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Plate 1

False Colour Landsat Image of the Olaryl
Province, South Australia. Scale 1'400,000 I
Note a variety of geological structures
and alluvial cover. Digitally processed
by courtesy of the South Australia Landsl
Department.
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Figure 1.1 General geological and geographical situation of the study area'
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content chiefly determines the magnetization of rock formations.

Fine-grained powders have lesser susceptibility than powder of

coarse grain, but may have greater remanent magnetization'

(2'Geolooic Hi storv:
The thermal and mechanical events which occur in connection with

igneous intrusions, regional metamorphisrn¡ tectonic movements'

machanical and chemical concetrations - distintegration and

lightning are IikeIy to affect the magnetic properties of the

rock. (c.f. Heiland, 1946; Grant and west' 1965). Coercive

force, remanent magnetization and susceptibility are

individually dependent on temperature- A correct analysis of

thermaL relations is difficult since the sane ferromagnetic body

may not exist after changes in temperature and another body may

have been formed with a different structure and chemical

properties. The intensity of magnetization decreases first
sIowly and then more rapidly with temperature until a critical

"Curie Point" is reached'

!,Ihen a magnetic rock is heated to the curie Point and then

cooled, its magnetism reappears at a much lower temperature'

This is known as ntemperature hysterisis magnetization" and

occurs particularly in pyrrholite (Heiland, l-946) .

nt tion ntra
Disintegration and concentration of rocks is effect ive both

che¡nically and mechanically. Since the trivalent iron is more

paranagnetic than the bivalent iron, rock magnetism is much

reduced when magnetite disintegrates to Iinonite or hematite'

conversely, on contact and dynamic metamorphic processêsr the

iron in sedinentaries and other rocks are transformed from the

bivalent into the trivalent forrnr so that concentrations of

magnetic minerals are found near intrusive bodies. The

mechanical effect of disintegration is to break up the magnetic

particles and produces a more fine-grained material' and

secondly, increases the s¡ncing of particles and path

reluctance. Both result in a decrease of magnetizaEíon and

increase of the remanent effect of fine-grained material.

concentration of magnetic material has the opposite effect of

di sintegration.
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Figure 1.2 The aeromagnetic map of the olary Province (photo reduced version of the

1:50,0t)0 contour maP)
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Figure 4.3 Two-di¡teusional magnebic modelling of bhe anouralies in Zorle E' Solid Iines

a.re observed fields; dotted lines are calculated frelds
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CEAPTER 6

Aeromaqnetic L ineament StudY in the

Olary Province South Australiat

6.1 Introduction
The concept of lineaments within the earth's crust has d i rect

and far-reaching implications for all fields of geolgy, and in

particular, those that are concerned with the fundamentaL structures of

Èhe earth and with the origin and distribution of mineral deposits.

This chapter attempts, through aeromagnetic l-ineaments, to demonstrate

how to correl-ate the l-ocally mapped structural features in the olary
province (Berry , 1973i Wilsthire, 1975) to the mega-structures that

have been recognised by o'DriscolI (1981a and b, 1982) and Harrington

et a}. (198Ð. O'Driscoll (1982) has shown that south Australia and in

particular its central part, the Adelaide Geosyncline' is covered by a

network of sets of intersecting shear-net systems which have

contributed to the evolution of the geosyncline; and he has related

them to the concentration of copper deposits within the state'

Brock (1g57) has remarked that nlinearnents are facts whatever

these facts may mean"; and he stated that "we would not presume to be

prescient on the rnatter, but would point out as any elenentary treatise

on logic will show that there are different senses of facts'n Howevert

there are instances when geologists go into the field to look at

specific places for the cause of a specific lineament or linear

features as revealed by air photos, geophysical data and/or imagery of

v'ärious types and in many or even most cases they find the sought-for

evidence,thustyingthe.'elusive"linearfeaturestohardpreviously
unknown geological facts (Gay' I9741 '

Limitations on structural interpretation of the olary Province

arising from lack of outcrops in some regions and uncertainty in the

stratigraphy, and diff ículties in determining t'he age of some f olds

(Wiltshire, 1975, p. 63) make it suitable for magnetic lineament

anarysis. Thomson Ãg74, fig. Ð and Rutrand et ar. (1981 , fig. 5.3'

p. 3::Ð have referred to some cif the aeromagnetic lineaments in this

area as faults (fig. 2.4) '

6.1. t Scale of Linea¡nent Analvsis
Controversyastotherealityofalineanenthasres ted on the

scale; and to accommodate those who think in scales other than field
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(b)

(c)

A.5

To use the program a vsN control statement (see

University of Adelaide Computing Centre Local
publication No. 503/1978) was set up with two input

cards containing:

(i) the number of blocks to skip (NSKP) ' the number

of blocks to read (NBLK) and the input option
(IOP) ;

(ii) the format in which the data is to be read ("9'

49Rt).

