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Abstract

The theoretical background, a computational algorithm and an
HP41CX calenlator program for forward modelling of mag-
netic and gravity anomalies due to ellipsoidal bodies are present-
ed, inclnding gravity effects of prolate and oblate ellipsoids of
revolution and two-dimensional elliptic cylinders, The ellipsoid
is particularly nseful for modelling strongly magnetic, compact
orebodies, because of the flexibility and appropriateness of the
geomeiric form and, in particular, because ellipsoids are the
only bodies for which self-demagnetization can be treated ex-
actly and analytically, Remanence, anisotropic susceptibility znd
self-demagnetization are all included in the analysis.

Key words: ellipsoidal co-ordinates, elliptic integrals, gravity
anomalies, magnetic anomalies, potential theory, remanence,
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Introduction”

A great many geometric forms have been used for modelling
potential field anomalies in the space domain. Recently, Emer-
son et al (1985) presented formulae and hand-held caleulator
algorithms for calculating magnetic anomalies due to a variety
of commoenly used models. The aim of that publication was to
compile an accessible, readily comprehensible and relatively
comprehensive suite of models, employing consistent notation
throughout, which incorporated remanence, anisotropy and (at
least approximately) self-demagnetization. This compilation
was, for the most part, based on previous work, scattered
throughout the literature, which was checked for errors and cor-
rected if necessary,

A significant omission from previous publications has been
the ellipsoid model, in spite of its theoretical attractiveness and
extensive practical experience with a proprietary algorithm that
has demonstrated its utility (Farrar 1979). The ellipsoid model
has several advantages:

(13 it is the only model that allows self-demagnetization to
be taken into account analytically. This feature is important
for bedies of high susceptibility, including many magnetic ore-
bodies.

(2) The triaxial ellipsoid is a very flexible model that pro-
vides a good representation of a variety of discrete sources, both
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compact and elongated, with prolate and oblate ellipsoids of
revolution, the two-dimensional (2D) elliptic cylinder and the
sphere as special cases. .

(3) Many orebodies are found to conform approximately to
an ellipsoidal form. Homeogeneous deformation of an originally

- compact body produces an ellipsoidal shape, as for the Precam-

brian, stratabound, sulphide oretodies of Finland, which take
the form of highly elongated triaxial ellipsoids with major axes
parallel to the tectonic lineation and a,b planes parallel to the
axial plane cleavage (Gaal 1977). Further examples include the
massive magnetite bodies (ironstones’) of the Tennant Creek
field in the Northern Territory (Farrar 1979) and the sulphide
orebodies of the Cobar district, NSW, including the Elura
deposit, which both take the form of more or less elongated
ellipsoids flattened in the plane of the cleavage. The shape of
these bodies may reflect a syntectonic mode of deposition (Solo-
mon ef al 1986). _

Although the ellipsoid model appears to have been indepen-
dently developed and used by various workers, it has evidently
been considered too valuable for general dissemination, Accord-
ingly, only sketchy details have ever heen published (e.g. Hjelt
& Turunen 1981) and the exploration profession has hitherto
been deprived of an exceptionally useful interpretational tool.
Recently, Pedersen (1985) has presented expressions for the
gravity and magnetic effects of ellipsoidal bodies in the
wavenumber (spatial frequency) domain. Presented here are
somne basic theory and the expressions for gravity and magnet-
ic anomalies as functions of spatial co-ordinaies. The formu-
lae are set out in a step-by-step format with numerous
sub-headings to facilitate programiming.

Ellipsoidal co-ordinates

The equation of the surface of an ellipsoid with semi-axes a >
b>cis

(x3/a2) + (x2/b?) + (x§/cz):.l ‘ )

where xi, X2, X3 are Cartesian co-ordinates with respect to the
principal axes (body axes), with the origin of co-ordinates at
the centre of the ellipsoid (Stratton 1941).

“The foci of the ellipsoid are at the points on the principal axes

X = i«/(a‘—bl), Xz=Xx1=0
x1=+./(a2—¢)), x;=x3=0
X2=hf(b2—c?), ¥ =x;=0
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The equation

x2/{a2+ N+ 23/ (b + M)+ x3/(ct+0) =1 > —c?) (2)
defines a family of ellipsoidal surfaces and by the preceding
formulae it is apparent that they are confocal with the basic
ellipsoid defined by equation (1), for which A=0. As \ ap-
proaches o the equation of the confocal ellipsoidal surface be-
comes (x2/N) +(x3/N) + (x3/N) =1, or x2 +x3 + x}=\. This is the

equation of a sphere with radius r=+/, 50 as \ increases without

baund the confocal surfaces become spherical.

Points external to the basic ellipsoid correspond to A >0, in-
ternal points to A <0, and through any point there is only one
such ellipsoidal surface. Specification of a point in space re-
quires two further families of intersecting surfaces: the hyper-
boloids of one sheet characterized by the parameter p, where

(—ci>u>—b)y
(3)

X2/ (a2 4 ) + 23/ (b2 + ) + X/ (C +p) =1

and the hyperboloids of two sheets, characterized by the
parameter »,

@+ + X/ + )+ 3/ () =1 (—bi>p>—a?).

“

It can be shown that the three sets of confocal surfaces are
mutually orthogonal. A point (xi, Xz, X3} which lies at the in-
tersection of three surfaces corresponding to parameters i, g,
v is said to have ellipsoidal co-ordinates (A, g, »). These ellip-
soidal co-ordinatés can be found as the largest, intermediate
and smallest roots respectively of the cubic equation:

x1/(at+s)+x1/ (b2 +s5)+ x2/(ct+5)=1 (=X, u, ») (8)
or )
87 +p2s?+pis+pe=0 6)
where
pz=at+bi+ei—xi—xi—x?
p1=a?b?+b2c?+c?a?—(b? +c)x? — (c? + a?)x2 — (&% + b¥)x?

po=a?b2c? —b2c2x? —c?a?xl — abixl,

Equation (6) has three real roots. In descending order they are:

A= 2J(—p/3) cos(6/3)—p./3 Q)]

p= —2J(—p/3) cos(8/3 +1/3)—pa/3 (8)

p= —2J(—p/3) cos(0/3—w/3)-p/3, &)
where

@=cos™[—-a/2v/(—p/3)°],
P=p:1—Pi/3,

q=po—MiDP2/3 +2(p2/3)%.

