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' . ARSTRACT v
. ' . oL '-, ' ‘ .
. . . , ‘
; Two arrays of maqnotometcr% we re oDérated\ln .
southern Afr1ca in 1921 and 1972 to supnlemont dpeu ' ’ ‘
ﬁch1umberoer resistivity studies . The f1rct two-*
- ~

dimensinnal arrav of 24 three componedt maqnetometers

‘WAS. onerated in ‘central 90uth Africa durwnn Sentomher

and.nctober, 1971L Three-subs*Zrm'séquentes hawe'been

ana1vsed Maanetooraws and maps of Fourier transfnrm -

h

'am011tudes and ohases show a 1ar0e.anoma1v i thevvertjcal

N

and nnrthward horizontal variation fields-over the period

o

ranqge 24-293 minutes. The vartlcaT field has a maximum

né%r Beaufort West and’ the nor1znnta] field increases

southward to a nﬁesumed maximum just south of the arrav.

Bhe principél result.'é the discovery of a major: conduct1ve
structure under the Lape Fold Belt and deep Karroo basin.
Transfer funct1qns between mean horizontgl field‘comoonents
and the vgrfical &oﬁnoneqt'show that induction is pcjnéioaj]y
n 6hase with "the no;ma1 tield. The effect of the Karroo‘

. o, ) P - .
sediments is~seen Jn the Auadrature nha;e induction
anomaly. For this and other reasons tho'tnndhctive bodyv
unier the Caoe Fnld Belt and southernmost Karroo is '

,

Drov1s1ona11y placed 1n~the ynner mant]e. A review of

.

other aeophvsical oarameters in the area indicates that

“the induction anomaly can be assnciated with eitaer a



3

transition from 600 to 2,609 Mvr, old YithoSpﬁere or a

ridge, on the more comductive mantile. More quantitative

in&ernretatibn is not possible without further observatighg ™’

south of the 197i array. . . .

Sithce the variation fieltds at the northernmost

stat1cns 4n this array cantain only seal’l anoma]ous .
cnmnonents these‘data were used for one- dimensional
model]hno Althouoh the data have some properties— that
wnd1cate a . deviation from a one d1mens1onal s1tuat1on, the

resul ts, sunqesﬁ a slover increase in conduct1v1tv w1tn

\-L

deoth ‘n the range 20M-830 xm in the Kaapvaal :shield than

in the d]oba] mode1.of Banks . (1972)

The second arra/ of maqnetometers was operated
in Squth west Africa, Botswana and north western Rhodeswa
from December 1971 to February 1972 Results from three
per1ods of geomaqnet1c disturtrance are: presented Haqneto;
grams and maps of Fourier tvansform amplltudes and phase!"
show an anoma]y in the vert1ca1 and horlzonta1 varlavt‘lon
fields over the nerxod range 21—]71 minutes., A wel]—defwned
reversalt 1n fﬂe vertical field is observed between Outjo

and Syk<ses on the western edae of the array. Transfer

functions and vertical\field phase maps show a zone of

- induced currents that continues the south-westward trend

of the Luanawa-middle Zambezi "ift, an extenswon of the

Fast,African Rift s$gtem. " The conductor bends "south of



the O%avango Delta to run in line with the Walvis Pidge

Al

-nearly due west acrouss Soutn-West Africa. A study of

: i
the induction vectors and the nalf-wictius of normalized

annmalous profilas indicates 7a TitMospheric conductor.
LY N -

S . . Cer e ] . .

The eastern branch of the'ponductor pDarallels thoe known

faults iH Fhat area. Seismicity suegests tnat the
LUanawa-midd}e Zapgei? Nift continues t6 {ho soutH—west
inty:ﬂotswana ainﬂd the cognductivity ‘anomaltv:., The west-
“ "
wartd arm 5?‘¢he'gonbuc¢or is associfAted with seispic

‘activity.  The zone 6f induced currents coincides with «

lTinear positive Boujuer anomalies. Overall qgeophysical

and qeolaaical "evidence indicates, that the hign conductivity

may befassociatéd;wftﬁ'a fracture zone in the lithospnere

‘and‘ﬁay trace an exteﬁsion of the Afritan Rift svstem

. S, : ‘
along oid weak .zones in the continermt.

[ . . .

vi
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CHAPTER 1 _
- .

BACKGROUND TO THE INVESTIGATION

) b’l‘g) v

(2]

.

1.1 Induction theory fO(;gggmpgnegigﬁjnduc{ion studies

The time varying magnetic fields used in geo -

maanetic induction studies such as magnetotelluric soundinq,

qeomggnbtic deetp soundina and magnetometer array-studieé,
have the{r origin outside the earth‘aﬁd diffuse tﬁfough
the earth to induce currents and produte sécondhry fields.
A “The mathematical formulatién of the necessar}
iéduétion theory begins with MAxwel]'s.eQUations. In

-

MKSA units these are:

AN %T . - “ (1.1)
i cH=y e g ) : | SRS
" v. B0 (1.3)
\ SN - (1.4)
In an isotropic-medium: ’ fb )
' y-1e | (1,5)

=4
H
™
P
_
o
g

o
1]
™
—
~
~—



with B tne Eagnetic flux density (wb/mz, Tesla)
H the magnetic field intensity (AMK)
tﬁe electric field strength (v/m)
B the electric displacement (C/mz)'
~r = — the resistivity (ohm:m. c-m)
;.the electrical conductivity (Siemens/m), -
~ ) the current density (A/mz)
, the permittivity {F/m)
u the m?qnetic be}meab{lify (H/m)

J

For the period range and conductivities of

interest in magnetometer array studies the displacement

cunrent.%% is negligible compared with S (Price, 1967).

When the>cur1_of eq. 1.2 is taken and eq. 1.1 and the
relations of eqs 1.5, 1.6 and 1.7 used, £ can be eliminated
to reduce Maxwell's equations to the induction (or diffusion}

equation =

W2 - w2 (1.8) -

oot

gimilarly, by eliminating d the diffusion equation in £ .
. ks

can be written as

‘r,2 _ ol \v-g .- A ' . ]
CE = Ly | Y (1.9)

Tozer (1959) showed that deep in the earth u is close to

o (i.e. 4m - ]0'7 H/m), which means the di ffusion eguation

~



depends only on' the period of the fiéld and the resistivity.

The atmosphere is assumed non-conducting, with » thus.

infinite so that \

' YeX ‘ (1.10) .
) X . .

above the surface of the earth. Above the ground the

-maqgnetic field intensity H can therefore be expressed as

. Ho= - i ~ (1)
. ) . . » . v !

where U is a'scalar notential function obeyipg Laplace.s
LN -

"equation . .

Q . o

vy = 0 _ | S U8 I3 TR

Within. tne earth, where .. ; 0, the propagation

of tne field is controlled by another equation. Assuming

a time dependence of exp(iwt) wf;h'“ the angularﬂfﬁequency .

of the inducimg field and neglecting disp]acemqht currénts,

eqs 1.1, 1.2, 1.5, 1,6 cah be combined to give .
2. '\;* ] .. . '
R I O & R ) (1.13)

. &) . .
H . ‘.

This represents the basic equation. for the variation -
field within the earth,.
. a

Schmucker (1970a) separates eq. 1.13 into two
parts, the first being the "normal" solution for variations
above a horizontally stratified medium, and the second

being the "anomalous" variation field superimposed on the



normal ¥iehd due to lateral variatjons of conducttvity n

the substratum, Tue two solutions dre add1t1ve sinde .

eq. .13 15 a llnear ggwation, By wr\tlng H a' s a Sor‘theO
Y - *
anomalous parts- "and H, and u; for the normal par%ﬁ'wﬁere5
. . ® 4
H = Hn *‘Ha, A + pa“aﬁd bear\Tg m1np that . L%,
-~ i \

o= nn(z)'BnWy. tife ‘noermal equation bacomes

’ i'“Ukj
2 _ n
v ﬁn = . L

R

The equation for fthe anomalous pa
' . y

\;Z}Ia eo(dodlo IF a]
1 [N . .

The normal equation is generally soluble in
cartesian and polar coordinates, as will be shown in
Chapter 5. The anomalous equatian is, nowever, only

-

readv]y so]ub]e for cont1gurat1ons of high symmetry or for
two - d1mens1onal gases (Hobbs, 1975) )
The diffusion of the primary field into the

Carth is related to the skin depth given by the equatidnJ

— N N -.. :
e'~f.=/,2”- | (1.16)

1
0

This defines the depth beﬁeath the plane surface of a

uniform conduct1ng ha]f space where the amp11tude of the

- ’

primary fleld falls to l/e_of its surface value. The skin



depth decreases as the resistiVity and/or perioq detvedse

Skin depths of interest in array studies vary from Just

more, than 6 km for a fie]d of period 10 min inei n
seawater With a resistivity of .25 ohm. mﬁ to mori an
4,000 km for period 24 hours and res1stiv1ty ,000 ohm.m
(e.qg. resistivity of lower crust and uppermost mantle in

..

'stable continental areas).

1.2 Conductivity‘giﬁtribution i{;the earth ' .

1.2.1 Global geomagnetic sounding: a study of the radjal

distribution of electrical cdnductivity

Time-varying megnetic Fjelds arisinq out51de the
earth whicn)acts like a conducting body. induce electric

currents ‘in the earth so ‘that magnetic fields with an

“~internal oriqin are produced. The theory of electromag-

netic induction incorporated in- the reiationship between
the parts of dransient geomagnetic variations of external
and internal origins, 3s obtained by analyses~of world-wide
.data; provides a'megns of inferring the~e1ettrica1 conduc -
tivity within the earth.

. The theories involved in global eﬂectromognetic
'induction'are from Lahiri and-Prite (1939) and Eckhardt |
A(]968) and nave been reviewed by ?aiiey (1970): In the air

above the earth, theimagnetic field can be represented as

-vw_where W is a magnetic scalar potential sa}isfying



. .

laplace's equation. The magnetic scalar.potential cuh

be reﬁresewted in terms of sphericafl harmonicélwhich are

\ -
solution§ of Laplace's equation. Anz,solution for W can

thus bLe'.expanded as

- .~

w-(r'.k"\:-';t) 3.' fr‘;:“‘.(t)(g)-n-]]Pr’:‘('COS.U)_ei‘I“:

r

(1.17)

\

with n &he harhonic degree, m the order, - the‘colatitude,

the longitude, a the earth's radiust and _: and 7

n are thg

amplitudes of the external ,and internal parts'gf,the'field

respectively, P:(qosw) is thel3$sociated'Leqendre function

of degree n and order m. ¢
/

In the conductive earth use can be made of the

magnetic vector potential such that
8 = -4 (1.18)

Laniri and Price (1939) have shown that where the
conductivity is a function of radius only, & must be o}

the form

I SR (1.19)

-

with U a scalér potential,
- Taking the curl of €q. 1.8 and using the rel;tions

g - WA, 0« K= 0 and £ = - %é together with the assumption
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%)

that free conarges are not present witnips thv chnductor
one findls that

'Y2A : iane(e)K . : C - (I.de

This 1nduction/equdti6n whicn 1s alsqg.satisfied by U A4
the' central equation of aeomagnetic deep suundfnq,

Inside the conductor, solution of eq. 1.27 for

U vields
[
*l] m m
= ‘ (r) p_(cos:) (r.21)
n n
n-1 m=-n
where f: satiSfies the radial indy(tion equatifon
G T YT S S (1.22)
.‘r ‘7‘;r ~n Ato .

Under the QOuhdary conditions that the tangential
components of £ and H and the normal component o} g are
cantinuous at the surface of tye Sphere, tne potent1al'ahd
1ts radial derivatives above and below the surface of the
srhere are fitted smoothly teqether. Tne resulting ratio
of the induced amplitude ': to the in}ucinﬁ field amplitude
e is sT(.) .the aeomagnetic response of the earth in the

spherical harmonic mode p:. It is a function of frequency

and the conductivity and is used to model observational

" data by comnarison to the internal and external field ratios.

<3 | r
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» S Lahivrey and Prh\t\i)ﬂi)) obtarned an anelyti

solution for eq. 1.722 for a model wnose conductivity®

varied as an arbitrary pOwer of the radius, They fitted

4 five-parameter model to botnh Sq- and Pst-vurrtdtions. Yy

contains important aarmonics at pergiods 6, 8, 12 and 24 hr
9

and Dst ig a transient with useful .amplitudes in the fTourie

transform with periods up to several days, In the Lanyri -

«

"rice model the maijor featurecs are the tollowtng: 2

(V) The resistivity varies slowly from a value
p |
Qq
of 100 ohm.m near the earth's surface to about 5 oHm.m at
3

a depth of about 400 km,

\

(2) Between ,4U0 and 800 kmn tne <unductiiity

increases rapidly with depth.
A
Rikitake (1960) repogding work déne around 1950,
A .
¥ ol ..
determined uniform core models Whch.werg compatible witn

e T,
available analyses of Sq, ust, }ué'qeomdqnetlt bay (typrcal

neriod 1 hour), soldr re effect (period of about 3V .
min) and the 27- y period variation. He modelled tne

'y
induction by means of a-rapid fall of resistivity to about

17 ohm.m at a dqyﬁh‘af about 400 km. 'ap the models
optained in the yfﬁgsical stddies (Fig. 1.1a) show a steep
rise in conQdé}ivity ipfyﬁe depth range 430 to 700 km,
sbut it uﬁé‘not possible to say confidently if, or where,
the,cgnductivity leveled pff. Estimates of tne deep
’gonducti{l;y”have been made by studying tne transmission

through the mantle of the secular variation of the main

4

P
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Fiaqure 1.1a Examples of conductivity models of the Earth
- obtained. in «classical studies (McDonald, 1357
Ri{kitake, 1960). The Price-McDonald curve
nublished bv Mclonald (1957) combines his ’
estimate of the lower mantle conductivity
with one of the Lahiri and Price (1939) modejs.

’ -~

Fiqure 1.1b- The models of Banks (1969, 1972) and Parker
(1970) for the radial conductivity of the
Earth. .
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qeomaqneﬁic field, which is'gvnerafed i% the'outet-coré.
Assuming that the cutlof{ ffeqﬁency of the secular
vpriation (0.25 yr-! as ‘determined by Currie (1968)) is.
nog an intrinsic property, but due to the filtering-
prooeﬁties4of the mantle, a nuymber of investig;tors (e.gf
'H;Dona]d,i}QS]: Smylie, 1965) estimatep-ﬁh\\conduci@gity
of.thellpwer mantle to be 100 $.m" . . '

| It was only.about 1960 with the advent of high§~
speed tomputers capable of handling~1arge data sets, that
detailed analysis of the conductivity diétributioh in the
earth became'possiple. Outstapding ampng tne recent work
is that of Bénks (1969, 1972) and Parker (19790, 1972).
Banks examined the nature of the ggomagneti; spectrum,
the peaks as well as the continuum between them and-found .
;/Ahat the sigg}e gphericaliharmonic P? descfibéd the varia-
tions qufte well. An estimate of the response of tne’
earth in'the.P? mode over tne frequency range 0.1 tb .25
dav—] was obtaAine‘d. A n;’ulti-layer‘ed model was fitted to
these response data and produced a tbnducthity.estimate
as shown in Fiq. 1.1b (Banké,'l969). ’A];o shown in this
fiqure is an .improved model obtained by takinq.inﬁo
accouﬁt 2 betfér fit of the phase relations (Banks, ]972).h
Parker (1379) appiied the Back;s-Gj}bert linear
inverse technique (Backus and Gilbert, 1967, 1968), to

the geomagnetic induction probiem. He used as observables
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(from the Banks {(1969) d&ia) the moduli of the geomagnet)«
responsée 6( the earth in tne P? mode a£.35 frequencies

between .01 and- .2 day_]. .The final model fitted to‘the-‘

data is shown in Fig. 1.1Q. Parker's moded differs from
‘that of Banks in that it qives a cénductivity.fgr the top
40@ km of the earth: about one order of maﬁnityde higher.

The cause of this discrepancy could be the fact that

Ranks' data contain negative (nonphysical) phases _at '
perinds less than 5 days, or that Parker did :jfz;ﬁzahg\
porate the phase ihfonmafjon in his inverion! or an

inherent ambigquity of }ne mpdelfinq me thod Banks uéed}'or'
more than opQ these (Banks, 1972 Jady. 1974:1,b)'.
. ailey «£1970) and Weidelt (1972) described
exact invﬁrsi]metpods;.wuich.unfontunatély require as
input preé??é data.over a-broad frequency fénge. Data of
that qua]ify'are nét yet avatilable. . .
In‘a&] studies discussed %ﬁ tuis section;
§pherica1 symmetry has to ‘be assumed- to make the
theoreticai problem trattable. The short period limit

for these studies is determined bv ,induction effects"

{
caused by'lateral variations in elkctrical conductivity
in the crust and upper mantle. In practise tnis means

that only data with aaiBriod longer than about five days

tould be used in these studies. The outcome of thig

Timitation at the high frequency end of the spectrum is
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that thé conductivity structure in- the upper.ddO km of tne
earth is pogrly_resolved'(Rikitake, 1573)i ~Sthies of the
“top few hundred kilométres of the earth is thus best left '
to other methods like the «-direct current soundihg méthod%,
maanetotelluric sounaihqs_and‘shortipgrjod geomagnetic
deeq souhdingvtecwniques"not qépenainq on-thg-radiél
svmmetry requirement. .