It was found useful
whole Process.

to retain this format throughout the

The cornputing centre's FORM-data naniputation utility'
(see cyberrs usersr Guide sof t lrlare FacilíEy 1979, p'

65).TheFORM(FileorganisationUsingRecordManager)
commands were used to reformat the data' FORM can read

records Ín any format, selectr Eêformat' sequence and

otherwise manipulaÈe the records. It was especially

usefulfordataorprogramsreceivedfromother
installations. Al-most all the functions perf ormed by

FoRMcanbeperformedbyFOTRA}Tprograms'butwriting
FORM directives is easier'

This was used to extract the coLumn of magnetic readings

fromtheprofilerecordagainsttheircorresponding
eastingsornorthings.Thisprovidedastructurein
which they could be plotted as analog records;

A FOTRAI{ w program f or plotting the prof il-e data' ât

the Computing Centre's Calcomp plotter at any chosen

scale. It was the practice to provide the profile data

on the same scale as the contour maps;

The computing centrers PAGE Command (university of

Adelaide cyber users' Guide to soft vüare Facilities'

Ig7g, p. 145) - The command was used to disptay on the

screen selected positions of the file containing the

profiledaÈa.Thefilemustbeassociatedwíththe

(d)



A.6

users terminal as a local file, that is, the local file
name must be included in the output from the FILES

command. In addition, the file must be an ordinary text

file. windows of data containing any anomaly of

interest were extracted by the above method. Other

information, such as the model name, number of data

points, station s¡ncing, field intensity' field
inclination, and zero level' $¡ere added to it to make up

a data file for input into the iterative optinization
scheme used for the quantitative interpretation (chapter

3).

4.2.4 llethods of PosiÈis¡ninq Lnoma-lies
Before any interpretations are begun' it is prudent to insPect

the analog records and to mark anonalies of interest on the

aeromagnetic maps. This alIows the interpreter to develop a "feeI" for

the data and at the same time to cross-check the compilation and any

corrections which may have been applied'
Geotogic and aeromagnetic maps at scales of 1:50'000 were used

for this purpose. There $¡ere slight discrepancies in the alignment of

the geology and the aeromagnetic maps at I:501000 scale; in the form of

a mismatch on the overlay of aeromagnetic map on the geology map'

Estirnates made from the two maps showed that the aeromagnetic map is

about 350m east-west smalrer than the geology map and about 50n north-

south smal]er than the geology map. This was resolved in most of the

cases by com¡nring the profile ptot in the following vray' An anonaly

that can be confidently correlated on both the contour map and the

p?ofi1e plot on the same scaLe is confirmed on the geology map to come

from a particular rock type (eg, zone A anomaly on the MacDonald

Corridor).Theanoma}iesonboththeprofileplotandtheaeromagnetic
contour map are arigned and then correlated to the underlying geology'

other anomal-ies took their reference correlation from this position'

Thisisnotgoodbutwasforcedontheauthorbecausenomoreaccurate
method vlas available'

t
The aeromagnetic maps consist of a complex array of overlapping

anomalies which are derived from a multitude of geological sources'

creating difficulty in resolving anomalies due to an individual source'

Anomaries with moderate to large amplitudes and slopes indicative of

magnetic sources were selected from the flight path records' The
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AUTOMATIC INTERPRETATION OF MAGNETIC PROFILES

C ' 1.1 Introduction

Inthisappendixwedescribeanalgorithnfordeterminingthe

paraneters of a dipping dyke fron observations of the total magnetic field

atstationsalongasurveyline.Thealgoríthnconsistsoftwoparts:

(i)aforwardnodel,whichpredictstheanonalycausedbyadykewith

Parameters;

(ii)anoptinizationalgorithmwhichattenptstoreducethedifference

betweenthepredictedandobservedanomaliesbyadjustingthe

paraneters of the dYke '