Expressions for fields due to an ellipsoid involve the spatial
derivatives of A, viz. a\/dx; (f=1, 2, 3). These are obtained by
differentiating equation (2). Thus x; — differentiation yields:

2

2 x A x . x
@ N @AV g BN an | (@ant an 0
Rearranging, we get:

- 2
an 2%, /(a2 + ) 10

ax - X1 2 X2 2 X

(a2 +)\) (b1 +k) (c2 +A

The other spatial derivatives are easily written down by
Symimetry,

‘The ellipsoid problem of potential theory

Calculating the gravitational potential of a homogeneous ellip-
soid is a ¢lassical problem of potential theory, which was for-
mally solved in 1839 by Dirichlet. The external potential U, of
an ellipsoid with density ¢ and semi-axes a = b = c is given
by the following expression (Kellogg 1929):

2 2 2
@ xl Xz x3 } du

I - (11

U, (x1,x%2,%3) =xabcGg

N a1+u_b1+u_c1+uIR(u)

where G is the gravitational constant and
R{u)=[ (a2 +u)d2+u)(ct+u) Jo5. (12)

Inside the ellipsoid the potential is given by:

2 2 1
X X3 X3 1 du

_a’-l-_u—b‘+u_c’+uIR(u)

1 (13)

U‘- fxy,x2,3) = xachg

0

Note that U; involves only terms of the form: (constant} or
{constant x x;?), so that within the ellipsoid the gravitational
field components dU,/dx; {j=1, 2, 3) are linear in the Cartesi-
an co-ordinates x;, x;, ¥;. Equation (11} may be rewriiten:

U, = mabcGo[DM) — AQx} ~ B(Nx3 — C(u)x3l, (14)

where

DOy = (7 v (15)
» R

A = [T —du___ (16)

- »  (@+wR)

By = ® ___du (17)
»  (b+u)R{u)

ey = [P du (18)
A (€2 +u)R(u) :

Then, from equation (13), we get:

U,=rxabcGe [D(0) - A2 ~BOXZI—COM).  (19)
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THE FAR-FIELD

At great distances (\>a) from the ellipsoid, A\ approaches r?
and R{u) approaches [u?]®3S=uls for u = A.

SoDOY— 7 du/uls=[2/u0s)72 =2/r,
Similarly, we have:
7 A, B, COY— | du/uzs=2/(3r%)
Thus at large distances:

U, —mabeGel[ (2/7)— @/3r)x2 +x1+x]) ]
=qabeGel (2/1) ~(2/3r7)r?]
=(41/3)abcGo/r

S U,—~GeV/r=Gm,/r, as r approaches « 20)
where V =(4n/3)abc is the volume of the ellipsoid and m, = gV
is its mass. From equation (20} it is apparent that the gravita-

tional potential, and hence also the field, asymptotically ap-
proaches that of a point particle of the same mass.

GRAVITATIONAL FIELD COMPONENTS

The external gravitational field components Agj(i =1,2,3) are
obtained from equation (11) by differentiation:

&

i
Agi=  zo—=mabcGel[—-(1-

Bxl
¥ x xR A - 20AQ0).
az+x b+l A ax;y

By equation (2) the term in square brackets vanishes. Thus:
Agy = — 21abeGox AQ). 1)
Similarly, we get:
Agr= —2mabcGex:B(\) 22)

Apgy= —2xabeGex:CQY). (23)

MAGNETIC SCALAR POTENTIAL AND FIELD
COMPONENTS

The magnetic scalar potential @ of a uniformly magnetized el-
lipsoid can be obtained from equations (14) and (19) via Pois-
son’s relation (Grant & West 1965, p. 213), which may be
written; "

0=—(1/Gg) T .¥U,
where T = (J;, Ja, Js) is the magnetization vector.

50, =—(1/G)T .AF =2rabe[JnAQ)+ T2x:BO)+33x:C0) 1.
(24)

Similarly, we get:
&;=2mabe [J10A0)+ T, B(O) -+ T5x3:C(0) ] (25)

Equations (24) and (25) are consistent with formulae given
by Stratton (1941) and Lowes (1974). o

The external magnetic field _components AB; (=AH,)) are
obtained by differentiation (AH = —V Q). Thus, the external
field components are:

ABy = —2mabe[JLAR) + [T AT + T20B/(0) +
Jax3C/(N)]an/8x1) (26)

ABy= —21abe[TBOY + [T AT + Lx, B/ +
T/ (VION/0x2) @n

ABs = — 27abe{T:C0) + [T1x1 AT\ + T BN +
T3 C/ 01N 813, (28)

where, from equations (16), (17}, (18), we have:

A = —1/(a2 + RV 29
B/(\) = — 1/(b2+ RO (30)
TN =~ 1/(c+ MR (31)

If a, b, c are distinct and finite, the expressions (15)-(18) in-
volve incomplete elliptic integrals of the first and second kinds
(Byrd & Friedman 1971, pp. 4-5). If two or more axes are equal,
or if a approaches <o, the integrals can be expressed in terms
of elementary functions. Furthermore, in these cases the cubic
equation for A simplifies to a quadratic or linear equation.

THE INTERNAL MAGNETIC FIELD
The internal magnetic field arising from the magnetization is

called the self-demagnetizing field and, from equation (25), has
components:

AH, = —0Q/0x = —2xabc AQ) . (32)
AH; = ~3Q./3%;= —2mabe B(O) I, (33)
AHj; = —30,/3xs = ~ 2xabe C(0) Js. (34)

So the internal field is independent of x|, X2, x3; that is, it is
uniform. It follows that the induced magnetization of a perme-
able (isotropic or anisotropic) ellipsoid in a uniform applied field
is homogeneous because the resultant internal field (applied field
plus self-demagnetizing field) is uniform. This is the reason for
the importance of the ellipsoid model, particularly since the con-
verse is also true for finite homogeneous bodies; only ellipsoids
are truly uniformly magnetized by a uniform field.

Note that, for a triaxial ellipsoid, the self-demagnetizing field
is not antiparallel to the magnetization unless J is along one
of. the ellipsoid axes.