N Since the res1st1v1ty decreases to Qalues less
than 1 ohm.m in the deptf ranne 400 800 km (Flg 1b)

even storm-tine flelds w1th 0er1ods of several days nk&g
,h1q11y reduced ampl\tudes at- a deptn of 1300 km Tnis -
11m1;s geomaqgnetic induction studies by means‘of.exteﬁnal

“ fields éf%eg;ively.to~dep1ﬁs less tﬁan IOOO'km. The

power of thé geomagqetid variation'sbectrum indicates a

steep rise at.freqyencies Tess than-10'3day:] due té_the .
.geomagnetic secular variation (Rikitaké, 1973; Banks,
1969) wnich originates entirely.witﬁjn the oq'ﬁh. Even )
if very 16y-frequency external fields were available’, the
secu]ér'variation fields woﬁ]d mask theﬁ'and would make it
very difficu]t~to use §uch very .low-frequency @xternaW

fields for. study of thé lower mantle.

1.2.2 Direct-current sounding me thods

. The two most widetly. used direct- current sound1ng

methods as far as crustal-scale 1nvesthat1ons are concerned’

~

are the Schlumberger and dipole techn1ques.

-



The Schlumberger electrode array gonsists of
four colinear electrodes (Kunetz, 1966). 4“ mak e a
sounding the two outer electrodes; the contgcts.for_
.current emission, are moved progressiiely away from the
'cehtre of the snread. The inner two electrodes, arranoed
svmmetricéllv wfth>resoect to the centre of the array
meafure the voltage drop due to the current f]ow1nq through
the ground between the current electrodes ‘In the
Schlumberger array the d1stance oftween the current,
.electrodes is always more than tive times that between
the poteotial e1ectrodes and fn.deep c}ustal to.upper:
mantle studies it can exceed 2080 times the potent1a1
e1ectrode.di§tance.' The ratio of the vo]tage drop to
potential electrodelseparation'thus approrimates the o
‘electric. f1eld

In the dipole ‘array the four electrodes are
arranded in two pairs, one*pa1r supplying current and
the other measuring a ootentiat Eifference; and the
re]at1ve arrangement of the pairs determines the type of
.dvnole array (Al'pir et;a].. 1966) . " Thé current electrode
pair is usuallv fixed }n location, while 4 component ofw
the electricg field is mapbed as a function of distance
from this current source with the poténtial-differénce
nair of electrodes. Normafly the electrig field is mapped

away from the dipole. source along one .of the pr1nc1pa]

X

- - \
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ﬂdirections. In an equatorial dipole-ﬁbunding, tne

Lomponent of e]éctric field parallel to tie source axis.

N%s mapped outwards on the equatorial axis. For a
horizontally layered éarth - but only for this
cnnfiqurgtioni- the resultiﬁqvapﬂgrent r%}15t1v1ty curve

. ;s ; function of séparation is the same as one obtained ..
from a Schlumberger sounding. When the electric field .
is measured at 1oéqtions along tﬁe axis of the source tHé
§oundinq is called a polar dipnle soundina.

| In thé direct-current sounding method the

apparent resistivity o  in onm.m is given by

oy v KPE - ' (1.23)
with AV the potential drop. in Volts, I the current in
Ampere and K a constant dependent on the electrode con-

fiquration and aiven by

K = r 2n :
L A D - '
‘ AT - AN’ ° ‘BM T BN i

where A and B denotes current electrode positions and

-F and N notential electrode nositions. The distances AM,

AN, BM and BN .are measured in ﬁetres '
"The c1ass1ca1 method of interpreting dc sound1ngs

is by comparison of a field curve with a preca]cu]ated

cataloque of refereTFE curves (e.g. Orellana and Mooney,
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1966). The curve-matching techniqueg is, however, rapidly
"beinq rcplaced by Eomputef—assisted interpretation tech-
niques which permit more reliable results to be obtained

.o

with less effort (Kunetz and Rocroi., 1970 Inman, Ryu and

3

Ward, 1973). -

1.2.3 Thé magpetotel]uric(method

-

The mahnﬁto;el]uric ;ounding me thod makes Qsea
of tﬁe nazura1 electromagnetic field of the earth as
/Dower‘source. The tecinique requ}res tha£ simuitanéous_
. .
6bsqrvations be made of orthogonal e!egtrfc'and/magﬂ&tjc,
variations in the electromagnetic field. \hagniard (1953)
.and Keller and Frischknecht (1966) provide gxceilent'
{ntrodhctibns to the theory of magnetotelluric fields over
a plane-layered earth. . ] |
o Nith‘a coordinate system at the e;rth's su}face
havina the'axes'aliqngd b north,.y'e}st and z down we have
for nlane waves aenerated by sources in the ioﬁosphere |

.

E. .
- X .
l = H;— . (1.24)

where 7 is the characteristic impedance“ia 6hms, Ex the
electric field inténsjty (north) in V/m and Hy is the
‘maanetic field intensity (east) in-:A/m. In *. .< "Aection.
capital letters signify f%equenc;—domain rebruf ns

of the field quantities.
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. .In a homogeneous (nd isotropic earth the true
. resistivity 1s related to t&\échdracteristic impedance

’

throuah the relat\on:‘( ;

. T °NT\\*\~(JQ‘2

o = ey V21T

(1.29)

where. o 1is the res1st1v1ty in onm, m, T the péfioﬁ in
seconds and w the mgonetlc permeabwllty of the medium.
In the case of a horizontally layered eartn (ong-

‘dimensional earth) eq. 1.25 becomes that for the

apparent resistivity :
£ ,
N x,2 ‘
Pa T l_H'l (]'26)-
y
which is ancy’ dependent. T .

presence of . lateral. changes in the
e]ectr1ca1 properties of the earth, however, each electric
field compénent couples to both maqgnetic f1e1d components

thrduqh'a rélationship of the form:

. 'H Z_ H
. X XX X Xy 'y
- ' (1.27)

where the matrix

' 7
X X Xy

yx . Y.y
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v

is called tnhe impedance tensor (Word, Smith and Bostick,

1970 . Hermance ; 1§73).'

-
-

1.2.4 Geomagnétic deep“§oundinq:i1inear arfray method and

large two-dimens.ional arrays

Classical aeomaqnétic deen sounding (6.D.S.)
‘me thods were deve]dpeb mainly by Schmucker.(1964, 1970a).
In G.D.S. studies use is hade of observations from a small

number af {Nree-component variomgters; usually less tnan
ten,- recording simu1£aneously" Since the best arrangement
of_Such'a small number éf_instruﬁents~1s often along a
straight line, G.U.S. metnods are usually associ&ted with
‘small linear arrays. In negibns removed from local
'inAMaligs the -smoothness o'f the observed field indic¢ates
that the electrical éonductivity varies'approximately
with depth alone, and is thus - one-dimensional. In this
case it is the 6rac£ise to compute the ratio Z/H of vertical
to hori;ontal components for an incident 'field of given
neriod T and spatial wave number k, at-the surface of a
layered conductive'ha]f—spaée (Schmucker, 1970a). The
computﬂd Z/H ratio is caomnpared with the observed rat;b for
several periods at which data are available. These models
are highty non-unidue and thg.éstimation of k is a major .
difficulty. This probTem‘will be discussed in Chapter 5.

' In regions with latera1~COnQUctivity changes,

the station-to-station changes in amplitude and phase of
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»

the f\eld components indicate the presence and LOHflquld~

tion of internal conductive structure, To man. the conduc-
tive structure‘throuqh the use of differént variation
events. several events are-recordeo w%th the maqnetometers
in each of a number of positions sucCessivelv ,A measure
of the response of the~eartnAto the 1nc1dent field is . .
requided, norﬁalizeo to that field. Parkinson (1959; 1962)
and Wiese (1962) took a first step with their arrow '
representatfons?of responée échmucker (197da) introdoced

the use of a matrix of trans fer functlons eacn of which
X ]

giveg the_respoﬁ§e nf the earth in one component of tne

anomalous field tohone‘component of the normal f1e1d;

This method preserves the phase 1nTormat10n %he-estf—

mation of transfer fnnctlons, however ‘requires Lomputation

of oowers and cross- products between normal “and’ anoma10us

fveld components. Unlque separat1on of normal and anoma]ou<
fields is comﬁonly 1mooss1b1e w1th a small array, and |
usually the field at one station is arbitrarilv'desdqnated
as representing the.“norma]f‘fjeld.

Large two-dimensiona? arrays of magnetometers
came into use ‘as a resq1t o.f the-development of an'in—
expensive portable three-component magnetometer by Googn'
and Reditzel (1967). An'advantage of an array is that‘ut

allows mapplng ‘of a single variation event over the who]e‘

array which may cover 105;106 kmz. Tnis proves important
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'

;hen deafiﬂn with specially nolarizytion-senejtiva
anomalies. A Fourier transform refers‘to_a nrecise

neriné and sums the -enerqy of the wh&le event ét-that
nerind and for this reason the'Fouriér.transform

ampli tudes and phases of variStion components have: \L,/’

nroven qood parameters to map (Reitzel et al., 1970).

“The data analyses involved in array studies will be

or for a aiven freaquency in the frequency domain.

discussed in Chapter 2. - '

‘Magnetic fields observed over part of .the

" earth may separable .into extexgdl and internal parts

by use of surface integrals. ™Poratn, Oldenburg and Gougn
(1970} used syrface integrals to separate fields obtained
witit"a two-dimensional magne tome ter array. The separation

can be done for instantaneous fields in the time domain

4

Senaration of variation fields over a Timited
nortion of the earth, however, has some. short-comings.

Fields whose dimensions arc larger than the dimensions of
> . N

the array are not separablé by the method. In tne middle

Tatitudes the soufce'fieid% have dimensions that are larger

than the'arYay'Qimensions-and cannot be separat®d. These

- limMitations led-Gougn (1973b) to state: "The separation

"exercise described by Porath et al. (1970) was valtuable,

but it may be doubted whether it should be repeated."

Nuantitative interpretation of conductivity

‘anomalies involves fitting models of conductive structures

k]
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fields, normalized with respect to the

normal (incucing) fields. Analytic methods of modelling

déal pﬁly wifh conductors of a few simple qebmetriaéh
shapes. d'frceville and xunetz (1962 ‘obtained exact .
solutions for a semi-infinite copductor with a Vért1Cdl
nlane of discontinuity. Rankin (1962) golved the problem
of a dvke model exactly. .weaver {1963) and Weaver® and
“Thomson (1972) prodgced analytic approximate solutions
or a non-uniform earth with an overnedd ltine current.
AnafogueAscaled models have been used to study
,condhctivity structure (Uosse, 1966; U;sso and "Jacobs,
1968; Hermance, 1968).
| The most successful approach to.the problem was
through numerical method:. In two-dimensional cases it s
‘useful to consider anoma]ousvfields wnich are t-polarized
ar H-Dd1arized. In the E-polarized field, the induced
currents flow narallel to tne infinitely long dimension
0f the structure. The induced field {s also E-polarized.
" The" induced ¢urrents of the H-polarized field flow at
rignt angles fo the long dimension of the structure and
their maanetic fields are not observable at the eartn's
surface. K
Of the numerical methods used for modelling éf

arbitrary shapes three nave been widely used, viz. the’

transmission line analogy method (Madden and Swift, 1969,



Wright, 1969), the finite diffoerence rethod (Jones and
Price, 19705 Jdones and Pascoe, 1971 Payadoe and Jones,
1772) and the finite element method (togqgon, 1971, Reddy,
and Nankin, 1973).

’ GePdmagnetic deep sounding tecnniques proved to
be esbecial]y well surted to detect lateral chapaes n

comductivity in tne crust and uppermost mantle (Porath,

1971 Gough, 19/74).

.

-

1.2.5 Cohductigi}z‘gjéjribujion.jp‘}hy>Sjyst and uppermost

mantle in @reas away from major lateral inhomogeneities

»

Many attempts have been made in recent vetrs to
determine quantitative electrical resistivity profiles for
tHe crust and unnetmost mantle by means of surface measure -
ments ( e.a. Keller, 1971). The vast majority of these ¢
investiqations were conducted b¢y studying variations in
the natural electramaagnetic field of the egrth, tne
maanetotelluric method beina the most widely used tecanique .

It is widely recognised that the stable continen-
tal crust can be divided into three broad wnits as far as
its electrical conductivity is concerned (e.g. Keller et al.,
1966 ; Uvorak, 1975). The uppermost of thése units is tneo
condultive surface layer which consists of sedimentary qr
decomposed igneous and‘metamorohic rocks sometimes containing

water. The underlving second unit is highly resistant (of

the order of LO? ohm.m in stable continental regions (Keller
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et al., 1966) and is made up of fresh igneous and meta-«

morohic rocks which although buried, are_stil] at low_
temoerat;res but extend to dep ths wherefpr855ures are
hiah enough to close -~cracks and e xclude water."As the
temperature increases wi th depth, the gpsistivity decreases‘

and e third unit, which is distinctly more conductive

than the second, is reacned. This unit has a resistivity
of about1,090 ohm.m for the stable continental model
(DQo*ék, 1975), Another interesting feature in the

conductivity profile is tha* there is no decrease in
resistivity associated with the Mchorovilic discontinuity
(Dvo ¥4k , 1975) . [t is worthy of note that resistipity
.ranaes through at 1east 6 orders of magnitude in the eartn,
vhereas seismic wave velogities, for instance, do nét cover
a factor of 1n._.

In a conductor-renistor-conductor sequence of
units as i¥n an idealized crust, the'%agnetote]]uric method
is sensitive mainly to the thickness of the resistant zone
and gives a poor indication of itsg resistivity (Madden,
1371) . Dicec{/Current sounding methods which use a
controlled artificial source of electrical energy, however,
are sensitive to tne transy‘rse resistance T2 (thickness-
resistivity product) of the resistant zone, especially if
the surface layer nas a larce longitudinal conductance S]

Va
(th}ckness-resistivitv ratio) . If, however, arecas can be
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L . .
‘®ound where the conductive first zonehis absent or where S]

is small it shoU}d be possible to determine the true
resist{vﬁty-and thus the‘;hiékness oﬁ‘khe resistan® zone

or at least to approach thetrue value. The;direct current-
resisiivity me thods are fhus from a theoret?ta] point qf

-

'view the most suitable methods tb.study the resistivity
diétgibution in thé resis;ant portion of the crust (Maddeﬁ,
1971).
T The dc and MT methods are probably compargble as
regards the investigation of the third unit':beéaus‘he |
response 6f both methods depends on tnhe longitudinal
conductance 53.

.Both the dc and MT methods should ideally be
used in aréas Qhere the conductivity distribution
approximates ‘a horizontally stratified case. Although
local qeomaqnetic deep sounding studies can be, and have
been, used for étudyﬁnq nori zontally stratified situations
(Schmycker, 1970a; Porath et al., 1971; Kuckes, 1973a;
Camfield and Gough, 197;) it'ig more'suitabje for mapping‘

lateral conductivity changes.

1.2.6 Results of some magnetometer array studies

Linear -gnetometer array work discovered -
several important conductdvity anomalies. Examples are:

the Rio Grande anomaly near the Mexican border in the

o »
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Midwéstern Unifed States'(Schmucger,'lgﬁd, 1970a), the .
-extensively studied Japanes;‘andmaly_(Rikitake, 1966 ; .
Rikitake and Honkura, 1973) and the conductivity, anomaly
under the -Peruvian Andes (Schmucker et al., ]967)2

‘ The firit two-dimensional- array studies were
carried out in western Nortn America by the University of
Texas at Dallas and the University.of Aiberta (Reitzel,
Gough, Porath anmd Anderson, 1§7d; Poratn, Oldenburg and
Go;dh, 1970; Porath and Gough, 1971; Camfie]duAGough and
Porath, 1971, Poréth, Gpugh and Camfield, 1971, Camfield
and Gough, 1973). These initial studies were followed by
studies with arrays from either of the above ingtitutions
(e.a. Pbrafh and Dziewonski, 1971la; Alabi, 1974; Alabi,
Camfield and Gough, 1975). \ |

Larage arrays were also Operéted in Australia

(Gouah, McElhinny and Li11ey, 1974{ Bennetf and Lilley,
1973), Scotland (Sik et al., 1974), Ethiopia (Berktold
et al., 1974), Kenya (Banks and Beamish, 1974) as well as
South Africa and South-West Afpicé, Botswana and Rhodesia
(the present study, Gough, Ue Beér and Van Zijl, 1873;
Ue Beer et al., 1in press).
| Comprehen51ve rev1ews of maénetometer array
studies have- been pub1lshed by Porath and Dziewonski (1971b),
Gouah (1973a b ) F&er (1974) and Ll‘}ley (1975). In t'his

section I'will therefore only summarize some of the more
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important results from the above two-dimensional array’
studies-and 1nd1cate the corre]at1ons between the electr1ca]
‘conduct1v1ty .anomalies and other geophys1cal anomellesT

The complicated conductivity structure of-
western North Ame€rica has been studied in gréat detail by
the arrays that operated in thet area. Gdugh'(l9ll)_gave
a eomﬁrehehsive review of the results. It was* found tnat
h1gh1y conductive mantle mater1al wh1ch has to be at :least ’
100 km thick for a res1st1v1ty of > ohm.m underl1es the
Basin and Range Province and r1dges of str1l 1ower res1s-u
tivity (or greater th1ckness for.a given resistivity)
under11e the Wasatch Fault Belt and the soutnern Rockies.
The upper.mantle under the Great P]a1ns pro;ed té be more
resistive and may approx1mate a sub-shield type "~ The
tonduct1v1ty under‘}he Colorado.Plateau is of the Great
P1a1ns tyne or 1ntermedLate be tween this and that- beneath

sizes in his review.the

the Basin and Nanae., Gough
amb1qu1ty of )nterpretat1on of depths of structures
assoc1ated w1th th@“models for the section through the

t%g belts of high conduct1v1ty on either s1de of the
Colorado Plateau. The array resuTts could be satisfied
eqba]]y well by undu1at1ons in the depth to the h1gh1y—
conducting mantle (g1v1ng depths of between 100 and 400 km)
or by variations in thickness of a conducting Ia;er in_the
upper mantle separated from the deep mant]e._ The second

A

-
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internretation is more attractive because it allows a
comparison with the doy-ye]ocity zone.” The seismic velogity
models ‘for western and eastern North‘Americd_show- a.
strikina difference'in‘thickness and intens%%y between the
twe portions of the continent:Q [n the west the depth
eﬁtent of‘the zone corresponds well with tbe required
thickness of conducting material, while the nuch e
smaller 1ow-veioqity zone in the.east is cdmpatib]e
. with tne fact that conductivity anomalies.in'edstern-Nortn
America apneer to be controlled by crustal ‘rather than
nantle conditfons (Garland, 1975). High neat flow in. the
western United States also'shoys a good correlation: with
’the d15tr1but1on of structures with high conductivity.
Gounh (1974) points out that tnere can be no ser1ous
doubt that the highly-tonductive regions of western Nor th

Amer1ca are conductive because they are hot.