!{e have restricted attention to a two-dinensional model in which the

dyke has infinite length and depth extent, but finite width, and for the

optinization algorithn we chose a modified Levenberg-Marquardt algorithm

called zxssQ, available on the IMSL library. The combination of the two

seems to be both fast and fairly stable '

A detailed approach to interpretation of nagnetÌc survey data is curve

matching.Thishasbeenthorough]ydiscussedbyGay(1963)andits

automatic counterpart, curve fitting, has been the subject of many papers

recently(Johnson,1969;Al-Cha]abi,1970;Hjelt,1973;andRaoetal',

1e73).

Won(1981)hasdevelopedaninterpretationprogransinilartoours'

except that he used a Gauss-Newton algorithm for the optimization rather

than the Levenberg-Marquardt algorithrn. l{hen all the model paraneters are

weII deternined, both algorithns perform sinilarly, but in the presence of
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the data, the Levenberg-Marquardtpoorly determined parameters or noise on

algorithm is suPerior'

(1)

(2)

(3)

C.7.2 The DYke Model Fig ' C ' 1

We assune that:

the dyke is diPPing at an angle d ;

the dyke has infinite lenght and infinite depth' but finite width B

the susceptibiLity k of the dyke is suff i,ciently s¡na]l that

dernagnetization can be neglected'

Inthemathenaticalfornu]atíonofthenodel,weadoptthefol]owing

conventions.

(1)Theco-ordinatesystemwil].belefthanded,withpositivezpointing

downwards.

(2) For any vector V, we will let Iv and Av denote the polar angles

which fix the direction of y_, as shown in Fig. c.2. Thus Iv is the

inclinationofy-tothehorizonta]andAvistheanglebetweenthe

horizontal proiection of V and the positive x-axis'

I{e demand that

Ë.t'.å

-II<Av<II

(3) Let C denote the proiection of y- into the xz plane' and we

introduce angles I'v and A'v as shown in FÍg' C'3' I'v is the

ínclination of d to the horizontal, and A'v is the angle between

V and l. An elementary calculation gives

tan I'v = tanlv/cosAv

cos A'v = J 1-sinzAv coszlv
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We denote the ambient magnetic field of the

c3'

earth , by I, the

observation of thenagnetization of the dYke

anomaly bY U

With these notations,

o=C(^+-^-)

where

the anonalY is

C = 2MCosA'mCosA'usind,

^+=wcosQ+logr+SinQ,
Q=i't*I'u-d-Í/2

andY+andrtaretheanglesandradiishowninFig.c.3

It is easY to show that

Yr+ = arctan (X - D + B/2 c.1
z

r+= JZZ+(X-D+B/2)¿

We demand that the principaL branch of the arctangent function be

chosen in (C'1) so that

-fi/z<v*1Í/2

The amplitude faCtor C in the expression for the anonaly arises as

follows:

(1) Onty the component of the magnetization in the plane nornaL to strike

contributes to the anonaly. Therefore, the anomaly ¡neasured in the

plane is ProPortional to MCosA't

(ii) If we measure the anomaly in some direction other than the plane

normaL to strike, we measure only a component of anonaly

proportional to MCosA'*CosA'o

by M , and the direction of

It is worth nothing that the factor c governs the nagnitude of the
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anonaly, but does not affect its shape

The second factor (A+ _ 
^-), controfs the change in the anonaly with

theobservedposition.NoticethatthecoefficientofCosQin

(Â+_Â-)isevenfunctionof(X_D),whereasthecoefficientofSinQ

is an odd function, so the angle Q control.s the degree of symmetry of the

anonalY.

The derivation of the expression for the anonaly can be found in Gay

( 1963) , Reford ( 1964) , Koulonzine et al ' ( 1970) '

Note the foLtowing special cases i

(i) I d eti 10n thout

In this case '

M=kI

where k is the susceptibiLity of the dyke

Am=At'In=It

ConsequentfY,

( ii ) Vertic al. f ieI d measurements

Iu = I'u ='lI/2

(iii) Hor zontal field sur ts

IIu=Iu =0

(iv) TotaI field mesurements

Iu = It, Au = A¡

Ina]]themode]lingdescribedinthisthesis,wehaveassu¡nedinduced

nagnetization without remanence and total field neadurenents'