By comparison with the definition of the demagnetizing fac-
tors Ny, viz, AH,= -~ N/, (f=1, 2, 3}, it can be seen from equa-
tions (32)-(34) that:

N/ =2rabc A(0) (35)
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N/ = 2xabe B(0) (36)
N! =2mabe C(0). (a7
CALCULATION OF RESULTANT MAGNETIZATION

The induced magnetization Jy;, of an ellipsoid in the ambient
field F is given by:

Tao=K(F + AH)=K(F - NT}) =
K(F —NJp — N ygubs
where K is the symmetric matrix of elements of the susceptibil-
ity tensor, Jygy is the remanence and J- & is the resultant (in-
duced plus remanent) magnetization. Hence:
[T+ KNJnp = KF — KNFgey
Whence To =11+ KNJ -1 (KF —KNTyz00)

S TR = j]NDj' Turm = [T+ KN] - 1(KF — KNT ypy+
1+ KNIJurm)

Thus:

Te=MI+KNJ-1 (KF + T ppp). (38)

Magmod XV ~the triaxial ellipsoid

The relevant notation is given in Table 1.

Table 1 Triaxial ellipsoid notation (refer to Fig. I and to the formu-
lae, and to variables defined for previous MAGMOD: in Emerson et
al 1985)

C centre of ellipsoid

Q intersection of extrapolated major (a) axis of ellipsoid
with x, y plane .

Q intersection of extrapolated intermediate {b) axis of el-
lipsoid with x, y plane

a,b,c, major, intermediate, minor semi-axes of ellipsoid
{fazb>c)

o azimuth of plunge of major axis (angle measured posi-

tive clockwise from + x axis to horizontal projection
of downward-directed major axis), (0° < « <360%)

& plunge of major axis, i.e. the angle between the major
axis and its horizontal projection, (0° < & =90
¥ angle between upward-directed intermediate axis and

vertical plane containing major axis, positive clockwise

loaking along %, (—90° < v = 90°)

unit vectors defining RH body axis co-ordinate system.

¢, is directed along major axis in upward sense (i.e.

parallel to CQ), with azimuth «— 180, inclination ~ §,

92 is directed along intermediate axis in upward sense

(i.e. parailel to CQ). 9, is directed along minar axis,

such that ;=9 x ¥,

direction cosines of 9; (i=1, 2, 3) with respect to x, W

Z axes

co-ordinates of observation point P with respect to body
axes

T directed distance from ellipsoid centre to observation
point P(r=CP, ri=x?+ = X2+ x}+x3)

b an ellipsoidal ca-ordinate, the largest root of the equa-

tion x}/(a? + 2y +x2/(b? + 1) +xi/(ci M) =1

demagnetizing factors along major, intermediate, minor

axes

W, ¥,

b my

X1, X1, X3

N, NI, N2

BODY AXES
®1={(, m, n1)=(-cos o cos §, ~sin « cos &, —sin &)

¥2=(lz, m2, m2)=(cos « cos y sin 6+sin o sin v, sin & cos y
sin & —cos o sin y,~cos v cos &)

¥1=(l3, m3, n2)=(sin « cos y—cos « sin v sin &,—cos o cos
y—sin & sin -y sin &, sin v cos 8)

The orientation of the ellipsoid may also be defined using the
nomenclature of structural geology. The attitude of the ellip-
soid is determined unambiguously if the strike and dip of the
a, b plane are specified together with the rake, or pitch, of the
a-axis within this plane, measured from the strike direction. To
simplify the mathematical relationships between the alternative
methods of defining the orientation the convention that the
strike of the a, b plane has right-to-left sense when viewed with
the plane dipping towards the observer is adopted (refer to Fig,
I}. Thus the dip is always < 90°, The unit vectors of the body
axis co-ordinate system are then given by:

vi=(—cos STRIKE cos RAKE —sin STRIKE cos DIP sin
RAKE, —sin STRIKE cos RAKE + cos STRIKE c¢os DIP sin
RAKE, ~sin DIP sin RAKE)

V2= £ (cos STRIKE sin RAKE—sin STRIKE cos DIP cos
RAKE, sin STRIKE sin RAKE +cos STRIKE cos DIP cos
RAKE, —sin DIP cos RAKE)

¥:= % (sin STRIKE sin DIP, —cos STRIKE sin DIP, —sin
: DIP), o

where the plus signs apply for 0° < RAKE =< 90° and the mi-
nus signs if 90° < RAKE < 180°.

In terms of the parameters ¢, 8, v the structural angles are
given by: ’

RAKE = cos-! [—sgn(y) cosd/+/(1 -+ tan?y sin28) ], 0° <= RAKE
< 180°

STRIKE = &t + cos~![ —sgniy)/~/(1 + tan?y sins)]
DIP =sin-[cos y+/ (1 tan®y sin?g)], 0° < DIP <90°,
+L vy >0

0, v=0
-1,y < 0.

where sgn (v)=

The inverse relationships are given in Fig. 1.

CO-ORDINATES WITH RESPECT TO BODY AXES
Along a principal profile the body axis co-ordinates are:
Xi=xl —hn,
Xy=Xxl —hn,

Xi=xl)— hn,,
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Xt x5, %5 _
. at T2 2

NaZ

Semi axes a>b>c

X3 Tespectively.

Ellipsoid axis lengths
2a, 2b, 2c along %y, %3,

Auxitiary axes, body
co-ordinate system.

-

- Q

[ i
-, Mdjor axis
plunge azimuth

Elevation along \:', showing ¥

Trace of 4
vertical !
plane !
containing |
major

axis

v, P
- P ¥
Major axis plunge e

This is not a vertical sectien but
a section by an inclined plane
dipping away from the viewer.

Structural gealogicat systemn

Strike

S‘TRIKE -

/

direction g : -

Horizontal /

plane
Plunge
azimuth
direction

ab plane

p? ¥ \/Gl

Plunge direction

a=STRIKE-cos-t cos RAK
[ oo Rake |

fT-sin? DIPsin? RAKE
s=sin=1 [ sin DIP sin RAKE| (<30]

y=-tant [cotD!PsecRAKE]
{-90'¢ ¥ < 90"}

Fig. 1 MAGMOD XYV triaxial ellipsoid.

At a point (x, ¥, 0) in the horizontal plane passing through the
origin:
Over an irregular ground surface the body axis co-ordinates are
given by
Xj=x 1+ ym;— (h+ Alng, (i=1,2,3)

where Ah is the elevation of the observation point above the
origin, which lies on the irregular surface at height £ directly
above the centre of the ellipsoid.

If the geographic co-ordinates of an observation point in a
drillhole are (x, y, A’) the body axis co-ordinates are:

Xy=xl;+ ymy+ (b — hymy, G=1,2, 3.