The North Nmer1can Centra1,P1a1ns megnetic

'var1at10n anomaly. is one ‘of the most strikinq elongated
anomalles (Goungh and -Camfield, 1972, Alabi, 1974) The
conduct1ve body underlies an area where the basement rocks
ere poor1y.expdsed and its presence wa§ indicated for the
fifst time by magnetometer . array measurements. ATh% above

- me thods have snown that there is supporting evidence for a
metamo}phic belt (graphite schist belt) in the crust and

4 :
faulting in the basement under the Palaeozoic sediments.

- . '
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rThis anomaly. first detected near ‘the Black Hills, is aTso
‘of the current concentrat1on type which means the anomalous
f1e1ds are those of. currents concentrated in a body of ' '
‘hiah'conductivity-which Joins large undef1ned regions of~
the_Earth'in_which the_induction,occurs, ~This effect
.precTudes two?dimensionaI'modei1ing'qf:the-anoma1y.

. . The“first array study in Africa was.over the .
‘Afar Depression.and Main Ethdbpian Rift in Ethiopia (Berktold °
et al., 1971) Analysis of the sp;tial 1nhomogene1ty of ‘the.
magnet1c var1atvons near the magnetic d1p equator which ’
:‘crosses the southern part of .the Afar Depre551on-ind1catese
a res1stfv1ty of 1ess than.10 chm.m at 'a deoth of 100 300 km
in this area. H\gher electrical conduct1v1t1es are. also

~

1nd1cated under the Afar Depress1on than beneath the adJacent
pJateaus. South of 12°N, houever, Park1nson arrows. suggest
higher conduct1v1ty_beneath the southern part of the Nestern
Plateau than‘beneath the Afar.Depression. The above authors

4

suagest that the low resfsti&itiesAare'temperature retated.
Co Banks and Ottey (1974) found a similar situation
from a linear array study acnoss the eastern branch of the
East African Rift.VaTley.near-the'Equater They concluded
_that the type 6f madel that fits the exper1menta1 data
involves a str}p of high conductivity material at a depth

of no more than 20 km beneath the'f]OOr.of the rift with,

in addition. a 100 km thick stab of material of more



. moderate conductivity at a depth of 50 km beneath tnf
' eastern £1ank .0f the rift The two reg1ons of high
.conductiv1ty are 1nterpreted as zones of partial meWting tn
the ubper--mantle. An associated low velocity, low density
zone js indicated by the'gravity and seism%c experiments
which support the interpretation of part1a1 meltJng in |
the upper mantle. Add1t1onaJ strqhg,ev1dence 1n favour of
sdch an 1nterpretation is t recent volcanic activ1ty in
and around the rift valley and the assocrated gebthermal
1act1vity A two d1mens1onal array was operated 1n the
same regiow dur1ng 1972 (Banks and Beamish, 1974) Data
from the east-west.line of instruments rougn1y along the
equator apoear~to cohf1rm the ‘1inear array results and
indicate a twn-dimensional‘conductive structure beneath'
and to the east of the Rift Va]le;. The-resu]tsrfrom this

array dlso indicate a three-dimensional structure under-

neath the area to the south-east of the 1971 line.
- Pd

1.3 Geologicd) background to_the inwestigation

The tectonic pattern within the Precambr1an

continenta1 basement in southern Africa is character1zed
by a network of intersecting mnb11e belts (Fig. 1.2).
These mobile belts surround and separate from one another
eratonic areas which -have remained undeformed for at }east

»

the last 2,500 Myr (Anhaeusser et al., 1969).

T

/
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Fiqure 1.2

Sketch man of shields older- than 2,500 Myr (shaded
areas) and mobile belts in snuthern Africa. The
numbers from 1 to 8 indicate the centres of deep
Schlumberger soundings listed in Table 1.1 and the
heavvy lines indicate telédphone and obower lines
used as current emission lines in these douqdinqs.

-




r Clifford (1972) a}aued on the'basis of availab]e
gedlogic’ and ueochronologic data that the maJor part of
the African continent is.a segment of primeval crust
more than 3,000 Myr old, which has been affected by
l'severa1 major‘Orogenies At least two of these orogen1c
events are older than 2, 500 Myr and the best evidence
for their occurrence is preserved in the cratonic nuclei.
The major younger orogen{c events in so:thern Africa
occurfed as a sequence of pol]@pisgdic orogenies
1,850 + 250 Myr ago (Eburnian and Huabian orogenic
.episodes), 1,100 + 200 Myr ago (Kiearan orogeny),

600 + 100 Myr agqo (Damaran Katanqan or Pan-African orogeny)
-and dur1ng m1dd1e Palaeozoic - early Mesozo1c time when
the Cape Fold belt was formed, (Clifford, 1974).

‘ ' fhe recoqn%t{on, delineation and structural
analysis of these tectonic -units have been the tpeics of
many studies. Outstanding in thetearly work ‘in sogthern -
Africa is the interpretation of Holmes (1951) who combined
tectonic - s tudies and the "then new study of geochrono]ogy to
d1scern internal features ®Wwithin ;he Precambrian terra1ns.l

Similar studigs by Cahen (1961), ﬂicolgysen (1962), Cahen
and Sne1ling (1966) and Clifford (1968) folfowed;

Detailed analyses on limited argeas have been ﬁade by, among
others, Nicolaysen and Burger (1965) Vail (1965), Clifford

(1967), Va11 et al. (1968), A]lsopp et al. (1969), Vail and
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Snelling (1971), Van Breemen and Dodsoni(4972). wflsdn
‘and Harrison (19?3) and OM1ifford et al. (1975). -
These studies éstablﬁshed the present knowledge
- about the distribution and.inf;rreiationsh{p'of the differ-
ent structur§1 unft§ as dgpic&éd‘tn ﬁig. 1.2:
A brief description of the structural units A
;as shbwn.in figf 1.2 will faciiitate later discussion.
- The Kaapvaal and Rhodesian cratons consist 1dkgeiy of a -
granite and gneiss.temrain incorporating ear]y Precambrian
‘greenstone pe1;s. Thé whéle suite is older tnan about 2,600
Mvr, ﬁhe age of the last major granitic and.éegmatitic -
'intruiiOn (Nigolavsen and Burqer,. 1965 Haftin,dl969).'
Thé anéient ﬁuclei wfthin Ehese 2,600 Myr qld terrains
cqnsists'of intrusive suites of granitic rocks and schist
belts of me'taedimentary:and' volcanic rocks with ages Qp
to 3,400:!'vr (Vén‘Niekerk and Burger, 1969; A11§opp et dT.,
1969: Vail and-bodson, {969). - .
The L{mﬁbpo Belt consists of reworked Aréhean.'
pranite-green{tone terrétn with an early Proteroioic cover -
sequence;infolded and metamorphosed with the basement.(Masqn,
1973). Vaﬁ“Breemen and Uodson (1972) found "that although |
the main foldinq'and metamorphism dates back to 2,700 Myr,
a-strohq’thermal'evedt affected tne Limpnopo Belt about
2,000 Myr ago.

The Namaqualand-Natal Belt is constituted of

granite aneiss, toaethey with remnants of the metavolcanic
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and met imentary rocks of thélKheis stteh that are \\
older taz.soo My r. The near—equality’ of ages of 900
to 1100 Myr yielded by a wide range of minerals is believed
to reflect a périod of intense rectonstruction of older
b;sbment (Nicolaysen and Burger, 1965) .

Thé Zambezi Belt comprﬂses'a zone of high-grade
me tamorphism around the north-western aqd'northern margins
of Rhodesia.” Down-faulted Karroo‘(Peer-Triassic) rocks
iq the‘Zambezi'Rift Val'ley cover the metamorphic roéks
of the belt for tne largest part. Geochronological results
inéicape an aqge of about 500 Myr for the latest thermal
event in the belt (vail and Snelling, 1971). In the wesf
the Zambezi Belt disanpéars Dnder'the Cainozoic Kalahari
cover And in fhe east it joiﬁs the north~south trenétnq
Mogamb1que Be]t The Moqamb1que Be]t consists of ﬁlgh grade
metamorphlc rocks with associated. granites and peamatites.

-

This belt is also -cnaracterized by aqes between 400 and
700 Myvr (Clifford, 1967). .The Damara geosynclinal Belt
consists of a-miogeosynclinal facies jn which dolomi tic
l]mestone predomlnates and an duqgeosynclinal faciés con-
tawmnq'maf]c.volcanics and consisting of p‘redominan_tly‘

pelitic sediments, The most recent orogenic event in the

eugcoéyncline is‘indicéted by consistent radiometric ‘ages (dé.”

in the general range 450-55 Myr (Clifford, 1967). The \3A:
e . \ &
similarity in the aac patteras between the Uamara qeosyn -
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cline, Tambezi Relt and ﬂoqambique Belt suqgests a tectono-~"
* thermal kinship of the zbnes. The exact structura\ relation-

ship between the Damara geosyncline anﬁ }he lambe zi Belt

is, however, obscured by thgoK91ahari sédiments in Bofswana.

southern Angqla and western Z?&b{a.

The youngest of the major tectonic events
observable 1n South \fr1ca is repre%ented by the Cape Fo\d
Belt. Th1s fold belt consists of the less severe north-.
south trend1nq Cedarverg folds in the west and the main

" east-west trending fold-system 1in the south. The foided
sed1mentary «frata ranqe in age from Ltate Ordovician '
(Cramer et al., 1074) to Late Permian (Hauqhébn, 1969), buf

the matrd phase of fo]di

'occurred in Triassic times.. -
Several authors suqges ed a continental collision  origin

-

for the formation of this fold Qelé {De Swardt et al., 1974,
be Beer et al., 1974: Martinit; 19745 Rnodes, 1974).
Clifford (J972)fconc1uded that these mobile zones
areuf\bored by older crystalline bqsement and that no geo-
synclinal seqﬁences weré deposited on extensive areas of
oceanic crust. In ]a}qe segments of aimost all these
oroqenié zénes, the orogenic event is entirely recorded as
rejuvenated'f1dor rochs. Snackleton (1973) makes the
important point that there are. no 1arqehoffse£s of eartier

structures across these belts. This implies that where two

“mobile belts cross, there has been little, 1f any, crustal



shortening in the younger orogenic belt and thus little,
if an,y.' relative motiohs of the stable cratons on either
side of this belt.

Desoite all the geO(hroholéqic-tectonic studies,
“the information regarding both extent and age of the unlts
s still amb1quous The dlffrculty of interpreting 1thop1c
e,e‘measurements asfdatinq either tectono-therma] eyents,
or merely feqioqal cooling through upltift without orogenesis,
inhibits’the correlation and recognition of many of tne
éctive be lts (Vai],wl968). The'overprintind of isotop}c
evengg on stable cratonic bﬁocks or earlier oroqgenic
belts witﬁoUt the abparent accomnanying me tamorphism may
alsn mask the aerial extent of the un1ts Undisturbed
vounaqer sedimentary cover further obscures vast areas bf
the Precambrian of nfriga, £snhecially since the cratons
have provided basins for considerable sedimentation during
Unpé?_Palaeozoic and lesozoic fimes (Kennedj, 1965
Haqghton, ]96§).- The Paldeozoic~Mgsozoic Karroo strata
ovscure in this.way the transition from tne Kaapvaal
shield to tae Namaqualand-Natal Belt. The Lainozoic
Kalahari beds 'in centrai soutnern Africa similarly impede
a definitive structural correltation between the Damara

geosynclinal belt and the Zambezi Belt,

N
hY

. &
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1.4 R?iﬁlﬁﬁ_ﬂf_ﬁjflﬂ.ﬁﬂfP_SENLPTRQrQQI“ﬁQHﬂﬂfQQX-U‘

southern Africa

During 1967 the National Physical Research
Laboratory (N.P.R.L.) of*the C.S.1.R., South Africa
embarked on a proqramme of ultra deep Schlumberger
SOunﬂinqq to investigate the eléct}ical conductivity
structure of the crust and uppermost mautle in southern
Africa (Van Zijl, 1969, Van Zijl et al., 1770; Van Zij]
and Jnuberf, 1775).  The positions nf the eiaht soundinhgs
Earried out since the start of the proaramme are indicateg
in Fia~ 1,2, Table 1.1 qives the tectonic nrovince on
which the centre nf each of the soundings was situated,

<@ .
nt electrode spacina and the transverse

theé maximum ¢

resistance resistive part of the crust. In these

soundings tele e lines and power lines were u%ed(as

current emission lines,

The nrogramme proved to be very successful in

estabtishing a resistivity profile for the major
structural units 1n tne country. Tablo 1. ilshoxs that

tne transverse resistance of the resistant hart nf the
< ’
crust in the Kaapvaal and Rhodesan cratnne is from a

.
half to twn-thirds that in the Namaqualand-Natal Belt.'
Thi< is most nrabably due to 1+ more complex metamorphic

historv in the latter reaion (Va» i1 et al., 1970). It

Q
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Table 1.1

Tectonitc provinces on which centres of Schlumberger soundings
were situated, maximum current electrode spacing and trans-
verse'resistance of second unit

-

Maximum .
current Transverse
electrode Resis tance of
Soundina Ho. Tectonic snaging secend unit, T,
(Fia. 1.2) Province (km) (ohm.m")
1 Namaqualand- .27 1 an®
Natal Belt
> - “amaiualand- ) 330 8 - )9
Natal Belt : -
3 Wamaqualand- 139 not determ:~od
Matal Belt
« 0
4 Kaapvaal 600 PR
craton
&
5 Lamara 301 i - 10
fygeosvneline
. 2
t Phodesiran 450 5.6 - 10
craton
7 . Kaanvaal 450 5.6 - 10"
craton -
8 Macamhique . 1209 not determined
Belt % yet ) '
L 4
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also shows that-the transverse resistance of the resi- tant

unit in the Daméra euqeosynclipe is-in turn about fivg
times less than that of the ucrato‘ns. " Fiaure i.3 depicts\+,.
tnree of the latest soundinag eurves on the cratons and ‘
the NamaqualandJNatal Belt togetner.uith tne best fitting
models. Th; c0nductor resistor-conductor structure f0r
the staf{D1 continental crust ts very clear. The mode ls
shnw_that the crust has a maximum resistivity not
exceedinﬂ 10% ohm.m at a deoth ;f léﬁs than 10 km.
Relow th1s highty ro<1§t1ve 1aver the resistivity then
decreasps proaressively to rexch a value of 760-1200 ohm. m
at q denth of 16-210 km, after thchlthe fesistivjjy does
not decrease anoreciably until a denfh of at least 290 kn
's reached. 'No obvious change- in res%gtiwitv thus exiét;
At denths comnarable to the Mohoroviflié discontinuity
wnich is aﬁ a.aenth of 35 to-37 km. in the Kaqpvaﬁ] snield
(Green and Bloch, 1969). . ® - .
vespite the anod results outdinedtbthe déep :
Schlumberger soundina tecnnique has the biq.disqavéntaée

that .the availabilitv of lona emission lines ‘dictates the
o . .

study area. _.The investiqator'thus has .very ljttle control

v

over, the sitina nf a snundinag with resnect to the qeological
5 ‘ .
nrovince, and can-onlv make studies where. the necessary long

lines can he obtained,



Fiqure 1.3 Exneri%enta]~Schlumberger sounding data (disgrete
symbols) and curves for best fitting models for
soundings on the Namaqualand-Natal Belt (curve 1)
Rhodesian craton (curve 2) and Kaanvaal craton
(curve_3) are .shown in the upper «diagram. These
soundiras correspond respectively to soundinags
numbered 2, 6 and 7 in Table 1.1, The lower -
figure depicts the best fitting~resistivi1y
model$ for the three cases. " The thin weathered

surface layer is omitted.
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In order\vm exoand the 1nformat1on obtained by

the Schlumberqer So udings the N.P.R.L. thus introduced

-

a-proqramme of magnetometer array studies fo-invéstiqate .

lateral changes'in'conductivity in the crust aﬁd,upmer'

- e s

mantle “in southern Africa. Tne"analys1s of the magnetometer
array data and the 1nterpretat10n of the results obta1ned

-

form the basis of this thes1s o .

