anisotropy of magnetic susceptibility