FinalJ.y,wecollecttheparameterswhichdescribethedykeintoafive

conponent vector G as follows:

k - nagnetic suscePtibilitY = '1'
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d

Z

B

D

angle of diP

depth to toP of dYke

thickness of dYke

horizontal location of

= n2,

= -3'

= n4,

centre of dYke @5,

C.2.7 Fornulation of the Inverse Problen

Supposethattheobservedtotattieldanorna].iesatstations

Xl, X2, Xg,'.''., Xn are o1'Ô2' o3"""' om Let

F; tÐ = o (*i,3), - ôi c'2
L-

denote the residual, or difference between the observed anonaly and the

predictedanomalycomputedfromthedykemodelwithparameterG.

We seek the paraneter of -'l which ninimizes the cost function

Fl-l = ts Fil')z c'3
L=l

üle anticipate that any al-gorÍthm for computing d will be iteratÍve and

wi].lproceedfromaninitiatguessStoa]ocalminimum-dl{hich

localmininurnofFthatisfoundwilldependupontheinitia]guess,so

it is very inportant that iO be as close to the correct vafues as

possible.Inotherwords'everyeffortmustbenadetofixareasonable

5 from the available geological or other geophysical- information' The

strategy we have chosen for deternining 5 is described in a later

section.

C.2.2 Choice of Optimization Algorithm

A strategy conmon to many optinization algorith¡ns is to approximate

the cost function F by a quadratic function F* in a neighbourhood of

the current Point, --35 Thus 
'

F*GJ = * g - -F)" cr (- - .k) +
6

+ þ- -I()" gk + f L3¡¡)'



AF
Gk)where (ex) i ô-i

-a2r l%)and (ck) ij ô.i a-j

are the gradients vector and Hessian

example, the Newton-Raphson algorithn

point ik in the direction of the

positive definite!).

Thus,

c6

, respectivelY' For

fo fron the current

(provided that G¡ is

matrix

takes a

minimu¡n

ofF

step

Fs

Gtgk = -cl( c'4

Because the Cost of computing Gt-1 is usually excessive, a nunber of

variations have been deveroped in which Gx-1 is repraced by a positive

definite approxination. Perhaps the simplest is the Gauss-Newton algorithm

whichisarrivedatasfol].ows.LetJdenotethenxnJacobianmatrix

(.rr)ji = aFi l-*)
ð'i

then gk = 2Jt"fo

and (cr)i j = z(J¡rJ¡) ii * 2 nËr Ft a

ô'j Ati

Providedthattheresidualsaresma].f,itcanbearguedthatthe

second term is s¡nall and so

GK = zJTJ.

WÍththeapproxination,equationC'4forthestepökreducesto

Jt' Jtæ* Jt" E-u c ' 5

ConvergenceoftheGauss-Newtona]gorithnisguaranteedifthe

condition number Jk"Jk is uniformly bounded aü¡ay fron zero' However'

powell (1970b) has demonstrated that convergence to a non-stationary point

can occur.

rt was the Gauss-Newton algorithn that lrlon (19s1) used for automatic

I
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interpretation of nagnetic survey data'

ThenajordifficultywiththeGauss-Newtonalgorithmisthatthe

matrixJk'Jkwittbeconeverypoorlyconditionedwheneveranyofthe

pararneters of the nodel is poorly deternined' once the condition is bad'

errors or noise in the data can lead to Ìarge errors in the step ök ' and

consequentlythealgorithmwitlfail'Levenberg(1944)andMarquardt

(1963) suggested a nodification to the Gauss_Newton algorithn as fo].lows:

replace equation C.5 for the step by

(Jt'Jk + u¡ I)-9* = - JX"fu c'6

where the Paraneter uk

inverse of (JttJt + u¡I) '

is to be chosen at each step to stabilize the

Many different algorithms of the type have been

suggested: sorne control the iteration using uk directly; others

using the spectral radius vk and choose uk so that ll-&llz

employing an inner iteration (More' 1978; Jupp and Vozoff' 1975)'

control

=rk

It is clear that the Levenberg-Marquadt algorithm for ninimízing a sum

of squares of n non-linear functions of n variables is an iterative

application of the technique known as "ridge regression"' which has been

used successfully on nany linear least square problens' Innan (1975) and

Hoversten et ar. (1932) testify to the suitability of ridge regression for

a variety of geophysical problens '