PN



"CHAPTER 1]
DATA ANALYSIS. AND IHTERPRETATLON TLCHIdQUES

2.1 The- data

The analysis of maqne;ome;er'ar a& dafa has
'heen'deﬁcribed'in great detail by Anderson (i970) and
ramfleld (1973) and has been discussed by. Gouqh €19730L).
The dunh Reitzo magnetometers record the Hn&
-(mqqnntic nortn). D (maqnetic east) and Z° (vertiéal down) -
comnonents, in the.peraod ranqe 2 myn(s T ; f day,. on
35 hm_film. These films are examineq'anﬁnseq;i9hs of
rec0rq showing clear méqnetic disfurbanbe eveﬁts are .
thosen-foﬁ'analysis In the present study the sect1ons of
35 mm film, record1nqs of the selected events were pr1nted:.
electrostatically at ten times magn1f1cat1on editéd and» -
all def]ectlons with a per1od of less than two m}qutes
smoothed. by hand. " The smoothing was carried out to‘pfévenf
aliasinq:durinn the.koﬁmércial digifizinq'at‘one:minute. '
ﬁhtérva]s from the prints. nrh]1~sca1e piqts of'tne .
diaoital valﬁes~were ﬁUperposed ob.the prints and careful]y
checkod to ensure . th}t the’ dlaltal values were within one
traceuidth from the rrcorded curve. Values uith‘]argef'

dev%ations were corrected and 1n some cases the entire

record was rediqitized, - The dlglt1zed trace ordinates.

vera Lonverted to nanotesla (qammas)_u;wng tie scale.factors,

42
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" derived from the field calibration of the maqnetome ters.

‘1A first order eorrection for avsnall interection’between
- the H and 7 magnets in the magnetometer was also made at
.this staée LCamﬂfelo..1973). The.H azp D (Yocal magnetrcﬁ
co-ordinates were also rotﬂted to'X‘end Y (géogrpphic)
co-ordinates. ) ’

) Wi th the data in this form stacks of. magnetoqrams
.Qere nrepared and ‘the first qua]itqtive 1nterpretat1on of
annmaious var1atlon flelds carrfed out. This type of

.

1nterpretat‘on will be dlscussed in. Chapters 3 and 4 for

Q

factual array studies

2.2 Spectral analysls and maps of: Four1er spectral

gomgonents ° . v . ' -

hd .
Quantitatire'analysis of mégnetic.Variation‘dat;
is best performed in the frequency domain, because the
'depth of penetrat1on " of the ‘magnetic tield over a g1ven-
Structure\1s contro]led by its frequency and spatial
warenumbér In th1s work simple magnetic disturbance
events such as qeonaqnetic bays are considered as complete
trans1ent svents with def1n1te onset and finish times.
If that is the case‘fourierztransforma}ion of the trensient
qives‘the comglete and exact reoresentation of the Set of
inf]nite waves of wh?ih the event is -composed. The spectral
densitv funct1on at any frequency can tnédn be considered to
revea1 the response .f the system at that frequency. " This

allows examinatijon -o“imultaneo_us frequency responses over

4 whole array area.
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o The definition of the Fourier irénsfbrm used ‘is’
177 S, . |
Flw) = I~ ft) e 'Whye
-1/2
. . (2.1)
12 o,
'= J f(t),e"'znft dt'
C.T/2 o ' E
. 3 ' - -
with -T/2 <t - T/2 . _(See-e.g.'Otnes and Enocnson,
1972, n.12). S . g |

In the diqital case we have the data serjes
s oy Coh. b = ine L 27k - ‘ . k.
Xj' J=0,1,2,...,2N-1, wieth t’ SJAL, w’ WAL and f = A

Therefofe

12nikAt
: - 2N-1 - . "TPNAt
Fk = At Y X, e ) - P
j=0 = J . (2.2)
| ' 2N-1 : . ‘ .
1% - T . 2mjkAat Coe o 2mikAty
o | AE jLO Xj{coJ ~7ﬁﬁf~'+ i sin VAt }
‘ ) 4-:‘._" e )

2 Phe actual -Fourier analyses of ‘the data were
‘ . ‘ . ;
nerformed with the aid of the IBM SSP subroutine RHAQM.
This subroutine calculates coSﬁne-énd sine~cdefficients Ai\v

and kafbr'an input’Xj of data points as

: N-1 | . . .
_ A ) mik s . ik
xj = ?Ao + kil {Ak cos —— + Bk sin . +
, o )
1A 3 ‘
@ Z AN(-]) b (2.3)

Py
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where F=0 | 2N-1
" 2N-1 C
1 vzk- ,
I\k =0 JZO xJ COS - .
’ . (2.4)
2N-1
. = ]. e ] m k-
and B KT sin ~§- _ )

"+ (See e:g. Jenkins and Watts, 1968, p. 19). _
s "1f7the réal part of Fr in eq. 2.2 is denoted-
as F; it is clear that |

A, - 2iAt

A S
k- 2 , . .
. _ _ ’ : - (2.5)

A T '
= -T_
and similarly for the imaginary part .
BT ~ - o
- ik : . ‘
Fv == T , (2.6) . L e

- To re]ate the coeff1c1ents of RHARM to the Fourier.
tran;fnrm as def1ned bv eqs 2.1 and 2.2 ‘the Ak and gi of
eqs 2.4 are thus multiplied by T/2 (Bennett 1972).

- ' , The Cooley—Tukey (1965) fast Fourier transform
algorithm pn whlch the RHARM 5ubrout1ne ts based requires a
work yvector of oM po1nts~(M 1nteger) for maximum c;mput1ng
efficiency (Gentleman and Sande, 1966) and for this study
2" was taken as 2048. The data 1enqthsiana1y§ed were much
"shortér than this, but the rema1n1ng points of the work

vector were f1]led with zerqs. O]denburg (1969) showed



.
)
' »

that the addition of zeros in the work vector has no-effect
on the frequency spectra. A base line and a 11near trend-
were removed from every event ana]ysed and a sin2 taper
varyinq fram zero to one was applied to the flrst and” last
ten manutes of. data to remove f1ctit10us high frequency
components due to abrupt truncations at the beg1nn1ng and
end of the event: In the casds where the entlre event was
Fourter analysed th\s taper was probably an unneceSsary
precaut1on. beca se every event was se]ected SO .as to 1nclude
a smooth intervi) before and afterert .

The Four1er amplltudes as used for contour1ng
-are calcuIated as the square root of the sum of the rea]
(pos1ne) term sqqared ‘and 1mag1nary.(51ne) term ‘squared.
These amplitudes are qpotep in nT/e/ min since the digitizinq
interval At was in all Cases one minute. The phase,is the
arctangent of the stne term divided byfthe cosine. term.
Rs nointep'oht b; Bennett and Lilley (1972) thté gives phase
laa since if tho‘inppt is a frequency component cos (wt~¢)
then \ . A . i .

cos(mt-m).= cos wt'Cos ¢ + sin wt sin”¢A

= arctan (Eiﬂ—i) = v (2.7)

Fourier sine term )
cos ¢

Fourier cosine term

giving arctan (

The phases ‘are qiven in.minutes.
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A repre;ont;tfnn of a variati ﬁ'event Lt a
iélectéd neriod requ1res s i x maos; which may snow
amnlitude and phase for the three orthogonal components
X, Y, Z or c051ne and srne coefficients for ‘the 'three
components These,maps of Fourier transform qulltude§
and thSeS were intfoduCed rn the first é?ray sfudy by
.the Alberta and Salla; groups (Reitzel et a]..‘ 9j0;
.Gbuqh' lb73b) and serve two mAIn purposes Firstly they
“qive a qreat deal of qual1tat1ve and some first order .
quantitative 1nformat10n and secondly form the (rasis of
any furtner quantitative interpretation. ) | . ‘

. . K very important point is that contou# maps of
v !

Fourier snectral cdmnonents show both snurce ajd respon&e
fuan1ons and in this way d1ffer drast1ca1]y friom more
familiar maps euch as aravity anomaly maps. [ﬂ local

anomalies apnear cons1stent1y with approx1mate4y unchanned

Positions for d1ffere variation ovents, one 4an with

. |
rtan them to'interna].conduc*ive Structure,

-

nder eitaer te eQuaidrid! or auroral

some.conf1dence as

unless the array is

Thes use and yalue of these contour mdps will
-4 Y ‘ . ! :

e]éctrojet.

be demonstratéd in Chapters 3 and 4.  ° |
2.3 trrors in_Fourier spectral components
. ‘. ‘J’ . ) |
The sogrcés of error . 1n the Spectral‘components

g

which are used in constructing the contour maps and which
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~

Y :
alse Form the innut to all other intergretation in tnoe

. %] .,
frenuency, domain“are the following, 4

s . e ~ ' \
®2.3.1 Calibration errors

/ . S
At least tuo and sometimes thnep estimates of

the calibration factors were obtaindd for en&f'ﬂ’neth

component from the calibration marks at the start of

every fi]m.. Twe estimates were used in tne C§€ZS W
the first two factors‘obtAined di ffered by tess tnan-l
For th® first array 43" and for the second 76% of the
calﬁbratjons fell into this qroup. It fhe ?i;st two differed

by mare than 17 a third estimate was obtained. The

di fferences were, hawever, always. less taan 3. whicn can

he taken as a 25 confidence limit or two standard -

[ od . ° -
deviations. An astimate of the tangawd deviation of tne
calibratinn factnrﬁ\iﬁ thus- 1.5 1 th correspondina rs
in the amplitudes of spectral valueds. ‘ . Q)'

2.8.2 Timina errors

Y

With tne aid of thne time ualiertion marks at

the beqinning and end of every film tae drift rates of

the Accutron timers were determined. This qave relative

times between instruiments to within a minute. An additional
check on the"timinq and linearity of tue .drift rate was
made within every selected evont by examining Pi2 micro-

nylsations.yhich shnuld occur simultaneousTy (within a.
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minute) over the wiole array (llostoker, 1972). Tne
rolative starting times nf the maandtic gisturbance
events are thus knoun te within a minute and in mo.t

.

cases within 37 seconds.

..“-‘J . ‘\5
X Y u N R .
The -errors in spectal ﬁnnifu doe to timing are
ai.ven by
hm fAt e c300 degrees ‘ (2.0)
where At -is timina error (taken as timing interval, one
minute) and f : frequency (cycles/min). With the timing
error one minute the corresponding pnase errors dru,knus
13° for a neriod of 20 mim: 6 for a period of one nour
and 27 for a period of-tirge hours.
R )1nlt1zwnr1n-rrnrs
N - T - T e
8y far the most imnortant contribution to tne
errors in the Vourier'%ine and cosine coefficients 15 tue
‘ - *
part due to diaitizine crrors. 'vﬁf‘ e e q
R ) .:':» o
WIta g, g2 e mffé“?encn \\efwz(’r
:,-‘ R e
. . ;
tre true values and «tae diqgital aluns dnﬂ under tm#& “« o ‘;Q
: . ., C"b f ‘?.'n "ﬁ
assumntion tnat ‘d.- 15 haus>1an w1tn zero méﬁn 'z iR
. ) . - ”
' iV W ¢ T '%
uncorrelated and has standard J& ]aaqnn dé‘ 16‘expé§&e 4 .t
. P . - i ] e
™ MRS L
value of d - o R *va
] K. i . s P
. " .
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JH- Yotk
!
[fd, ] - 1 d.
i)
20 Sk
- bld.] e
j=) -
[\
0 (¢.9)
. * )
\ i By
and Variance [ko [ldkdk]
220 \ (2.19)
< )
. ) ‘ ..
whe re dk~is tne comnlex conjugate of dk {("tnes and
fnochsoan, 1972, n. 213). This w1?l also qgive the digita)

ents . The

crrors in individual sine and cosine coeffi
\ .

corresnondina ervrors in amplitude. and phaseVat a speqific

freaquency can he calculated from these errors oy normal ’
[4

nronaaatinan of errors formulae (e.a. Bevinaton, 196)).‘
. . . ’ "
. An estimate for L, Lan be obtained in thne \ )

following wavy. Do scussed vk fore, tae d1ﬂﬁ£d] vdalues

11
)

were determined too wttnin one trace widtn (about 2 wm)

ot tae xerox enlarqement., . in1s means, taat we know
witn 95 confidence tiat «1]_ 2 mm or more specifically
that o corresoonds. to 1 mm on the xerox prints. Tnis

tmplies for average_ sensitivities of 1.0J1 nl/mm for a,
. .

1. nl/mm for ¢ and 719 AT/mm for / as used in tne

S

L £
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nresent arrav studies, that the standard.deviation s is
ﬂl.ﬂﬂ]( nT for Y, 1.091 nl for ¥ and .719 nT fnlr . From
eq. 2.17 it fo]]ow%f':mt for a- four nhour lana event tae
qtan‘dar‘d déviationg of tne cosvine and siine coefficients
are 15.5 nl/c/min for Y, 16.9 nl/c/min fzornY and-11.2
nlT/c/min for /.
Since tie lonaer peryiods-u%uall\y contain.mor‘c
nover, this couastant 's\tandurq deviation for all pcriods

will have a larger effect on the daccuracy of the snort-

period Fourter soectral values., It is informative to

consider examnles from tne nex£ chapter.« Fiqure 3.8 Y

sanws lourier transform amylitudes and phases at period

?4 minutes for a substorm that OCCUrrcd 183.30 - 22.37 6.7,

on S Mugust 31, 1971, The amplitudes are qiven in

nT/C/win - 1N and th phases in minutes., The average B

standard deviatinnssas percentaqe of the £, Y, and 7

amalitudes are regsnectively 12, 24 and 26 d!]d’] ,

md 16T for tan nhages . Froure 3,010 shows lFour‘ie""r'tr‘ansfrnw
. : v

arolitudes (in o /c/min - TS ) and paases (in minutes) at

a ne¥iod of 10 min, again for tae event of fuqgqust 3.
In tavs Cave tne average standird dcvidti(msl in X, Y and
Soarp i tudes dwe to diqitizing errors are respectively 1
and 2 and 1, 1 and tor A, Y, J phases.

Lt s Clear tnat at snort periods tne diqgitizing

crrorocontributes moot to the total errors in: ampli tude

£
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and phase, while at lonaer periods tne maagni tude of the

diaitizinn errors is comparable to that of the errors in

calibratinn and timina.

2.4 Polarization of the ho al field i

The nn]grizatio Phe norizontal field is
. * .
important {n qcohaqnetic,studiés, especially woen induc'tion
in threée-dimensional bodies-is involved. With the aid of
monocnromatic-wave theory the polarization of tae norizontal
field can be determined for any frequcncx cbhponenf.from

r
tne frequency spectrum of a transient. The nhorizontal

.

%ic]d nolarizaﬁion'$s aighly relevant to tie interpretation
nf Fourier component contohrfmans for renibns'of
crmpligated chnductivé:structure (Cnuqh et al., 1974)..
~The nolarization narameters for the horizontal
variation fields qore calculated fn]lnw'inq Un‘vlv\-o'n()chromdtic
vyve theory discussed by !‘,()"\"n and Wolf ‘(1959, p. 34). The
adantatiaon of thae faormulae for the qﬂomannetic case (the
X-Y axes of geomadnetism are roversed from the conventiond\

-0 x-y axes) 14 described by Lilley and Bennett (1972).

1f a distwrbance has norizontal components

~

X o= oa, cos( .t ¢+ )
[

Y A] cos .t



I3

then the noint (X,Y) traces aut

nassane of time,
. . .‘.
The anale

4
a3

tﬂn !

t

an ellipse with the _
17 is defined sucn tnat
2
(2.12)

The nrincdpal semi-axes a and b of.tage ellipse

and the angle , (3 < ¢« w), tn> angle measured clockwise

betueen tne major axis of tne ellipse and the -qeoqraohic

cast are specified by the formulae

~

Y ‘ el )y o]
(‘12 + l)‘ = a] + (15 . *
tan 2. (tanS 2.) cos, (2.V3)
‘ ’ L
sin 2. (sin 2 ) sin’
“the re 0 /2 i f cos .,
4 .
- n/? if cos a,
9 iquc09 = 0 and a a,, . .
- S 1 2 .
S ro /2 if (:0%%1 9 and ay ds
~ 4 _
and oy (--/4 . /4) 1s an duxiliary angle wnicn

. ‘ .o . AR
determines tne shape and orientation of

tdn oo 4

’,

the ellipse,
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'y . :
and 1970g4 0 Lverett and Hyndman, 1967).

. . ’ - Y Y
If.§i2 < N, the ellipée is descrived-in a

clogkwisé sense and if sin * .-0, the ellipse is described

anticlockwise. With sin - = 0, or if either ai_on ay is

zern, the e]libse deaenerates to a straignt lipe. The

values ay. a, and =& as functions of Ehe;@nqular frequency

wcome from the ﬁod;kgr;traanorms of tne %gJeCteg’evgnt;.