Here, #/ is the depth of the observation point below the origin.

ELLIPSOIDAL CO-ORDINATE A AND ITS SPATIAL
DERIVATIVES

The co-ordinate h is the largest root of the cubic equation:
>\1+p1)\1+p|)\+po=0

and is given by equations (6} and (7). The spatial derivatives

of A are given by equation (10} etc.

DEMAGNETIZING FACTORS

N{ = (22— bi;ilzc_ c?)05 [F(k.8) - Ek,6)
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TN MN
D=10

PLAN

Plunge axis strike

WORKED EXAMPLE: MAGMOD XV including demagnetisation, susceptibility, anisotropy and

320
{projected)
W =X

Principal

profile

AN
M Q
0=230" - -

MAGNETISATIONS

Induction : F= 60,000 YinT), D=10), 1=~65
{a} Isotropic k=0.-001 cgs J=60Y
{b} Isotropic k=0.1 cgs J=60007
+ demag. important .
{c} Anisotrapic k & unit axes (DI}
ky:0-12¢gs, uy: 90',-0'
ko 0-10¢gs, uy: 180 ,g“
K4:0.08Bcgs,u5: 0,90
+ dernag. important

Rermanence :
[} JNRM =12000 ¥
Dnpm = 0°
-]
TnrM > *90

remanence

ELEVATION looking towards 50°T
(+x projected)

NW Y Q SE
T | Fd
This isnot a ! a=a5\’,/ 5
section along ht p
-x 0 +x y
h =300m
a=250m
b=150m
c=100m
5= 45°
» ¥= 45"
Plunge direction o =230-°
8=-80

Body axis systern unit vectors direction

cosines
¥, 1{,my,n} = (0-46,0.54,-0.71)
v, {&,my,n,) = {0-22,-0-85,-0.50)
v3 :{{3m4,n4) = (-0-88,0.07,-0-50}

Fig. 2 Worked example: MAGMOD XV including demagnetisation, susceptibility, anisotropy and remanence.

4mabc(a? —c2)05 b?—¢? c(az—b%)
N/ — - —
2= (a2 bE)(b2—c) [E(k"’) [az—cz) Fle.0) = bz —cyps
2 o2)0.8
NI 4qrabe b{a?—-c?) —B(k,0)
(b] —_ CZ)(aZ —_ CZ)D.S
where
aZ—h2y 43
k = (—) ,cos f=c/a (0 = 8 < 7/2).
a] ~c2

SUSCEPTIBILITY TENSOR AND MATRIX

ky=Ck(LJ+Mm+Nn)LL+Mm+Nn) (=1, 2, 3)
r

K=k

FIELD AND NRM COMPONENTS WITH RESPECT TO
BODY AXES

_ F, - (Jach
F = Fz ’ JNRM= (JN)Z
Fi (n)s

|

Fli F(H‘+ mir; + nn,-)

(Indi= Jpe(lpy;+ mym; + nyn)

RESULTANT MAGNETIZATION WITH RESPECT TO
BODY AXES

If self-demagnetization is neglected, the resultant magnetiza-
tion is given by:

To=KF +T,
Let
1+k||N‘; kuN; ki1aN4§
A=I+KN= k|zN‘; l'i-kzzN; szN;
an: kz:N; l+k33N;

The resultant magnetization corrected for self-demagnetization
is then given by:

T{{=A_l Re
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ANOMALOUS FIELD COMPONENTS WITH RESPECT TO
3o0DY AXES

Provided a > b > ¢, the components of the external field due
to the ellipsoid are:

ABy=f, — — 2mabc J{ AN

Xy

AB;=f, aa_"- — 2mabe T, BO\)

X2 -
ABy=f; A _ 2zabe 3 COY
axs
+here
_ 2xabe J{xl J;x; J‘;Xg
[(@2+M)(B2+X){c?+ N3 |a2+X  b2+h  c2+A
2
A= F(k,0)—E(k, 0/
M= ey P —E0)]
)= _ Maz—cpos ’
B = E(k,0) -
M= e [ Bk
h2—¢c2 k2sinf’cosf’
— =} Kk - ————
( at—c? ) (k.67 (1 -- k2sin2g’)05
SO0 = 2 sin #{(1—k3sin?8)0-5 ] — Bk ]
- (b? —c2)(a? —c2)Ps cos &' ’

sin 0= (=" (0 = o = a/2).
at+r

F(k,0") and E(k,0") are, respectively, Legendre’s normal ellip-

tic integrals of the first and second kind (Byrd & Friedman

1971).

Several methods for calculation of the integrals (16)-(18) have
been published; for example, papers by Carlson (1979) and Carl-
son and Notis (1981). The HP41CX program listed at the end
of this paper uses an algorithm due to Bulirsch (1965) for cal-
culation of A(A), B(\) and C(\).

ANOMALOUS FIELD COMPONENTS WITH RESPECT TO
GEOGRAPHIC AXES

With respect to geographic (x, », z) axes the anomalous field
componenis are: .

ABX=AB1]| + AB:l + AB:ils
ABy=ABlm| +ABzmz+AB3m;
ABZZ ABy + ABam + ABsns.

The component of the anomalous field projected onto the
regional magnetic meridian is:

ABy=AB,cos -+ AB,sin §.

195

The component of the anomalous field vector projected onto
the regional geomagnetic field F is:

ABr=ABycos I+ AB,sin L.

The total field anomaly measured by a sensor that résponds only
to the magnitude of the field is:

AB,,=[(F,+AB) +(F,+ AB,) + (F,+ AB)205—F

GRAVMOD XV —triaxial ellipseid

The diagrams and symbols for GRAVMODS XV, XIA, XIB
and XII are as for the corresponding MAGMODS (Emerson
et af 1985) with the addition of g (density contrast) and G
{gravitational constant). The anomalous gravity components
with respect to body axes are given by equations (21)-(23). The
observed gravity effect is:

Ag,=Ag 0 + Agang -+ Agsns.,

GRAVMOD XI1A —Prolate ellipsoid of revolution

If b=c<a, then the gravity effect components with respect to
body axes are given by:

Agi = 47ab?Gp ' —b2i0s 1. . (a2 —bA0.5 4 (a? 4+ K)0-5
(a*— b3 al+i (b2 + N0
Ag _27ab’Gp fa2 —b2)0-5 4 (a2 + 105
1 =
(a?—-b2)ts (b2 + N0
— [{a2—b?){a2+x)}0s
{(b2+X)
= GQXzfz

Ag: = ng;;f;.