We have

eliminates the

routine ZXSSQ

settled for a modified Levenberg-Marquardt algorithm

need for explicit derivatives ' The algorithn is the

rryhich uses the iteration,

which

IMSL

.k+1 = * - [rn"tn 
*,kDk]-]x"rt

where: (i) J¡ is the Jacobian matrix at -k evaluated by finite

differences;
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(ii) D¡ is the diagonal natrix equal to the diagonal of

JI.tJk

(iii) ük is the Marquardt paraneter at the kth iteration

The precise strategy for deternining vk at each iteration is

described in the IMSL docunentation'

]tisworthremarkingthatwealsotriedthelMsLroutineZxMlN

which required only the value of F and not the values of the individual

residuafsFl,FZ,F3,""',FnAsmightbeexpected'ZXMINwassìower

and fess stable because it had less infornation at its disposal '

C.2.2.7 The InitÍal Guess ' 39

Aniterativeprocedureperformswellwhenthestartingvalues-0of

the iteration is close to i

Wedeterminethephysicalparametersofthebodysuchaswidth,depth

of burÍal, attitude, and susceptibirity contrasts from the unique

characteristics of the ano¡naLous magnetic profite, such as the ratio of the

shapes of the two flanks of the anonaly, the location of the points of half

naximun sJ.ope and the distance and intensity difference between the maximum

values of the anomalY curve '

corrections were made to the estimated width value for dip' especially when

the dyke is thick or when the directÍon of nagnetization and dip differ

greatly(Hje]t,19?3,p.247)'Correctionstodepthwerederivedfronthe

fornula given by McGarth and Hood (1970, p. 836); white the horÍzontal

position .5 of the dyke we tied to the position of the ano¡naly naxinun

through Hjel-t's (1973, p' 248) correction factor'
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C.2.2.2 Flow Diagram

1C ta Inout

Number of stations

Station Positions
Anomaly values

Inclinations of the
earth's nagnetic field
Magnitude of the
earth's field
Strike
Station sPacing

zat Con Data

NSTN

x(1),x(2),...,x (NSTN)

vAL(1),...,vAL (NSTN)

AINC

F IELD

STRIKE

DELX

NSIG

EPS

DELTA

Nunber of significant figures

Tolerance on sun of squares

Tolerance on the norn of
gradíent

rt

Subroutine Start
Conputes .0

Subrouline ZXSSQ

Terminate iteration if k

(1) *k+t and 'k agree to
significant flgure;

(2\ lssQt+r - ssQkl < ePS

(3) llexllz < DELrA

NS IG

Subrou ne fun

ConPutes

pi ( *t)

rt

Data OutPut r( .
VAL(k) , X(k) , o Íxkr- )* ano

VAt(k) - o (*k , - ) , jk
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TheprograncallssubroutineSTARTtocomputetheinitia]guess:0'

SubroutineZXSSQrequiresasubroutine,calledFUNC,tocornpute

residuals Ek at the current point :f< Provision is nade to plot the

observed and carculated values against the station locations '

2 .2.9 Test ExamPIe

The program was tested on the theoretical profite of Won (1981'

p . 2!2 , Table 1) ' The data and program (Irlon' s ) used were

(19S1, personaL communication)' The values obtained fro¡n the

are shown on Table C'1 and Fig' C'5' A very good agreement

betweenthetwomethods.Exaninationoftheresiduafsreturnedbythetwo

nethodsshowedthattheneth<¡ddescribedinthisthesiswassuperiorto

Won's.

many of

In addition' Won's progran failed to produce satisfactory fits with

the observed field data

EqualJ.ygoodfitswererecordedbyCohen(19s3,Ínpreparation)and

Staker(19s2'personalcommunication)fortheirrespectivefieldproblens

usingthe¡nethod.Thereasonnaybethatthemethodworksverywellin

practice'Itisprobablyrobustandbehavessinilarlytonodified

Gauss_Newtonalgorithmswhichitisintendedtoemulate.Convergencewas

achieved in a relatively shorter computer time than that returned by won's

program

Hoversten et al. (1gg2) have also reported good resufts from the

methodonresistivitydata.Intheircomparisonwithotherleastsquares

nethods they found that the algorithm proved to require fewest number of

forward problen evaluations to reach a desired fit'

sent bY Won

two prograns

was observed
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