In tnis study {t was found tnat the horizontal
ficld poJarfzation_@ariéd somewhat .across an afray area,
more at the shorter periods -taan at the'lénger pcriods:
This 15 most prnb&b]y caused by changes in tne amﬂlitudcs
and pnases of tne norizontal fields due Lo.different
induction effecte across the array; Another cnntributing
tactor may be.thn error,.in toae fnbriur‘snectral
components.  The Brarizontal pofarization ellipsog shown
on the contour diadramﬂl}n.tnﬁbters 3 and 4 are éllib#es_
fror stations rennved fromlthe main ano@u]ous §tructur;s:
Thesn n]]i;ﬁon‘wilk thus <how *he nolarization in’tAe
nope )nnrm,ﬂ’ ‘r‘e'qinn‘; of ;he {ﬁf‘rax.

4

A

Frans far functions between obserVed components
ot variation fields preserve amplitude, pnase apd

polarization informution and have proved invaluable in

\

the intefnretatinn of {inear maghetometer arrays where

data from differend arrays often have to be combined to

de fine g qeomdqné_w Mduction anomaly (Schmucker,' 1904

N



rol‘l-owmn ﬁchmucker (197')a)‘.‘ sup‘p.o‘se t'Be function
(t) is 11nearlv related to X(t) .both normalized tofzeré
«;?nan a]ue in thé'1nterval -T/2 « t.«¢ T)Z . fhei; }elation'
shalT be 1ndenendent'6f-t}me in éhis interval and tnus _
exnrersible hy a lidear transfer functton 2y in she frequency
domain, assuming T -'ﬁ . 1f we denote t)e FOur1er‘
transforms of Xx(t) and {(t) in eq. 2.1 by. C(x) and pgl)

respectively

C(2) -z, () - R - (2.15)
Furiﬁérmq}e
; S(x) - ((x) _— (X)) (2.16)
Sx) - ostoy S MIL L
zx - ST(I;() ! ' S . (2018)

n

S - . ‘ )
Here € (X) and S (XZ) denote the ‘comnlex conjuqffes of ((X)

and S(ZX), S(X) is the ‘auto-power of X(t) anmd S(ZA) tne

Cross=-powér between /(t) and X(t). [f /{t) contains some.
uncorrelated part .7(t), its power is given Ly Z
.. o / ’
©S(7) s ((Z)Y () o . . ' (2.19)
or SC2)sge) - 190N (2.20)
S .
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v}ihge.[zx~C(X)12 is the pbwér of.thn related ﬂart of

7(t). | :

The anomaloué comnonents of the total geomagﬁetic'

variation fiélﬁ‘gfe related to the .normal components Qf |

the fié1dvand since ﬁhxwél]'s equét{ons ;reilinear"in I

‘the fiéid_varipbles, the anomalous‘parts are expréssib]e

as 1jne;r fun;iions of‘thc norﬁa? parts. - Tﬁes; reiatioﬁQ

can be éxpressed in matrix form as

. T - [~ ~ W . e LT
C{X Xy 'xkf X7 C(Xn) C(aX)
c(y Yy Yy Y7 c(v,). C(hY) (2.21)
: 2y zy 4 | C(2,) | L.c(sz)
L .

«ith Xa nnd'Xn and the like rep}esentina the anomalous .
and narmal narts of the fields.respectively.' The 3-3 matrix

is the comnlex transfer function mdtfix-<uch.that

2y = oz, (u) + iz, (v) (2.22)
for exampie, with z‘(u) the real part'ana zxﬁVI_;he
imaainary part of ix. lhe last vector in eq. 2.21 contains

the residuals (uncorrelated parts) of the field components.
The matrix of transfer functions must be determined such.that

the vowers of the residuals S x}, S(-Y) and S(*Z) are-. y

’

minimal.
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The third sca]ar‘equatSon in the matr{x
‘equation 2.21 can be written as
_ C52) = C(Z,) - 2,C(%,) - 2y ClYy) - 2,002,
@ o ' S o (2.23)
‘.\’- "A .’ .’ ) ) ’ ’ . . ’
“*  With.the aid of thjs equation and eq. 2.19 the power :

' snectrum of C(5Z2). 1is pbtained. On differentiation

, ) . . ! L.
this yields o : Co o : ,
US(SZ) L iereay ey ST
m - 4C(:Z) C (Xn) "'.C («SZ) C(Xn)}
(2.24)
. : * * ‘
. '-5—(-%-} < dc(sz) € x) -t (rzyeC(x g
7y n . X n’
-The condition of minimum power in the residuals.
ifnlies that bnth derivatives in aq. 2.24 g8 to zero.
This is aéhieved when fhe cross spectra between, “Z(t) and
the normal parts Xﬁ' Yn and Za vanish, thus when
., <
S(HZX ) = S(&zYn? = S(s42.) =0 ’ (2.25)’
L . : ‘ S
If the cross spectra® f C(8Z) with C(Xn), C(Yn)'
and C(Zﬁ) are formed using this condition ‘and eq. 2.23 -
we obtain the matrix equation
\
’ ‘ ~N
"‘§i..'
l «_\
. g;. ‘ ﬂi{
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‘ .
S
S(X) SO X)) S(Zx ) Sz %))
: n’ . n'n n'n* - X an’
! > 4§ ’
. f . 'F"» .
VS(XnYn) S(Yn S((HYn) Y . Q(Zavn) (2.26)
L S(anh)j s(YhZh) S(Zn)‘ 'b.zz ) S(Zézn)_
and the*vert{cal transfer functions zx, 2y, 2, at a!“

'particdlar,lrequency can be obta1nedvby»mafnix inverf‘on.
Sjmxlarly:tgl horizontal transfer functions xy, xy, x;
Because of the practical

.y

and yx.'yv) Yg can.be.othined.

preblems fnyolved'in &epdra§1ng,the'normal and anomalous

fields,:a topic discussed in Section 1.2.4, this general

form of transfer functions (eq. 2.26) has hardly been used

in aeomaqnet1c depth soundlng -
Peliable est1mates of transfer funct1ons require
the‘use_bf a number of events of various polarlzatlon and

if pnssible due to-various current sources, whicn are

combwned to obtavn averaqe power and <cross- power spectra.

Schmucker-(1970a) showed that ‘when. M events .are used the

»

residuals should not exceed ((M-‘J‘)/(M—3)}2 as unper

v L N L

permissible limit in order to have -meaningful conerences..

. M Y 7
This means nower and cross spectra should be ootained from

more than five events.

In practice the major prgblem in computing transfer

functions is. to, obtain fair estimates of the normal an'd

anomalous fields. 1The 1971 array study in South Africa



di;cussed in tae nexi“chapfér was ‘the first large.two-

"dimensional array for which transfer functions were

jcalculﬁtéd For that study and also for the subsequent
studv in 1972 the follow1nq apnroximatlons were made.
F1rst1y. for each spectral term of each event.an estimate
of the normal field in X and.Y Wwas médé_by;takinq mean

.cosine and-sine. Fourier coefficients over qfl stations.

Furthermore..ét the mégnétic latitude of

southern Africa the normal ! coﬁnonent‘in substorm fields
is small. The mégnetograms in Chapters 3‘dnd 4 support
the view tha&Athe £ variations are maindy anomalous. Tt
is thus explicitly assumed that 2. = 0 and £, = [ so

that the terms in eq. 2926 that involve Zn'vaniénf

Consequently we can solve eq 2.26 explicitly for«zx and

L

z, to yield 4

o S(zxn)‘ .S(Yn-)“ - _S_(/‘Y"A) S (vYnxD)

TTSOOT SV, Y S TSI, X 17

a . _ (2.27)
_ (zvns s(xn).- S(zx ) ﬂ(x Y,) '
7 T e e e e ey e — [
Y ¥
S( Xn) S(N,‘) - IS(Yr‘Xn)|

Parkinson (1959, 1962) and Wiese (1962) introduced

‘the use of arrow representdtions to display e~ anogalous

behaviour of the vertical magnetic field with position.
Transfer functions can be wused to form similar convenient
induction vectors., With 1 and 5 unit vectors in the qeo-

qraph1c norti and gast dlrvct1ons atq’ nart1cular station,

%ta
%
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the induction vectors at anv partirular frenuency are

dfven as

=
c .
|l

zx(u)f + zY(u)J . Q g
- S ' (2.28)

ﬁv = z.;((v)i". + z'Y(v)i :

The;reallparts of zx.and zZy @ive the' in-phase’
respon§e$'of . to Xn‘and Yn and -their imaqginary parts.
tne*quadrature-phase responses. Nhén p]otted.tne in-phase
vector points away from a conductor im which the current
~flows in phase .with the normal field. Tnis vector is
stally reversed to be in tne samé ;enéc as a:Packinson
arrow so.¢hat it noinis Foward a conductor in which tne
current flows in phase with the normal field. The qﬁédrqture-
phase Qecfnrlnointq awav from.a conductor 1ngwpich~the .
~inducea current leads the normal field in phase: The
direction of this vector is.also sometimes reversed.

In £hn farth induced currents f]Ow.dP a phase
anale between. N aﬁd'w/Z.ﬁith thé normal field and a given
conductor will cénpributo to beth iddq(f3on'vector§. ?As
pointed out by Gouqgh et al. (1974), in the extreme case of
verv hiah reactance, arising tyﬂically>when the normal field
does not:neﬁetrdpe;twrouqh tneiﬁenductor,,thé in-phase vectdr_

will.dominute. At thé other extreme, when tne normal field

penctrates easily, as throuqh a thin surface conductive



dominate.

2.6 Numerical modellina

lﬂne-dimensinnalnmdellinqﬁof]ayered §truct@qr;
"is discussed in éome.detéil in Chapter 5 and'wi\l hus not
be dgafﬁ With in this section, ' ) ] . ‘\

Jt is often bossiblp to znnsideroobschb maq-

C .. . . T . ,
netic variation anomalies as approximately two-dime sional

on a local scale and also to consider the inducing ield

K
duction,

to.be nearly uﬁifnrm over the region of anomalwus i
vsnecia&lv in aoomaqﬁctic mid lat®tudes.¥ Under sucn
_conditinns the modo]lfng of the observed variations
indubtian in two-diménsional con@uctivity %}ructurus
most cases adpduafo; The most prominent exception i
't.hr‘ anomaly 19 Hf‘the current. concentration type.. Hmwrver,.
whpn;no complicatina cjrcumstanccs'exist; the qene;al
internretation of iﬁductfon in the earth is then ﬁhat ¢
cnﬁs{dnrinn the lhca1~perturbat10ns (in two dimensions)
1ncal lateral conductivity wtructure of  the [)(1L_tt;rn- of
" induced currenp%'f{owind in thé large scale.stratifieu
(one dimén%iohél) strugtures rehoté from the qnomalbug
‘rgqion.

A for this situation let the t,‘n."tnsian (,n-ordinatt,:
system (x,y,2) be akigned sucn stnat the x=-axis 15 parailel

to the strike of the anomaly and ¢ - O as usual a5
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directed downunrdr. "”axwvll's-cuudtions‘(uqs J.1-1.7)
can now be rewrjtten for the twve dlmens1ona1 cas: where
all nuant1ties are 1ndenendent of x and (X,Y, Z) are the .

cartesian comnonents of 6. By ‘combinipng eqs 1.2 and 1.5

and assumina as usual that disnlacement currents can be

.

neglected one obtains o
T ) : |
uvz 'Y » . *
- - - = C
vy 2 Lxllx.“ . (2.2))
X .o ’ a o
BT | : : (2.30)
AvX _ ' : . . . ,- -
SRR b . . (¢.31)
. fv combining eqs 1.1 and 1.6 cne obtains
N ZN——\' .{y ) _ ,
o - - E- 1 X : . . ¢ ‘
S R i . .(Z.'3R).
o ) . .
L IR (/..45)
o[,x -
— = 1ol (' 4
X )
where all variables have o time der  dence of expli.t).
- The requirement that -ix -1 hnas decoupled the
x components of ¢ and £ from the other components of !
. . ) : 14
Ccagn el tor, o that eqgs 2.0 to 2.34 separate into two
v \
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indenendent sets of cquations. quatidgs 2 ?9' ?t&ai‘§§k 3‘1
2.3 iAvolve onlv [, Y, / while eqs 2!3g, 2—31 anﬁ 2.2 '~;~ﬂ#§ti
. . - \' ¥ -
[ - Wy -+

\.

involve onlv X, (y and fz. Bv comb1n1nq t%e P\rst gft
At

and_e1iminatinn Y and 7 one obtains

. R %%‘ )
2 R J | o “b‘ |

3 rx X L -‘
—-2"~ + - Yool - , \ (l)
oy (P4 &

where [ is parallel to tue strike and is termed the
E-POLARTIZATION case.
tliminatiaon of iy and Lz from the second set

yields

;+ T (2. 30)

which is termed the H-POLARIZATION case.

The nroblem ot adaptinag tnese diffusion equations
to 4 numerical ﬁolution of observed annmalivs has been
oxtencivelv s t|;<1i({(1 in recent veare (e.qg. Weaver, AI 96.3 .
Wriaht, 196 1 tadden and Swift, 1969 Jﬂnd% and Prl(é,
1979, 1971 Sw-ft, 1971 donts and Pdsauﬁ, 197l;l«0qq0n,
1571; Pascoe ard Jones ]07?;_Ruddy and Udnkin. 1t973).

Fquarians 2035 and 2,30 can be written as

> 5 /- .
: S T .3
m m m . . . (e.37)
;) . -
vhere 17 04 ¢f qer Or. Ay o : oand e 5 Leran e
" M y m n ") « t ‘ u l) 1Dt

N
r
vdentir fres tae dirfferepnt unity, witnin tae nodel: In .
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. lincarly polarvized external field with

uni form horizontal component at a larae distance
the main conductor is aonliecd to the system as g
field, and the total field is set to zerpo at the

distance into the main conductor reached by the

from
source

greatest '

arid.

S
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THE 1971 ARRAY STUpY IN SOUTH AFRICA

3.1 Introdyction : ._
JJ

A trianqular array of maanetometers was ()[it‘l;‘(lf(‘d
i_n_centrd] South Africa from August 31. to f)ctbt)(\r 27,
l”%l by the (‘.oophysi.(‘s Division of the Hational Physical
Research Laboratory of the .S 1.P., Pretoria, South |
Africa) The 24 th%ev-coﬁponont maaqnetometers were af the
type d-om:ribvd by Gouah and R('i;’zvl ﬁ‘)(»7)w(1:¥é.rc oR
loan from the University of /\H)(‘rtd.'ll%ﬁonzﬁ;.ﬂihéduf
) The location of the array 1s <..hnwn in Fra. 3.1
in relation to the tectonic 'nruvinces and to the (tdvlt,i-

‘

nental edqge . The study was doéi'q‘n("d largeJy to look for

a pussible contrast in electrical conductivity of the
crust and upper mantle between the Vadpvaal craton with a

typical basement age .ot 2600 Myr and the 1000 Myr old

. . i‘ R P . ) ‘ -
!mnupugl dn(1~N$!ﬁ'§,n'16.h ile belt ‘N itcolaysen an%ﬁu roer,
. o T Xy . . f

1965). 7 The t#%trihution and main dYeatures of these tec-
tonic provincestwere discussed in Section 1.3, In Section

1.4 it was fointed out that the resistive portion of the

crust in the Kaapvaal craton as determined by ultra-decep
Schlumberaerg soundings seems toehe in aeneral more conduc-

tive than the same unit in the MNamaqualand-Yatal mobhile

belt. It was realized that t.h(},g‘ru‘,tul conductivity con-
‘ - v .. . o —_—
Pt 66
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. . . v
trd;t betwéen the two regtons, wﬁich'dﬁffer By.a factgr
of about 1.%, was not enouqh to cause a detectable induc -
tion anOma]y. but at that staqg we had no, knowledqe about
poss1ble conductiv1ty dlfferencts 1n the uppev mdntlv
The boundary between the raapvaal craton gpd the '

- Namagualand-Natal belt Ts ‘ndlcated in rlq. 1.1 and thn
arrady straddled it, - - - "

. The fieﬁd procedure similar to that.destribed
excellentfy h}ACamfiold (1973) will nni be repedated hére.
The instruments were serviced at ahout 21 day intervals.,

;Lution cnde.namns are given in tiq. 1.1 and

-~

the qeoqraphic co-ordinates and magnetic declinations

“at the sfations are qiven in _Table 3.lﬁfﬁThe work discussed *
. » .

in thisges ter hu; been the subject of o pdpeibhy Gfouah,

" 1] . - . i
Nelleer an 7ijl1 (1973).
etograms -
Three perfod% ot qeomaqgnetic disturbance were
. . 3 . [N .
«3ﬁcctud‘for analysis., These periods viere Bugust 31,
18.30-22.30 G.M.T., September 17, 20.00September If,
06.00 G, M T, and .Septemher 26, 15.30-Septemher 273 03.3n,

- A ]
The recording efficiencies for Lhe thrnv ovpnns were
rPRDPftin]y" s 78" and 797. The main causes of 1bss.
of rvcord Iay in poor opvrat\on of the stepp1nn motor,

camera drives and in traces qoinq off scGale . or hecnminq

-
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»

- -foordinatn

Station
N ame

Prince Albert -

Road
Fraserbuyrqg

- Beaufort ﬁesx-.

.Btesiéspoort
Myn fante in
\p{. tryxburq
Koffiefontein
Daate xg! l‘ le .