The co-ordinate A is the same for GRAVMOD XIA, GRAV-
MOD XIB and MAGMOD XIA (see Emerson ef al 1985, p. 49).

The observed gravity effect is, as above:
AE, =Agin, + Agana + Agana,
GRAVMOD XIB--Oblate ellipsoid of revolution

The gravity effect with respect to body axes is:

4mab?Gp bz a2 05 bt—ga2 105
Agy = —————x; |tan-1 ==
(bz —a?)ts azh az+
_ 2mab’Ge [ [(b*—a?)at+N)]es _ [b2—a?jos
Oz = X — tan-1!
(b? —a2)!-s b2+ at 4+
= Goxaf,
Agy — 2TAGo ([ —al@ +Nps - Tb2—a2os
(b2 —aiyls b2+ al+ )\

= GQXafz.

|
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The observed gravity effect is:

Ag,=Agin + Agany + Agyn;.

GRAVMOD XI—-2D elliptic cylinder

The gravity effect components with respect to body axes are:

Agl =0
2 0.5
Ags = 47beGo % e+ —1
(bz—-c? b2 +A
2 0.5
Ags = 4xbcGo - biEA
{(p2—c3) c2+A

The co-ordinate X is the same for GRAYMOD XI1 as for MAG-
MOD XII {(see Emerson et af 1985, p. 60).
The observed gravity effect is:

Ag,=Agan;+ Agans.
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NOTES ON HP41C PROGRAMS FOR MAGMOD XV

1. Users of these programs are on their own and should clearly
understand that the program material contained herein is
supplied without representation or warranty of any kind.
Despite the extensive checking and editing that preceded
publication, the authors, the ASEG, the publishers, and
equipment manufacturers daccept or assume no
responsibifity whatsoever and shall have no liability,
consequential or otherwise, for the use, performance and
results of these programs or for any actions that may follow
the usage of these programs. No claims whaisoever are
made or implied regarding the elegance or accuracy of the
programs. Errors may come to light as the programs are
used; users should document any such errors and notify
the ASEG so that revisions can be made. The programs
were designed as a learning aid for the teaching and
understanding of applied magnetics. They are not intended
to compete with sophisticated large comiputer packages.
However, they may be useful to practising professional field
geophysicists in preliminary analyses of magnetic data.

2. Refer to: Emerson, Clark & Saul (1985) Explor. Geophys.
16, 1-156, for general information on the MAGMOD suite;
also see: Corrigenda and Addenda, Explor. Geophys. 16,
395.

3. PROGRAMS

 ELI: elliptic integral calculations

Cl: sets up parameters for ELI during anomaly
computation
C2: takes elliptic integrals and calculates anomalies
MAGI3: control program
4, Procedure for loading program cards, follow a similar
procedure if manually entering the programs.
XEQ « SIZE «
SIZE 000
LOAD PROG MAGIS
{(SHIFT KEY) GTO ..
LOAD PROG ELI
(SHIFT KEY) GTO ..
LOAD PROG C1 .
(SHIFT KEY) GTO ..
LOCAD PROG C2
(SHIFT XEY) GTO ..
a BLI o
XEQ « SAVEP «
aCla
XEQ a SAVEP o
aC2o
XEQ o SAVEP o
XEQ o CLP «
aCl o
XEQ « CLP &
aC2a
XEQ o« CLP o

th o310k Wbl s mdinsd nakd




4

oy

TRIAXIAL ELLIPSOID MAGNETIC ) 197

a ELIl ¢

XEQ a SIZE «

SIZE 067

XEQ « MAG IS

DO NOT use (shift key) GTO .. once programs are in and
running .

Avoid extreme a:b:c ellipsoid semi axis values

In USER INSTRUCTIONS add: Profile recomputation
with changed inputs similar to previously published

MAGMODS except no plot; for MAGMOD XV to obtain
resultant magnetization and By press G. (see: Explor.
Geophys. 16, 1985).

HP41C computer will need quad memory module and
extended functions module. Lo
HP41CV computer will need extended functions module.
HP41CX computer will handle as is.

{T MAGHOD XV: TRIAXTAL ELLIPSOID: DEMAGNETISATION,
= ANISOTROPLIC SUSCEPTIRILITY, REMAMENCE
=

User Instructions

User mode
Deg mode

‘\H _ - Size 067
e — {see naces)

STEP INSTRUCTIONS Vi, KEYS T o
1 | Load cards, run program @ M | F =
2 | Geomagnetic field magnitude F :] 7S 1 =
3 Geomagnetic field inclination I [:l @ D =
4 | Geomagnetic field declination D C ] DEPTH =
5 Depth to ellipsoid centre h D E/S l PLUNGE =
6 Plunge of major axis I D @ AZIMUTH =
7 Azimuth of plunge axis a [:I kLSj TILT =
8 | Tilt of intermediate axis v :I a =
9 | Major seml axis of ellipsoid a [ J&/s ] b =

10 { Inktermediate semi axis of ellipsoid b T ¢ =

11 | Minor semi axis of ellipsocid c " Ikss

Observe ellipsoid volume on printout Q l:] Ka =

12 Input magnitude of maximum susceptibility k |:| m D =

13 | Input declination of maximum susceptibility Df :] F_L_l I =

14 Input inclination of maximum susceptibility I: [:| R/ S Kb =

15 .| Input magnitude of intermediate susceptibility kh |:| /S D =

16 Input declination of intermediate susceptibilidy D{1 l——i m 1=

17 Input inclination of intermediate susceptibilidy I, [:} @ Ke =

18 | Input magnitude of minimum susceptibility ke D R/S D =

19 | Input declination of minimum susceptibility De E:| R/sT] 1 = _

20 Input inclination of minimum susceptibility Ic :I REM %0, Iy

Notes ( i)susceptibility axes must be orthogondl I:] :|
(i1)if isotropic susceptibility, insert :' [:I
k =k =k witi orthogonal axes e.g. D,1:0,90;0,0;90,0 10 ]