» Schym dtsdritt
urdn S Hfﬁ& ‘
Pr1e§ka - &
Vﬂnka‘;vlb'i y“
Tontplbnﬁ
.f‘.ranﬁatbn'kﬁli
Pnfadder
Kakamas
Ventersdorp °
‘Lhristiana'
lVrvhur’q

‘ Kuruman
01ifantshoek
Vreae fopt -

Uptnaton
; .

&

' win the 197 array
Latitude
Ne qreas
and min
(ode Snuth
PAR - . 1250
'_rRA , jrdo';
BEA 32709
~BI1L 3145
MYn 30 50 .
e 30719
T ‘lh"w'.
CULA T - rutase
SCH 26742
Wit 20 1a
ppL 2957
- VWY- ,?0"22"
TON 57"
GRAT . &Q?'
POE T 290mg
KKM 28745 "
VEN 26718
CHR 27038 -
VRY 27704 -
KUR 27734"
oLl 2807
VRL
Pl
h ' -

- lable 3.

69

and magnetic declination of statlnns\\\_

\

-«

Lonqgi tude

Dearees
and min

. 1aét

PN SPU.

'?1 36'

2118
2772w
237180
23 57 -

2430 .

24457
2HUh00

24 08’

2342

22773 A

21722 -
207210,

o

30°39"
26.54"
25°06"
2500
23711
22°22"

Maanetic
declination
(deqroes)

-22 5

T2,
=21,
-2,
2.
20,7

TN

~{Ctn
2197
-0
200
v L
-21.%

2100
b -20.4
-19Ji N
-17. -

-18. »
-18.6

-19.2 B

-19.

Mo"data were obtdlned from thesé .
-statlons due to 1nstrument proulcms



. b C‘ 0
e too faint on.the film. The se1e ted data sertions'Jtre
.\ digitized dnd reduced for analyéfs as descrfbe in Sectfon'

2.1 The sets of nonmalquq time sen1es_nepresent1nq thq
th;ee_orthoqonél Eomponents.1n.thelﬂgographic coordinate .
system (B nort>hward .Y eastwar':'d .7 downward pos’ive
were p]otted in stacks-by means of a calcomp plotter.
These mqqne;qqrams are 1llustrated.1n an. Q,Z for the R

substorn ov}nt of August 3%, in Fia. 3.3 for the distur-

s , _ _
"bgnce eveat of September 17 and 18 and in Fig. 3.4 for’
. ) ' . . ) R . . ‘.
the event Qf September 26 and three- 'lines' of
~” . K .

5tation$ th from. the thfee arest the north-

[ .

ogst corner ‘of the drray :Yo! 'é» tine 1 beinq . .the
- . . . :

: ‘ noghowe?t' sj

trianglé

-edst side of the '
n * - . > .
In each stack of magpetoqrams the

‘.c-.(iuen(:o'_f tH bottom runs. from no¢th-east to

.

South-west _?.’ho 1 i‘m). " Th.g timq'nmrkf. ﬁrt* in

Hniversal time (U'T) and tHb'loca! midnmiaght inm the centre
& . . L S :

.ot the arrdy is.around 2230 UT. Scale bars relate the
nmplttudes to qammas (* 10° t'es]a,=,l()"5 'Qersted).

uotv the d\fferent fcakﬁﬁ for the vertical and horlzontal

f’/ componphts. : ‘.: .‘ . ;N.. e ) 21. . -.
VdSual inspection of the sets of magnetoqrams.

) “"' in fiqs: 3.2‘ 3.3 and 3.4 1ndicares that the_bQ:fslévents
. o ﬁavn thv follow1nq rommon featurvs due to lTocel aﬁomalous

- Y

v

ar:ation fie]ds superimposed on the normal pqrt.. The,
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CHH R o LR R NN
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. \ Figqure 3.2

Maqnetoqra_ms of a substorm 18.30- 22 30 G.M:IT, on ‘ -
Augqust 31, 1971, In each line the stations run =%
north- east. to SOUth-west down the stack e ’
Components are "X northward, Ymeastward and 2. -

downward. ‘The unit is the nanotes‘la (ga'ma)

» .
. . . . LR e
: .
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Fin.ure.3.4a ‘Maqne.to'qra'ms of a -magnetic disturbance event -
September 26, 15.30-September 27, 03.30 &M, T.,
Line 1. -, - : ) ' . T .
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“Fiagure F.Ab  Magnetoaqrams of 4 maanetic disturbance event .
T September 26, 1L ¥ -Sentember 27, 03,30 .M. T,
* line 2. . ] C
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Viaure 3.4« Maanetoaram, ot a4 maanetic disturbance event
Septemher 26, 15 30 -September 27, 03,730 G.M T,

Line 1, /
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Q . .
racnetogrars for each component arg ratrer coarctant alone

Line 1, except f.ar g stiaht increase in thne grpliv,de Gty
Joto the, soutfovest . T Tn iy P there 17 a “arlted incre ¢
.~ . L .- PO . N - .

in 7 and a swaller .incregose in SOUthewest o ard, Lare 7

9

. - 1 y .
oon2g o tne sewe trend,, S{x‘ ept- tivat the 7-.*grroonent - r@Ews
larage ennancerent 3+ Deayfort dest (CEA) card 15 Areatly

,(ynduce(: at Frirte Altert “odd (TR In tiel 20 rhe
‘tra;es 2 thece twe s*ations show *thi i€ ference 1r 4

. N R . .

' A o .. .
Strivana way for pefiods  f gbout 30 Rifutes and 2 houre .

>

)

TYe ocomponent ircredses steadilv to DAP At the gouth-
» ’ . .
-\‘ A ) 4 : i v ot A
western ernd of Tone 30 Topnarigon W% aces alonn tne
AY : -
s T Figg L, 303 i 304 shows that 7 oand Y dipcrecce
4 - T ’
te tre soutn-ocact, ard €t i< cleav that the paip effect e
. R . *
rosnuthward ancrease Af Y ognd, eacept at TARY of 7.
. The naveferr 70 e aprc a4 otrena resert Tance
oo ’ 1 ’
bd chr at fre rre qrathoar s oot gt , oind ot

111 resertles

Tt ), TASSe D terc ko Lc gt filter, even at the
. . S

f} N

rerthroeast nf o the avieay, . ere 15 no rederhblance r\“?(t)

e The armplit, ¥ar: c*ion nf T and the recemtlance
CE L e , s \ ; ; -
i »owave for toow tyaacste imrediatel s that rmuch of the

[

Jovartetion frnid 1 oan anmm]min} field resultina fror

rducticon fy o ovoan Y conductor near PAP at the Snuthr-wect

covner o af the array . This conducteor also produces a mark ec

e o . ) .. . .
¢treruatior o f rTar-frenuency vardations in 7 at PAP

rerrrnoent o oaf thg attenuaticon nf 7 weat of the 'ortnern



. 7

a1

’ ] : - - ’ . N 59

)

Hocky Mund aine (Carfield et al.,. 1071). The attenuatior

[
-

sugaests tnat FAD iq abgove the conductor..

° .

3.3 Maps of Fourier-spectiral comodné:}ﬁ

Senuences were selected for Faurier transforma-

. . . . ”,

tion from each of the trrpe data geto described inp the

previoas secticon. These da*ta sets were Ayuqust 3T, 12.3n-

22.30 6.1 T, Septerter 17,22 .00 -€eptepber 18, 01.50 6.4 T

Cepterber 26, 1 37123 00 v T and Cepterber 2€, 15.30-

Certemher 27, 73.30 0 % T in each cuw<se arnlitude spectra

s

ithe tHeose shown in f1as 3.5, 3.€ and %.7 far the

fcur-hour lonc sequences were plotted. Tie period$ usecd

1

. v
iroconstructing the contour maps were chosensnear spectral:

peats for ftand S to net the optimur <ianal to roise ratic.

tentcured maps of arplituydes and phises at the selected

reriods were preparved; in a0 ten cet< each containina
STx AL were drapn. The te nicues are described by

“ettzel er al. 1977 and farfield ot al, (1a71). The
Eeriod ranage coyered, i 24 mirutes to 293 minutes. Thn//

oLt ona Adaty setq for Saptember FE27 were transforrme
teorvovide the mans am, this lasY perigd. The polarization

0* tre rorizontal field was determined using he theory

described 1in Section 2.4, The pelarization e ipses were

alwavs.eloragted and often nearly linear,-with rajor axes
1Y

ranaginag fram NY3 W to MNZ2Y I far the ten periods mapped.

¥
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T

1000

VRY

A [nT/c/min]
8

-

T . .
200 o . 100 ' 0
' T [min]
Fiaure 3.6 Fourier amplitude soectré in the period range

20-24> min for Sentember 17, 22.00-September 18,
.- N1.57 A.".T. for the stations VRY 'and BEA.
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Fiqure 3.7 Tfourier amnlitide spectra in the perind rahoé
20-247 min for September 25, 18.30-22.139 LM T.
for tne stations VRY and REA. - .



.component.a short distanc
. t

JTvntoalecnte af foagrijar '.qm(-tr'wl rprponent .eanp

are <hown 1n [ irqg 3.8, X9 and 300, chese maps cover

the period ranae 24-120 pinutes and nolarization azimygthk

ranace N3} W tn-ﬂh? f. F11 of ther <how ae e ﬁnoma
in 7 wigh a MAy}pur near BEA and lower values at PAR, a
alreadywﬁdtid‘from the maanetoqrams ., A1Y mape alten exhihit

a southward increase of Y suanestive of a maximur in this

.

f PAR. The amplitude

manps of X and 7 are thusg tvely con
the nypothesis thét Y induces current in ak‘a ély
east-vfst strikina conductor jusf south nf'PAP and that
Z is rainly én anomalous field- produced by fhis current.
This hypothesis i< stronqly supported by thg nhase
relationships, \In all maps the phase of 7 is very ¢close
to that of X at statinns such as BEA, PIf and FPA which
are near the amplitude maximum in 7. Ikfds phase relation
s shéwn in. Fins G.R-G;IQ. In Table 3.2 the phase
difference (7-¥) is Shown at %FA, at the maxirmumr of the
anomaly, and at OLI far to thé north., It is interestinag

to hogo that the larnest phase differences hétween 7 and

Y occur fqr the firs? two periods at the top of the table,

‘these have the largest content of Y in the harizontal field

and north-west polarization.
A small maximur in Y lies near.the stations
OLL, PRI and PET g Fiq. 3.8 with an associated maximum in

°
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Fiaure 1_n Fourier transfnrm amplitudes (nT7/¢c/mn . 12) and
phases (min) at period 51 min ¥, 12.3%4-22 .37
F.™.T., Sentemher 26 EQt]WdtPQ for the standard
- deviatinns .in the X, Y and 7 farpomrents jro
- resnectively 219, 14 and 14 "Te/mint, fFor tre
. amnlitudes and ]; 1 and 1.5 min for the Srasen

The Assentially lineayr oolarwzat1on nf - q
horizontal field 15 indicatead. :



e

X - AMPUTUDE  © X PHASE :

~. . lZ PHASE
— -, :

'\__\\

- =

8 LS

,§-’__\\-—a

Fiqure 3.10 Fourier transform amplitudes (nT/c/min 1)2)
and pnases (min) at period 129 min for le&.30-
22.37 6.1 T, August 31, fotimates € tne
standard deviations in *twe Y and /[ camponent-
are resnectivelv 43, 20 ant 27 aT/c/min far the
amplitudes and 1.5, 1 and ?2 ’

. min for the Dpnases.
The pnlarizatinn ellinse for the norizontal
fFirld 15 snawn.
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J oJust north ot thyve _ “aralar anoralires are ftound 1n

rinutes fap duaust 11

° )

y nolarized ClW-81

amother mar (not shown) '.M'p.-rlnd

for which the horrzontal field 14 afl
. ° ’ * ' ’ ~
The + anomaly carvncaides w!fh'(\hy- oundgry between the

.
raapvaal cratdn and the NaragghAland-atal roble M'It(
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Inte the*current syster atyvrna rise tog the .

: 3

“Jrae, scuthern annmaql 1+ heyond the (orfier of thke arrey,
y Y b4

s
2

contour mage are of little use:in determinina the geometr.

nf o the Current syster, fven the question whether the

v

conductor 1y steathht of cyrved-orsTopen. Transfer

turct1ons were therefore corputed to-try to atswer trisg

Taestron

3.4 'v,jr‘.:,‘f@v“ ‘ur.<‘vr(m% .

¢ The centre of this firrdy wias situated af® mannetic

Tathirtude 40 7 0 Tne maaonetic lataitude §0) is derived fror

e caceeto s s donaty o (G accordinag to 2 tan., - tan. 1,
4 ) -
St loncityde 22t which runs throuah fre- rentre of tne

-~ z R
arrryrtne ceomaanetic and maanetic eduators 43 ffer hy abdut

T, The rfaore t 1o latitude a4 aunted because the latitu-

AINad variatios  in negmra rety. activity 1< determined by
G )

] -

trre caonet o4 < not the agengranpetic equator ‘Rastpai, 1a62)
. v .
Stothe magnetic latitydes where this array was
¥

Yraatrte ) the neveral S Ceecponent in sybstors fields g

AT The raanetoorarg o fE TL2-3.8, rB phace
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relations in Tabtle 3.2 and the arplitude spectra for the
Stations in the northern part of the array (Figs 3.5-3.7)
support the view that the 7 variations are mainlv ©
anomalous, and related to induction by X in a conductor
scuth of the array, even at the northers Sstations . It s
therefore reasonable tc cal-ulate trans for ‘unétions from
COPDOnent§ %n and Yn of the horna] field te 7, where it
is assumed that 7a = 7. Fn estiriate of the norral field
in X'and Y was made by takina for each spectral term of
each event mean cosine and sine Fourier coefficients over
all s;ations.‘ The tranzfer functions z, and Z, were
calculated using the relations oiyen d4n en. .27, _—

Tne transfer fuhktions Zy anq z, are Coﬁp]ex
nuantities whnse real‘parts agsve the. in-phase responses

Tof I to ,r and Yn witile their irmaqginary parts qive the

auadrature-~-phase resnonsesﬂ&‘The real parts o z, and z

y
at a specific station were conbined to vyield an in-phase
induction vectar wnich was as usual reversed to be in the
ST sense as a Parkinson arrow (Parkinson, 1953, 1962),
“ne vector thus points toward a good con..ctor in which
o

Current flows an phase with the norpral field. The

tarrary parte of N and z were sirilarly combined to
S Glve a dedraturv—phdse induction vector which noints away

P N

fror a conducter in which Current leads the pore-gl $iegld

in nhiace,
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.

_ln Section 275, an thy cai(ulat10n of frans‘er
functions, 1f:was pointed ocut that each cross- and
autopower must be a-mean value from a nurber of variation‘
events Qith well distribruted polarizations. Séven short
events each pf 127 minutes ¢uration-were therefore
'selected_from the three 'Tisturbance sequences.

'Tﬁe.?n-phase ana cuadrature-phase inducéioq
vectors renresenting z and z,, derived from seven gﬁbrt
events are shown in fig.-3.11 at the fourteen stal;ons
which recorded a}l seven §horﬁ events in three gémponents:
Four :periods are represented. Thg in-phase veétors‘indicate
the Zresencedof a qood condﬁctor South—sodthwésn of the
array, and the nrarallel orientation of these vectors'
indicates &n arproximately straiqght c%rrent confinuration.
The large dif‘eréncp‘betwoen the in-pihrase vectors 5; PAR
and at the stations BEA and FRA indicates that PAR is
closge to thevﬁﬂnductﬂr. )

In Secti-» 3.3 it was remarked that the attenué-

.

tion of snort-period 7 in the magnetoarams at PAR suggested

that this station w&s above the conductor, and the steep
rise in X amplitude as PAR is approached from the norttr
indicates that the current configuration is just south of
PAR ., These facts strongly suaqgest that a ltarge conductive

body lies under the fape Folded Belt (Fia. 3.1). The

continertal edoe i< too far awav to produce the steep anomalies



Fioure 3.11 In-phase (sonlid) and quadraturc phase {broken)
. induction vectors reoresentijng the transfer

functions z and z at four periods, from seven

2-hour varigtion events .
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in 7 and X indicated in Fias 3'8 3.11. A]thouqh

fhe in-phase 1nduct10n vectors are not oernendicular te
‘the continental edae (F1gs 3. ‘ and 3.11) they are paral]e]
.to. the Parkinson a"""Ow"for Hermanus-  (Figqg, 3.1), 3
ﬁagneiit observatory on Ehe coast some 100 km‘west of

the southern tip of Africa (Pa}kinson, 1062).

‘ An important point is the contfnued response Q%
the conduct1ve body as the per1od of the fields increases
to 64 and 128 m1nutes Th1s frequency response is.
consistent with a deep conductor of larae se]f-lnductance.
and so w1th an upper mant1e structure. The 1n-oh‘se .
response of Z to X indicated byff1g. 3.11 and Table 3.2
are consistent with a conductor in the upper mantle.

The southern-corner of ‘the aFrav lies across

the deep Karréo sediméntary baéin."The effect of this .

will be discussed in Section 3.6.‘ In Fig. 3.711 it can

-

be seen that the quadrature-phase induction vectors at

BEA, FRA and PAR show the effects of the sedimentary basin.

Ai these-stations the quadrature-phase vectors afe 1a{oé
at.short periods and are reduced to magnitudes ]ike.
those e]sgwhe}e in the arr&x&%t periods 64 aﬁd 128
minu;e;. Ax‘the shorter periods the quadrature-phase
;eétors tend to pnint awav from the deen Karroo basinf
"o AOubt the,in-bhase'inductiqn vectors at PAR are
shortened, at the shorter periods, by the‘e%feﬁt,of the

sediments to the north of this station.

FSN
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3.5 Normdlized anoﬁalous fie]ds

Anoma]ous fields conver most of the array "Horthern

.stations, as far as poss1ble from the southern anomaly,

were arbitrarily desianated as representing noymal field

components Fo¥ X and Y the mean amplitude from KUR, CHR

and VRY was used to define the assumed inducina field over

the_array and, as residuals, the anomaious horizontal

components X_, Y at other stations: For 7 the mean
amplitude frdm VRY, CHR and VEN was deducted from 7 at

each other staslon to, q1ve an est1mate of the anomalous

\vertlcal fiéld Z . A profile wasvchosen apprOxwmately.

paralleT to the in-phase iﬁﬁuctian’vectors: ft is shown
in Fia. 3.1. From contour maps similar to.Figs 3.8-3.10
and:the normal }ield”esfimates'lu t specified, normdiized
anomalous fields 7a/Hn and H /H wefe éstimated along the
profi}e. Here H is the horlzontalikomponent alqna the

profile. Normalized anomealous f}elds-for six periods:

from three events are shown in Figs 3.12-and 3.13. Ffour

other anomaly profiles,'ﬁot shown, résemble those of ‘> ’

.

Fia. 3.12, which shows the response to fje]ds po\amized‘

nearly nbrth;sbuth{‘ The more complicated and laraer
1 a . M : .

anomali%s of Fig. 3.13 arise whenbthe normal field

o

po]arizatiqn is close to porthQWest-south-east.

The normalized anomalous vertical fields 7a/Hn

.associated with north-south polarized normal ?iélds (Fia.



\

_Figqur2 3.12 HNormalized anomalous variation field comnionents
' Za/Hn and Ha/Hn along the sectinn line AB.,

Fig. 3.1, for nerjods 24 min éevent of Sentember v
17, 1971), 81 min, 102 min an 293 min (event“Q:'*~
of September 26, T9)). The polarization =+ N
_ indicated in Fig. 2.9 is representative (east
) “of north). * . )
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Ftoure 3.13 'Norhal1zed anomalous cnmponents 7 /H and H /H

alona AR (Fiq. 3. 1) at periods 24 m1n and 43 m1n
in the event of Aunust 31, 1971. The polarization
in Fiag. 3 8 ts reoresentative (wekt of north)®
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3.12) show maxima which decrease as the -period increases.

At PAR 7a/u'n is small at T = 24 min and\’ as T
. ' . ° \
increases, suqdesting a southward shift of the current

system with increasfnq depthl The Karroo sedimentary
bésin may produce some or all of.ihis effect, At short
period? Ha/Hn rises‘steeﬁly tpwafdsvthe southern corner

of the array, but this anomaly flattens out at periods
over 100 minutes. Qualitat}vely the horizontal component
anomaly also suggests a southward shift of “the current
system with increase of T and Af the depth of the dinduced
currents. : E _ ' .

When the. normal field is polariie# north4west:

\\

\ﬂxbuth;east (Fig. 3.13),’b0th Za/}!n ‘and Ho/H develop )
extra minima and become much 1arp§r than the co}?espondinq
ancmalies with nortr-south hprma] fields. This' feature

nf the response is not undérstodd on tﬁe bresént-kimited
information from an array which does not incltude the

.anomalous.currents.,

Both anomalies in Fia. 3.13 and those at T = 24

min and T = 51 min in fig. 3.12 are too Jlarae to te.
compdtibTe with inducticn in a conductor of two:l .
dimensional aeometry. The very larqge amplitudes must

be associated with a three-dimensional configuration of
conductors. The induction arrows of Fia. 3.11 lend no

support to the presence of a curved conductor. Nne
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possibility is that the anomdaly 15 of the 'furrent c(oncen-
trition' type, with induction in a [arne reqgion feeding
a hiochly-conductina body. A second possjb11ifV is that

LI

constructive

interference is present between the tields of

two or more’ rrent syﬁ}ems. One could be in the ¥Farroo

Whatever the inductive mechdanism, a maximym
depth éan usually hé estimated fraor the half-width of
“an elonaated anomaly def{ned as the width of the Ha/Hn
angmaly at half héiqht\ . For a line cur:fnt fho hal f-
vwidth 1s twice the depthcbf tHv Cerenf, and thn.7
extrera .are a hajf-yidth apart. lUnfortunately the
_profjles of . Figs. 3.12 and 3.13 do.not extend far enouah
to the Southito allow the half-width to bé.estimatpdu

. HYorralized anomalies at berﬁods 24 minute<s and
102 minutes aré-éepéagvd {n Fiq: 3.14 with a ﬂéctjon |
showine tho‘hasnnvnt tcopoaraphy and the resistivity
Structure in‘tho Karroo sédimentary basin. hveraaev
resistivities are shown as ‘deduced from various deep
structural electrical 1nvestigations whereas thickness
information was obt§{ne¢ from deep'drillinns and.seismié
reflection wdbrk (Haughton, 1969; Fatti and Du Toit, 1970

and Winter and Venter, 1970).
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Vb Two-dimensronal numerycal rodeld linag .

vespirte the tact tiat the array covered only
about haltf thn width of the d;nmmlv, two-dimensional
modellinag was attempted to attain a betger understanding
ot the anomaly . The two-dimenronal model calcylation.
have been made by means ot the alaorithi of lones and
fraoce (1970) a+ proanammed by Jones and Pascoe €1971)
and Pascoe and Jones (1972). This method has been

3

) ,
described 1n Section 2.0, The models all include the .

near surface resistivity data shown in Fio, 3.14.
Thirty-five détferent models were (alculated., [t.waa
.
first established that_ the ﬁodimontarv'baﬂin alone
could not be responcitle tor the anomaly, even yhen
cgnductivities were ~ciled un by-a factor of ten to
t1low for 4 poceible currgnt concentratjon effect. The
corpgted anormalies were too fér to the north and too
nAarrey. 1N o relatian to ¢ otN\errved nrofiles /d/U” ynd
‘a/””' ..n‘!r‘-u(, conductors of rectanqgular and H“bv‘n
corplicated sections were added to the sedirmentary Vpdcl,

it ertner crustal or uoner mantle depthy Results for a

runtal o and a subtcrustal conductive structure are

-~

recpectively snown in FY@s 3.1% and 3.'6. The resisge-

tovity detay for the “normal crust away fror the anoralous

0dies corresnond te that aiver by‘!dp Jial et al, (19700

M - W -
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o AR, fin. 3.1, at period of 24 min are for the
.e'vent of Sentemher 17, 197) and at period 120
min for the event of August 31, 1971, The
resistivities in the Karron sediments are
those indicated in Fia. 3.14,
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Fiaure 3.16 Results of two:diinensiona] model calculations
: for a simple subcrustal $tructure with
resistivity of 2.5 ohm.m. The‘Za/Hn and Ha/Hn

data are the 'same as these.snown in Fia® 3,15,
The resistivities in, the Karroo sediments .were
decreased to 1/19 of the values shown in

. Fia. 3.14.
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for the Kaapyaa] craton and !Namaqualand-HNatal belt. These

data differ s]iqht;y from those qiven by Van 7.ij1 and

Joubert (1975).as discussed ih Section 1.4, but were

the only available in 1972 when these calculations were

made: vSince=the differences 6nly involve the very rq&ﬁsf

tive stréta, they w}ll have little or pé effect on the

resul ts. } oy
. It pr@ved pcgsible fo model either Z;/Hn or

Ha/Hn but not Soth, all modeTs makine (Hd/Hn)/CZa/Hn) too

large in relation to the observations. This problem is

very well-i11ustrated in Figs 3.i5 énd 3.1¢. From ) 2

these figqures it is clear that the frequencv response

.also c0u1a'no§ be matched b; the model calculations.

IpAs was true_fof all .models coﬁputed. .In fhis resnect

Porath et ai.,(1971) encountered similar difficuwty in

tryigg to mode1'the ﬂprth American Central Plaihs anomaly,

which is known to 1}yn1ve'the current cdncenxration effect.

[t Qas fanq that most rodels based on anomalous bhodies

iq the é:}st, p}oduce 7a/H% and_Hath ahoma]ieé that are

too narrow in relation ‘to the observed Drofiles.- Anomalougw

conductive structures in the mantle agave better ré§u1ts

in this respect. The .best results were obtained us?¥na

- .

models incorporating enhanced. conductivities in the‘Karroo

and Cape sediments, as well as mantle structures. As was

remarked in the last section, the present anomaly dis .to
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lerqe to be pFoduced by induction in ‘a two-dimensional
str¥cture, so that two-dimensional model calculations can

at hest locate the structure on sone assumpt1on s to the

——~¥mpl1fy1nq effect of current concentrat1on. constructve

interference or some other cause.,

.

3.7 Dfscussian

«

Althouah the at{empts to moge1 the maanetic*

induction anomaly were unsuccessful, it is clear that a

major structure, involvina cédnduyctivitv contrasts of .
[N ‘ . ’ -

at lTeast two o “of maanitude, underlies the Cape Fold

belt and the eepi*part of the .Karroo Rasin. The Geophvsics

Division of - he;ELS.I.R. in Pretoria, South Africa is at

present constructinn.an array of 26 Gouch Re1tze1 maqaneto -

meters. This array will be used to extend coverane towards
the coast. -Quantitative interpretation will be attempted
when“ the anomaly is more completely known. The ‘aeolony

and other geophysical parameters in the array area will
be discussed in Chapter 6. p
The small anomalv near the stations ”LI)*PﬁT and

PET for horizontal fields polarized NW-SE could be
'assoc1ated w1§ﬂ§the boundary hetween the craton and the
mobPle belt. This boundary seems to c01nc1de with the

Doornbera fault zone, a fault in the aranite-qneiss .

basement wh1ch seems to be rejuvenated in the overlvinao
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Karroo sediments (Olivier, 1972). The anomaly cannot,
however, be dueé te local induction, because ‘it only
shows up for the horizontal field polarized almost
parallel to the fault ;ohe. This anomaly cannot be
explained on the basis of this array study alone, but

T will be discussed in Chapter "6 “fon the 1iaht of information

from the. 1972 array stUdy further north.

v
-

o indication has ‘been found of any conduc-

. ‘ “r
tivity contrast between the Kaapvaal craton,ahd the

MAmagua1and:%ataJ mobile belt. - Any compoesitional effect

on the conductivity of the crust or mantle in ‘these

tectonic units is tod small to be detected bv the present

-

study.

»
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-CHAPTERi” .

.

THE 1972 ARRAY STUDY IN SOUTH-WES: AFRICA
. BOTSWANA AND RHNDESTA

a9 Introduction

An arrav bF_ZSIthre97comnonent maqnetometer§
nperated in §nutj—west Africa, Rotsudha and ﬁorthjwestern
Phndesia fram "acemher 13, 1971 to Jj:ruarv 2, -1972. }he
lncgtioq o€ the arrav is s\an‘jn Fia. 4.1. A1 the
instruments hut ope were 0f a tvne described.bv Gough and
-ﬁé%tzel.(]QF%). The ihs}rumedt neér'Tsuméb-(TSU) is a.
Bermaﬁpnt recordina station of the,"adnegic Observatory
of the C.S.1. “. and i3 of-a tvpe described by'Sgheeoers
(1973). Table 4. 1 qivesvthe'hames and coord{nates of
a11‘3taticns in tue.arrav as.~vell as the magnetic declina-
tibn at each s‘tation. - .

- fﬁe hoéitinn of the array is shown in Fig. 4.2
iﬁ re]afign to the tectonic features ahd Sdméﬁearthquake.
enicentres'{n‘fwé'area[ 'Unconso]idated Kalahari sedlments
;anninn in ane fram Tartiarv to necent cover most of
Pntswana-andhtﬁo'eaqurn-nar{‘of ﬁouth—wnst Afr1ca so'
that verv '1Tittle is knonwn ahout ‘the under1y1no s50Tid roc&
aenlnn and tectonic, features.” ‘Faults o"Karroo to .
fecent ana in South-%dst Africa and. Phndésia aré shoun

. .
(Korn and "artin, 1951 and Provisional Geoloaical Map of

Phndesia, 1971). . _
11
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" Table 4.1

Coordinates and'magnetfc déclination of stations
“in 1972 array-

Latitude Longi tude

Degree - De gree . ‘Maénetig
s : . and min and min " Declination.
Station Name. - Code  South South : (Dedrees) °
Eiseb EIS  © 20°38' - 19°46' 15,5
ANtiituo N & 19°42°  ° 18°35" . -15.4 /‘
Pundu RUN 17°55" 19°45" -13.8
Namuton i NAM  © 18°40" 16°54 -15.4
Nkaukueio NKA 19°00" - 15082+ | 2161
Gwe ta ’ CGWE . 20°14" 25°08' . -13.3
‘Aranns ARA 23°65*  \  20°99: -17.8
Makalamabedi - MAK 20°11" - 23052 C-13.6
Out jo ouT 20°12° . 16°09" -16.8, -
Gobabis GOB 22°21" 19°14" 2169
Happy Valley HAP 22°00" - 21°09" - -15.8
_Lone Tree Lon 22°45" 22°00° 163
Sukses SUK 21°02" 16°54" -16/.9
Sehitwa SEH - 20°27'  ° 22°42' 4.2
Nok anen g ‘ KOK 19°38" 22°190" -13.8
Mariental MAR *  24°30" 17°56 -18.9
Rehoboth REH - 23°25" 17°08," - 187
Dett - DET 18°37" 20°55 " fll.s
Windhoek NI 22°27" 17°06 " -17.9
Sepona .. . SEP 18°44 22°09" 13,3 -
Muk e - MUK 18°04"' 21°27° -13.3
Kwai River KWA 19°09" 22 a7 -13.0
Lodqe : .
Kavimba’ KAV | 18°03" 2¢ -12.0
Victoria Falls vIC 17°57" 2 2115
Tsumeb <Tsu 10°02° .4
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.contrasts in electrical conductiv{ty'of the crust and

"of the crust in the Kaapvaal Craton aﬁd Namaqualand

115

"Tae mainr linear fratures in Botswana as onutlined by

ﬁeeves-(\072) ar~ nresented. [onicentres for eartn
tremérﬁ.catalﬁqpod by Fernaﬁdnz (1372) for i§71,

Farnandez and fuzmaa (1973). far 1972 and "hodesia
letenrnlonerical "Services (i?73) for 1273 are indicated. . ,°
Paav@s Aiscussed the Patsiiana seismicity and concluded

that th; enicent;oq form tun distinct snatial nonulations -

that of the Okavango Delta and that of the Centfaf

Kalahari. These two seismically active areas Reeves

believes to.be separated by the Ghaﬁzi Ridge, a broad

upwarp of little explored Palaenzoic sediments isoclinally
folded alomg a north-east trending axis. Outcrops of
rocks in® the Damara Geosvnc]yne are alsoHShown.

The'array was located to look for possible

upper mant1¢iassociated with ‘the Damara geosyncline

and the seismicity in Botswana. A deep ,direct current
electrical sounding (Schlumberger array) thai was,centfed
about halfway beétween SUK and WIN (Flg 4.1) indicated
that the resistive part of the crust in the Damara -
Geosyncline has' a transverse resistance (tﬁickness-

(esist{vitv product) an order of magnitude ‘less than that

.

. Metamorphic Complex (Van Zijl, Huqo and de B8ellocqg, 1970;

_Van Zijl and Jouberi, 1975); .
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Since tﬁe magnetome ters .require film changes
at three- weekly intervals the siting of the Ynstruments
was largé]y dictated by the few negotiable roads'in

the stuydy area.

4.2 . Magnetograms.

1 From the geomagnetic data recorded over the
nfn;'weeks of opération, three-periods of geomagnetic
disturbance were selected fo; analysis. These periods
were Jar:'iarv 16, 14.00-23.00 G.M.T., January 21, 11.30-
January 22, 14.30 G.M.T. and January 28, 14.30-22.30 G.M.T,
Maqnetoqram;:*of fhese.events are oresented in Figs_ 4.3~
4.5. The H aqd B components (maqnetic coordinates) were
‘trans formed {6 X and Y pomponenfs (geographic coordinates)-
because of 5 7.5° change in declination across the array:
Stack g+ jn Figs 4.3-4.5 portrays the data of the
westernmost stations from OKA in "the north to MAR in
the south, Stack 2 the data of the adjacént 'line' of
magnetometers from NAM in the north to ARA in the south,
Qtack 3 the data of the next  “line' from RUN to LON and
Stack 4-the data of the group of six easternmost magneto-
meters.

The most prominent feature in these mdqnefogramS»
is the reversal in the vertical variation field be tween

OUT and SUK in Stack 1. The reversal in Z occurs in less



Az

Fiaqure 4.3 Maanetoqrams of a substorm 14.03-23.90 G.M.T.,

January 16, 1972, The stations are represented

. from north to south in each stack. Components
are X nnrthward, Y eastward and Z downward.