21 If remanence absent 0 |:I BEARING =

22 | If remanence present 1 [ 1kss JREM =

23 Remanent magnetisation magnitude ._TwM |:| R/S IREM =

24 Remanent magnetisation inclination L |;—] E?ﬂ DREM =

25 Remanent magnetisation declination REM | f::] @ BEARING =

26 Azimuth of magnetic north w.r.t. + x axis B [:[ @:]

27 Observe demagnetisation factors Na, Nb, Nec L__:l | Nl =

i XMIN = 7

28 | Minimum (profile) x value Xarn C ] KMAX = 7

29 | Maximum {profile) x value } LJ k/s XINC = 7

30 Profile x increment XINC [::' t?_./S ]

31 | Observe printout of: station | ] ¥ =

32 vertical component anomalw [_;_;] £ 1 BZ =

33 - total intensity anomaly L__l BT =

34 Resultant magnetisation calculation rj_j IGi ] J,I,D,8RES




198

HP41C
TRIAXIAL
ELLIPSOID
PROGRAM
MAGNETICS
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LECN: A A b
HlBL R
0 2
M
#5 F=
# FEONPT
7 FS 22
8¢ 410 43
£ AL B3
9 PRA

1 j=*

12 PROKPT
12 F$°C 3T
14 570 @4
15 RRCL B4
16 PRA

17 -D=*

18 PRONPT
19 F52C 22
7@ §Ta 45
21 aRCL A5
22 PR

21 A6V
24eLBE B
253 "OEPTH="
25 PRONPF
2 FSTC 22
28 ST0 17
29 GROL 13
18 PR

11 "PLUHGE="
12 PROMPT
13 FE 22
S0 14
35 RACL 14
36 PRA

17 “RTINUEH="
18 PRONFT
19 F§2C 22
9 516 15
4L ARCL LS
12 PRE

43 T
14 PROAFT
49 FS$°C 22
16 STO Ee
47 4pCL 16
4% PFA
[T

58 PROAPE
51 FS 22
52 ST10 17
33 &AL 1T
9 PR

35 *b="

56 pRONPT
37 £976 22
38 5T0 12
59 BRCL 18
€8 PER

Bl rc="

£2 PROAPT
£1 780 22
64 570 9
63 AREL 12
L& PRR

67 BT
£3 TRIEPT
6% X2

7% PCL 18
71 a2
-

Y 8I0 3
74 510 35
75 RIR

7% REL 18
H

73 RLL E9
e

1]

Bl

8 Fl

3t

24 810 22
33

3 s

§7 ~¥0L="
48 PRCL ¥
49 PRA

SR ADY

4L o0y 12
9% K12

93 AL 13
of K2

9% -

96 STO 3%
9t RCL 3
98 +

99 SI0 3¢
188 517 33
181 RIL 1%
182 05
183 510 eg
134 510 36
185 S1¢ 37
186 ST0 41
187 ERSTX
188 SI18
189 570 Bl
118 510 34
111 510 38
112 570 &
113 RCL 14
114 C0S
115 570 44
116 CHE
L7 5Te 3
118 §Ir 39
115 510 42
128 LASTY
121 SIR
122 5T 37
121 5T+ 44
124 (S
125 510 42
126 RCL 37
127 ROL 48
128 RCL L6
129 oS
138 5= 17
131 si» 28
132 57« 48
133 4T» 43
135 CHS
135 ste L
136 CL¥
137 LRSTY
132 51
139 ST B2
149 §Te 81
141 §Te &4
142 ¢

£43 ST- #1
144 LY
145 LRSEX
1591

§47 5T- 38
148 PCL @2
149 ST~ 48
158 pCL 8!
191 5T+ &
152 FIX &
152 “%a="
154 FROAPT
135 FS7C 22

= 155 519 28

157 g2CL 26
138 R0

159 FEX 1
165 -p=*

161 PRORPT
162 FS7 22
163 510 21
184 ARLL 21
155 PRR

156 1=
147 PRORFT
158 F§IC 22
159 $11 22
178 ARCL 22
171 pRa

172 ABY

172 FIX 5
174 “Kb=e
175 PRONPT
176 F5C 22
{27 510 21
j78 RRIL 23
179 #28

189 FI¥ 1
181 *b=-
182 PRORFT
183 F8° 22
184 510 24
185 9REL 24
186 #RA

187 -1
188 PROKT
189 F5%( 22
199 510 2%
191 RRCL 25

CLARK, SAUL AND EMERSORN

12 PRA

133 ARV

1M FIX &
195 "Ke2
196 PROMPT
197 F57C 22
198 519 7%
199 ARCL 26
249 PRA

W Flx 1
202 *h="
203 PRONPT
284 FSC 22
285 570 27
286 ARLL 27
287 PRR

288 1="
28% PRONPT
219 F57C 22
211 570 28
212 ARCL 28
213 PRA

214 v

215 "RENHE. 1>
216 PRONPT
217 CF 22
218 CF 85
219 X=87
288 G0 D
221aLBL ©
222 5F 85
223 -J REM=*
224 PROKPT
223 FSC 22
226 ST0 M
227 ARCL 89
248 PRR

229 *1 REn=-
218 PRONPT
21 F$ 22
212 510 &7
213 ARCL A7
214 PRG
215 "b REM="
236 PROAPT
237 FSU 22
218 570 83
233 ARCL B2
248 PRA

241 noy
242sLBL B
243 ~BEARIVG=-
244 PROWPT
245 F82C 22
246 510 29
247 RRCL 29
8 PRA

249 RIY

58 )

291 REL 22
292 REL 21
253 X9 8
294 530 8n
239 %0OY
256 510 8l
7Rt

258 S50 8¢
991

268 RCL 25
261 RCL 24
762 XEQ BF
263 510 84
IR
265 510 18
265 Bt

267 510 LI
08

269 ®CL 28
78 RIL 27
271 X0 8l
272 SI0 12
203 %O
274 s10 18
s Rt

276 5§10 49
277 RLL 42
2B .

279 RCL 18
289 REL 19
281 .

82+

181 Rl 12
284 RCL 3%
59

186 +

187 §10 58
138 RCL 12
289 &L 37
2B .

HERL W

292 RCL
M1
294 +
295 RCL

(L]

19

296 RCL 42

70
283 ¢+

Fo i 1IN

38 L
KL ST
382 RME
383 RAL
e
385 RCL
386 AL
w7
308 +
389 57+
319 =L
3 2L
N2
33 8L
314 RCL
35
e +
37 RIL
3B RCL
JL9
Im o+
321 510
322 ROL
123 RIL
124 ¢
125 REL
26 KL
127
128 +
129 KL
138 REL
3.
332 ¢+
123 510
334 gL
T35 5T+
336 RCL
337 RLL
3399
339 RCL
349 RCL
L
M2 ¢
ELERIE
344 R0
S R
KT
47 AL
348 24L
39 .
358 ¢
331 R0L
332 RIL
353«
3t
158 510
336 RCL
157 RCL
il
359 ROL
368 RIL
361 *
362 +
163 ROL
164 REL
T55 ¢
g +
Ter 810
368 RCL
159 5T+
378 RCL
M kL
e«
173 RIL
I pEL
05
6+
77 51+
178 RCL
179 ROL
188 %12
LTI
182 RCL
183 ROL
Jad ut2
135
06 v
347 /N
e RCL
389 X2

18
12
kL)
L}

9
"

14
L]
3

il
R}

a2
2

az
43

49
38
LI
LH
4t

2
i

8
L3
3

18
]

1]
{2

[
86
K

i8
i

L
41

2
k]
2
1]
il

1l
i

%
FL]
kL)

2]
Bl

b

198+
19+

392 510 52
393 RCL 20
3IM RCL 38
395

3% AL 43
e

3398 2L 23
399 RCL &1
{88 »

481 RCL 82
07 =

403 +

484 RiL 26
485 RCL 56
485 »

487 REL 51
485 »

483 +

414 $T0 53
411 kL 28
412 RCL 88
41«

414 §Ts 31
%15 RCL 23
416 RCL 81
417 0

£18 RCL 86
419 0

420 BCL 25
421 RCL 50
{22+

123 R0L 12
{24 »

425 ¢+

426 5T+ 18
427 ®L 28
428 RCL 42
429 X2
431 ¢

431 RCL 23
£32 koL 82
413 X2
L3 ]
435

436 2L 26
437 2CL 31
438 Atz
439

448 +

141 810 91
442 RCL 28
443 RCL 88
444 2

445 $1x 42
446 RCL 23
447 RCL 92
449 0

449 RCL 96

. A5 e

431 KCL 26
452 ECL 51
433 e

454 RCL 12
457 +

456 +

457 ST+ 42
458 RCL 28
459 RCL 98
469 o

461 STe &8
462 REL 23
463 RCE 86
164 X12
465 «

166 RCL 26
467 RCL 12
483 x12
469 0
9+

411 ST+ B9
472 BCL 2%
471 ROL A4
&4 RCL 93
475 ¥EQ A2
475 ST0 19
477 KO
479 Sto 11
479 £t

498 S10 12
481 RIL 42
32

481 XY
484 ROL 39
485 e

36 ¢+

497 2
438 CL 3%




439«
%

491 510 8
432 RCL 43
493 BCL 12
94

495 RCL (0
436 ROL 37
497

498 +

499 RCL 1t
588 RCL 40
581 ¢

582

583 X0 12
B4 ROL 41
45 ST
306 XCHY
587 RLL 44
383 ¢

89 RCL 9
518 RCL 38
511

SI2 +

513 57+ 1t
514 REL 85
515 RCL 52
Jl6 s

517 ®RCL 12
5i% RCL 52
Y e
SR

521 RCL 11
S22 RL 1R
523 s
544+

525 SI0 13
326 REL B
52t kL 53
g r

529 ROL 02
538 RCL @1
3.

532 +
JIERCL 11
534 R{L 49
515 »

536 +

3 X
53% RCL ™R
519

349 8CL 85
L
M
3.

4 RCL 12
545 RCL 49
346

HT ¢

548 570 12
549 FC2 8%
559 GED 82
551 RCL B9
552 kCL 87
553 RCL 82
554 5F 86
5554081 81
336 R(L 29
357 4

38 RIL 35
359 -

558 %) 7
S61+L8L 82
k2 PR
383 A0
354 RIH
%5 P-F
566 FCOL 4%
562 PER
548 ST0 85
549 ¥ov
57§ 510 @2
¥t

372 $10 50
T3 ROL 42
M

59 %y
7% RLL 19
577 a

578 +

S19 ey
588 RCL 3%
341

582 #

393 5T+ 19
S OPCL 9%
385 BOL 37
58t o

547 RCL 82

TRIAXIAL ELLIPSOID MAGNETIC

588 RCL 42
599 »

598 4

591 RCL 58
592 RCL 43
597 1
9

595 §T¢ 11
5% RIL 95
597 ROL 38
e

599 RCL B2
688 RCL 41
681 2

£02

683 AL 58
684 RIL 44
6ES *
{1

ER7 S8+ 12
E9BeL8L B)
£49 RCL 34
618 RCL 17
&1 212
§12 5

611 570 &5
614 SOFT
615 RSIX
616 TRH
617 §30 &
bL8 ST0 68
£L9 “ELL*
€28 CETP
621 XE0 "ELI
622 8L 12
6§21 870 85
624 510 81
623 CHS
626 S1v 38
627 RCL 5§
£28 “HI=
£29 FIX 4
§38 BRI X
53t PAR
32 STe 52
633 RCL 19
634 s
G540 N
636 RLL 49
637 0L 52
638 574 51
639 204
649 RIL 58
641 “H2=
842 RRCL ¥
F43 PRO
&44 SI+ BI
545 5T+ 5T
B46 &

B4T STD 54
648 RIN
649 RCL 85
£58 =H3="

- 651 RRCL ¥

£52 PRR
€51 apv
654 FIE §
657 §Ts 8
656 5T¢ 47
637 +

638 STO 9%
8591

658 Si+ 52
661 5T+ B1
662 ST+ Be
€65 RCL BI
€64 RCL AR
865 ¢

666 ®CL 49
£67 KCL 59
[11 ]

869 -

£79 STO 54
&71 RCL 52
672 ¢

673 RIL 49
674 BCL 1R
675+

&7 RCL 5t
E77 RCL 89
578 *

h79 -

698 SE0 55
681 RCL 57
682 1

643 ¢

£84 RCL 51
683 RCL 59
6B% 3

687 KCL 8L
638 RCL 10
£39 «

£5¢ -

&91 STG 56
492 AL 96
633 ¢

£94 +

€95 510 5%
636 REL 51
697 RCL 49
§98 v

699 RCL 85
7eg RCL 8]
181 »

782 -

783 §7¢ 57
784 R(L 52
783 ST 81
786 ROl 53
787 ROL 51
788 ¢

789 Si- &1
718 RCL 83
T11 5T+ 51
TI2 RCL 32
TITRCL #
HALIR]

73 §7- 51
716 R0 52
717 ReL 94
718 »

119 RCL 8
720 ROL 39
2

222 -

723 510 58
724 REL 38
725 50 BE
726 RCL 51
727 RCL B8
T2d

728 $1- 84
738 RCL 53
730 5T+ 39
732 RCL 52
7IIRCL SR
73

73 5T-
16 RLL 34
717 AL IR
Pk

719 RLL 46
748 RCL 11
L
FLTA]

42 ROL 57
44 RIL 12
743 ¢

46 +

787 RCL 53
748 BCL 18
T«

758 RCL 5¢
791 RCL 11
520

751 +

754 RCL 5¢
75% RCL 12
5
79+

75 X 1L
759 RCL 3
740 4

741 RCL 34
762 RCL 19
763 v
FLAR

763 RCL 6l
766 RCL 12
P

763 ¢+

769 516G 12
178 20
771 ’L 39
728170
73517 12
HEL

775 510 18
TR6sLEL E
77 “XH[H=7"
778 FRONPT
779 F§70 22
768 510 43
7BL "Amax=7"
782 FRONPT
183 F8C
784 510 47
785 "X[RL=7-

784 PRONPT
87 F57C 22
788 510 48
789 RIL 45
79 50 46
HieLaL 84
192 "x="
797 RRLE 45
794 FRR
795 XEQ Bt
796 *BI="
737 ARCL 92
79 PRA

9 gi=-
258 ARCL %
881 PRA

BE2 ADY
BET RIL 42
Be4 51+ 45
E@3 RCL 47
£86 RCL 46
897 X(=Y?
888 CTD 84
€89 STOP
BIS GTO E
$11+LBL B¢
412 1~
411 LeTP
814 XEQ *C1*
815 “ELl*
816 CLFP
817 XEQ “ELT"
B18 -(2*
819 GETP
BB XEQ “(2-
821 R4
B22slEL G
823 L2+
28 LETP
B2 XEQ “CG&*
B26 ERD
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BlaLBL "ELL-
821

43 510 58
84 STe 91
85 510 54
86 510 55
97 SI0 5%
%8 RLL 35
49 -

L8 $io 57
11 530 52
12 SePT
L3 510 59
14 RCL b9
15 817 S8
16 Xr2

17 8T+ 58
181

19 51+ 58
284

21 81« 58
22 817 66
21 B

24 $T0 61
23 §70 62
26 STO b
27 RCL 58
24 SeRT
29 §70 58
I8+LEL B8
I RCL 55
12 2L %
I3 RIU 51
N
I55Te 35
J6 ROH
37 RiL 59
B

19 ST+ 36
48 RCL 54
41 RCL 57
42 7CL 51
4] s

H ST 54
43 B3N
46 RCL 5%
7 »

43 ST+ 52
4% RIL $1

58 RCL 59
i

52 §T0 64
3 L 58
54/

$5 47- 4
% 20L &8

57 2L 58

8 ¢

39 ROL &)
€8 RIL 64
&1 RCL 58
8¢ s

43 s

&4 ST+ 48
65 LRSIX
&6 SF+ 58
67 X0 2
68 5T+ 61
£9 2

14 817 55
7L8T# 54
72 81/ 6L
T3 E

T4 8Ty 6]
75 RCL 59
6 SICK
7 -

2

79 RIL 83
86 Y

B1 /

B §T+ 62
Bl 1

B4 RCL 59
85 RCL 5t
2 RCL 59
g7

88 X¢) Sl
89 s

8 -

91 L E-€
52 X2
93 GIt &1
94 RCL €4
95 SRT
96 2

97

98 510 59
99 G10 8¢
[BBsLEL 81
181 RIL o
182 517 %6
193 51+ 57
134 RIL 55
185 51+ 56
186 RCL 54
187 ST+ §7
18 2

199 RIL 51
11B »

11 517 56
112 S1- 57
153 LRSTX
1E4 ROL 38
s 7

1L6 RIAN
17 2

1B RCL &3
191

126 -

121 yex
122 REL 62
123 «

124 1

123 REL 58
126 SILR
127 -

128 2

129 7

138 +

131 99
132«

131 4+

134 b-#
135 ST 56
136 5T 57
E37 RCL &8
138 RCL 58
133 #

[48 RCL 6L
145 ¢

142 2

141 ¢

144 RCL 35
145 »

146 ST+ 57
147 LRSTK

159
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18 KL #
1330

138 ROL 65
151

152 SI0 5@
1353 1

154 RCL 65
135 REL 33
1356

137 -

158 S4RY
159 S0+ 58
168 S+ 85
161 KL 37
152 REL M
183 #

144 REL 56
165+

166 ST+ 58
167 LASTY
168 RCL 57
169 SF- 58
I78 SE- &
7 -

172 RCL 3t
173 517 38
1147

175 REL 3¢
176 ST
177 51+ 3R
178 517 96
179 «

188 510 51
181 RCL 33
182 51+ 38
183 51 84
134 (ERB.
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alaLgt 1°
82 RCL 36
83 RCL 45
B

83 576 92
8 LRSIY
87 2L 3
88«

89 570 38
18 kL 28
1 REL 46
12

13 510 49
14 RCL 42
15 RIL 13
16

17 §T- 92
18 LASTX
19 RCL 43
R

21 51- 38
2 RIL I3
23 REL 44
LR

25 5t- 48
% KL 17
A RCL 1B
k.

29 REL 1%
e

kHE {4
3z 510 58
31 510 85
3R
35 12

3t 516 53
W

34 510 59
3% BCL 52
A8 xt2

11 »

42 §T- 51
€3 eCL 85
44 RCL 18
45 Xt

& sI+ 92
ir

48 5T+ 58
49 kL 38
38 Rt
5l e

52 §T- 51

53 RCL 88
54 RCL 13
35 %82

54 51+ 53
57 7

5B 51+ 5@
S RIL 49
£ x12
gl

£2 51- 51
B3 RCL 17
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154 201 12
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158 7

139 ROL 32
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174 RCL BR
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[=-65.8
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PLUHCE=43.9
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TILT=-45.8
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]

Ka
3=
1=
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