N~ |
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Figqure 4 . 4a

Waqnétoqrams of an event
Jdanudary 22,°04.30 6.7,
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'Figure 4.4b Maanetograms of an“evént January 21, 11,37-
January 22, 04.30 G.M:T., Stack 2. :

’
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Fiaqure 4.4c MNMaonetoarams of an.'event danuary é], 11.°3n-
January 22, 04.30 G.M.T., Stack 3. :



T 12

JANUBRY 21 AND 22,1972
| © STACLK 3 ’ ]
9 1130 1230 1330 14%0 1830 IIP l’,o".?o 1430 2030 2130 l. 23%0 0!?0 0138 00 OT 0'”
" RUN
MUK .
2 1357‘ ’NOK k-\-'h\ \r'ﬂb—"" E § ..
sEvia " T —d—t : -
HAP \7- .
LON - . . X .
\ 1190 uro 1136 1430 18430 "{” 1730 1430 1330 2030 ﬁ; Wso 2330 oaso ;nu l;?o 0330 0430
RUN A
no ~J\’\\_\’_ B O Y O O SO 'y O
SEP |- N ’\,-‘r\_‘/ A
NOK N\ N\,—A /W '
sen N
Ny N T T
HAP | . K.\,.\/"\-*/,f—« T ] K
LON B
1130 1230 1330 1430 1843Q 1430 17350 190 1430 2030 21%0 2230 ;l]’O 0030 .OI)O Om 0330 0430
RUN . °
MUK -/:Nw-\"\_,.\_w - :
ot —d
sep - S N A~
v-'I 0T ox ,\ A~ ——
sen ] .
HAP
: o
LON I




Fiaure 3.4d Maanetoarams of an event January 21, 11.30-
January 22, 04,30 GC.M.T., Stack 4.
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Figure 4.5 Magnetograms of -a magnetic disturbance 14.30-

22.30 G6.M.T., January 28, 1972, - This event
was recorded with more than 90% efficiency.
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than 100 km. The waveform Z(t) at ouT bears a strong

resemblance to X(t) whlle the short perlod variations at

SUK seem to be 180° out of phase w1th those of OUT. Thyg
wave form Z(t) bears a strong resemblanqe to X(t) at the
, more western stat1ons. and still resembles X(t) passed
throuqh a highcut f1lter even at the east of the eray
Thws is particularly clear in kFig. 4.3, lhere is no
resemblance of Z(t) to Y(t). The reversal in the
vertical variation field in Z and the resemblance of -
its waveform to X suggest {mme?lately that much of the
Z variation field is an anomalbus field resulting from
induction in an east-west. trending conductor between
OUT and SUK

Other.features in the magnetograms are the
enhancement of,the X variation field at{SUK and E1S
tndicating that the maximum concentration of induced
current must be nearly beneath'these statipns[ and the'
small amplitudes of the normal vertical force fleld"n
.Botswana Furthermore the high frequency variations in
Z at EIS, LON SEH and KWA, show a marked attenuation
whigh suggests that these stations are above condnctive
structures.

‘A reversal in Z is also observed between TSU

and GOB, between NOK and HAP and between SEP and GWE .

[

.

It is clear that reversals for short. perlods become phase

Ve
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: y
sh of lgss than 180° for Z at largér perfods, even
bgan ouT and SUK. There is a definite phase shift
between;OTJ.and EIS, but because the short period
variations are suppressed southeast of EIS a clear
reversal is not seen. In Stack 3 there is a phése shift ~
between NOK and LON. This fact and a too large.sepafa—'
tion between'maqnetometer stations may bg the major

reasons why .the conductor is less obvious in Stacks 2-4.

4.3 Maps of Fourier spectral componen ts

Maps of Fourier trans form amp]itude§ and phases
'wefe‘introduceq in the first array stgdy by the Alberta
and Dalfas groups (ungh, 1973) ahd serve two main -
Purposes. Firstly they givve a gre?t deal of qualitative
and some first order quantifétive information, and
sécond]y..they form the basis of any further quantitative
interpretatfon. h .. :
A Four sequences were selectéd for-Fourier
transformation from the three data sets. The event of
January 16 Qas transformed over the time intervgl 14.00-
18.00 G.M.T. and the event of January 21-22 over‘th..
interval 11.30-19.30 G.M.T. on January 21. Tre event of
Janua;y 28, which was the one most~successfﬁl]y‘reCOrd€34?§5
was transformed over the intervals 14 .30-22.30 G.M.T. Qqﬂx‘g
17.32-22.30 .M. T, Figures 4.6 and 4.7 show amph‘tude"“-ﬁv
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Figure 4.6 Fourier amplitude spectra in the period
range 20-250 min for 14.00-18.00 G.M.T.,
January .16, 1972, for the stations
' OKA, EIS and DET. .
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Fiqure 4.7 §fnurier amplitude snectra in the period ranae
20-2410 min for 17.30-22.30 G.1*. 7., January 28,
1972, for the stations NKA, DET and ARA.
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spectra dor the timé‘period; 14.00-18.00 6. M.T. "
January 16 and 14.30-22.30 G6.M.T. January 28 for three
stations. - : - L T

Periods with spectral_peaks for Z and an-
~associated peak in gither‘X or Y;'but‘vefy.pren in poih,
-wereuqhosen and contour maps of ampi4tudes_and phases
at these pefiods wéré prebared according (o tehhniduei
described by Reitzel et af.'(1970)'anﬂ Camfield et al.
(1971) and also discussed in Secfion.é.ZJ Engén sets
of maps, eacﬂ conté{ning three.amolﬁtuJe\afd Eh}ee 6hasé
maps, were drawn. The peribd'ranqé,COVeEed is 27-171 min.
The pofarizapion of the Worizontal field was elliptical
for the 11 periodé‘mapped; The a;imﬁth of the major
axis ranged from N 60°W ta N 17°E. ‘

The sets of Fourier mébs shown in Figs 4.8-4.13
have been cﬁosen as rebresentative.of the .11 .sets of &
maps. These. maps cover the,pefigd range 2)-126-min"$nd
an azimuth range of N 60°W - N 13°Eu-“0n]y mabs transformed
Vfrom the two sections of the Januar; 28levent_a;e préseﬁtedf
because the stations in the eastern part of the array
'recofdéq this event mosﬁ‘sffjcjebtly.' In the we$£erh part’
of thevarfay where the thfée events were équajTy well.
récorded. the contour maps_show the same féatures in all
11 sets of mapé, but.in the east. the maps'fo}-thé January
28 event show more detail because of the availability of

more data.

~o 0 L



©

XAMPLITUDE

v AMPLIT DOt

.

Fidbre 4.8 #wourier ;transform-amplitudes (nT/c/min 1'10)_

s

& o» 922,30 C.NT., Jdanuary 28, 1972,

and phasles (min) at period 21 min for 14.30-

, Estimates for
the standard deviations in the X,”Y and Z .

comnonents are respectively 30, 30, 16 nT/c/min
for the amplitudes and 1.5, 3.5 and 2.5 min for

the phases. The nolarization of the horizontal
field is indicated. ’

%
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Fiqure 4.9

\ ° . *'A
‘0 9

-

JANUARY 28, i972 T=28 MIN.

Y PHASE

g

"Fourier transform amplitudes (nT/c/min
and phasés (min) at period 28 min for 17.30-
22.30 G.M.T., January 28, 1992. Estimates for
the standard deviations in the X, Y and

components are respectively 25, 29 and

L 10)

13 nT/c/min

for the amnlitudes and 1.5, 1 and 2.5 min for
the nhases.” The horizpntal field polarization

is indicated.

-
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.

Fiqure 4.19

© 138

AN
~

2 PHASE ’

Fourier transform amplitudes (nT/c/min « 10)
and phases (min) at period 35 min for 17.30-
22.30 G.M.T., January 28, 1972. Estimates for
the standard deviations in the X, Y and Z :
components are respectively 24,24, 16 nT/c/min
for the amplitudes and 3, 1.5 and 4 min for
the phases. The horizantal field polarization
is indicated. . ‘ '
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Fiaure 4.11 Fourier transform amnlitudes (nT/c/min x 100)
’ and phases (min) at period 54 .min .for 17.30-

22.30 G.M.T., January 28,.1972. Estimates for
the standard deviations in tne X, Y and Z ’
components are respectively 26, 30 and 14
nT/c/min for the amplitudes and 1,.1.5 and 1.5
min for' tne phases. The horizontal field
polarization is indicated. : '

A J
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JANUARY .28,1972. T= 79 min.
o | ’ .

. .
. : . . ! s ° o
X AMPLITUDE '3 ° : X PuASE :
(o] 6 AR R
ST,
L] ) “ -
o0 - L] . ., . \‘\
S . e
. .
. 8
. . ¢
a L]
. .
]

7 AMPLITUDE:

L]

Vo

Fiaure u4.12 .

X

« v PHasE = :
.os- T . e Toew
hd . ’ 2 " .
.5;Q & \5‘ q
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.
K ‘ . Z PHASE . T
= . ) ) "‘e_a . . .
' . ’ . . / ‘
. K 20 @ _
._\.

Frnurier "trans fornf amplitudes (nT/c/min x 1G60)
and phases (min) at period 79 min for 14.30-
$22.32 A .M. T., Jdanuary 28, 1972. Estimates. for
the standard deviations' in the X, Y and Z
comnonents are respectively 32, 37 and 20

nT/c/min for the amplitudes and 1, 2" and'2 min

for the phases. The potarization of the
norizontal fHield is indicated.
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X AMPLITUDE

Z AMPLITUDE

N

Fiaurm 4.13

~T\\ 1‘1__

-, . .

JANUARY 28, 1972. T=120 MIN.

Fourier transform amnlitudes (nT/c/min » 100)

and nhases (min).at perind 129 min for 14.30-
22.37 6.".T., Jdanuary 28, 1972. Estimates
for tne standard deviations in the X, Y and Z
comnonents -are respectively 46, 36 and 25
nT/¢/miew for the amplitudes and 1.5; 2 and 2
min for the nhases. The horizontal field
nolartzation is indicated.

.
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A1l the X:omplitude contour maps show a,
.prominent'anoma]y in X elongated in an.east-west‘oirection.'
The stations SUK, EIS and SEH are-Situoted near the |
maximum of this component. .
| , Seven of the Y component contour m;ps have a
maximum at SUK and EIS co1nciding with the maximum in X.
The horizonta) field was polarized north-west. - South-
east (Figs 4.9, 4.10, 4.11, 4.13) for most of these
-periods, This-componént increases to a loca1 maximum af
the south eastern edge of the array (F\qS 4.8, 4.9, 4,11
and 4. 12) in_five nf the Y amo]wtude contour mapbs. For the
two largest periods mapped T = 120 and 171 min, the Y
tomponent ampli tude maps show o m1n1mum at KWA in the
eastern part of the array (Fig. 4.13). Both these periods
Have the horizonta]_fig]d-polarized s!iﬂhtly west of':gmth
(Fig. 8.13). Maps for five other periods with.a polariza-
't1on east of north show a local maximum at KNA (?ig.'4.]2)
in. the Y component , ' : . <1

The Z amplitude contour maps are more complicated
than those for the;X and Y camponents. A maximum in Z
occurs at the stations SUK and OUT on tné western edge of
the array for all fhe z ampiitode contour m;ps compiled

(Fias 4.8-13). A second smaller maximum in Z is present

at REH near the south-western corner of the array. .
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The Z amplitudes in the eastern half of the

array are inva%iably smaller thad those in the western

half. In the eastern hakf the 12 ampl1tude anoma11es are

also oolarwzation denendeh; - With the hor1zontdl field

polarized west of .north SEP, NOK and HAP show a local

maximum and SEH and KWA minima as in Figs 4.9-11L and
.

4.13. ThesetanomalieS'begqme less prominent for the

hdrizontal field polariied more towards the north-east

" as in'Figs 4.8 and 4.12. _The maximum at SER and NOK

<

for the horizontal field polarized north-west - south- east
is in agreement with a curved conducmor trend1nq east-west
in the western part of the array and curving nortn-east -
south-westwafd in tﬁe eastern part of the aFray (Gough

et al., 197?’. Some features in the eastern part of/the
array hay not be very well defined due to the. instrument
spacing.

The ‘phase maps for the X and Y components appear

. to represent mainly the.norma1 field and to be uninfor-

mative of 1nterna1 structure} The Z.Dhase mapns are,
however, of con51derab1e interest. Although the Z}phaSe
values could have large errors in. the eastern third of

the array because the Z. amp]itudes'aré'sma11 there, all

the Z phase maps. and Table 4. 2 show that there are

1arge-phage changes between the stations OUT and SUK,

TSU and GOB, NOK and HAP, and between SEP and GWE. In
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Table 4.2
. Phase Differences for 7
T min  OUT-SUK TSu-n0B NOK-HAP  SCP-GWF
s dea A deg ‘¢ dea “: deq
Januarv: 16 23 72 144 7 +170
51 ° -162 .. . 94 ) 4 - 69
January 2) 73 . - 43 . - 77 - 88
114 - .56 S -123 - . . =113
. ' ¢
Y 171 -160 + 17 + 8
January 28 21 +]69. +157 +215 +118
' 28 4154 +139 +182 +232
35 144 4176 +169 +238
54 -1 73 -150 -154 -113
79 “159 -142 172 - 46

120 -159 - 98 -139 " -139
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terms of tﬁé simple asshmption of a current flowinq;
under the. maxtmum qraﬂie&t in 7 phasé and @lonq_tq:"
contours of the maps, F.igs 4.8—33 and Table 4.2 suoﬁest
a current along a cyrvedlconduchg;passinq‘betweé ¥ uT
and SUK near EIS, SEH and KWA, and thu‘;sf&'..liantiif

the suggestions offered by tne magnetogram§ and

maps. ‘Gough, Lilley and.McElhinny (197 poif
- that a curved conductor produces Z amplitude anomalie

which are Btrongly dependent on tﬁg azimuth of the
“polarization. Sinée.$ctual'substonm fields.are .
e]l%ptica]ly po1arized;ithe~phase difference between
the X and Y comnoﬁentg will enter into tHé problem
(Benrett and Lilley, 1972; Gough, McElhinny and Liyley,
1974). Due to these complwcah)ons it is neqessary to
work in termz of a parameter of Earth resbons.
inciden;.fie1ds which nreserves, phése and a e
information. Transfer functions between the éohpo ents
meet the need. Trans fer functions as used by Schmucker

(1964, 1970a) were thus computed in order to clarify the

conductivity structure in the area.

4.4 Transfer functions

The array was situated at a magnetic lati tude
af which the- normal Z component in substorm’fie]ds is

relatively small. If it is assumed that the Z variation
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fiéjds.are mainly anpmaloﬁ It s justifiable to cal-
culate transfer functions f?ém estimated normal ﬁordznntal
components Xn,and Yﬁ to Z..lklthough this method avoids
inversion of the full transfer furggion fatrix which R
'reljtes each anomalous compbngn to each normal component
(a procedure which requires a full separ&tlon of normal’
and anomalous fields), it should be héndLed with care
because a systeaattc Z- 4Jcorre}at1on in the normal tields
could affect the calculatlons adversely (Schmucker, 1964),
The transfer funct1ons between the / comooneﬁt
(assumed anomalous) at.a particular station and the __}
estimated.norma1 X comnponent Qere calculated usinmn the
re]ationsvof eq. 2.27. As discussed in Section 2.5 the.
real part of the transfer functions z, and z  were
combined to vield an in-phasg 'induction vector'. This

induction vector was as uSyal reversed to be in the same

sense as a Parkinson arrow (Parkinson 1959 1962) so

--

* »
that 1t oints towards a good conduct i hqch the * ¢ -
P q !f‘ o 0 "y

o : .
current flows in phase with the normal,. (1e¥d,‘.m51wgrgy ~‘.‘ O
g

the imaginary parts of z, and z ‘yene ;pmb1ng_ 0 yxeld t

. . ni
a quadrature-phase 1nduc 1on vector CRTe bé cqps1s t

,% ‘- " 5 § \‘_-’, "ﬁ\@
with the in-phase inductionxﬂﬂkt .‘fﬁé'sensé f the DA A L
- V‘i L. v o

I SEP
. Q .-
quadrature-nhase vectors were frev rsed as we]l ‘40 pofﬂt’ \vx‘

towards conductors in which t§e rrent léads thg norma1
¥
fields in nhase. g the 1971‘ y Studv thv quadrature—
-’ ,
ot
EYA ,
- SN )
‘ +¢
P ll



phase induction vectors as shown ih‘liq, 3.1 were naot
reversed,

Niqg 120 min events which had beer rocor den
in three components at 13 stations were welec ggd trow
the }hree main events o tudied. The e aye ﬂx.rrd e
Table 4.3, Varitous combanations eof s of the nang
events had been recorded at 18 stations, Transfer
functions computed from nine and six events rocordee
at the 13 stations vio‘lded similar results, The
induction Vectors derived from all nine Ovonr&; Oy ent

at RUN, FIS, NOK and GOB awhere induction wver to o ar. 0

computed from the events of January h\(nﬁiiﬂi vt

where thev are computed froam the events of Tarvugr . Tooan

"1 are nresented in fia., 4,11, Four difforon® e Ve

“rean Car nach sopectral term of e ach ovent an e N
. . g

nf the normal field in ¥ and Y was made Hy o tabara toe
‘ .4-‘
mean casine and sine fourier copffic nanty nver a1l toe
tati ' ? :
stations. ’ ﬁ' -
s €}
The ‘reversal in both the in-phase and quadrature-

«

‘ .
phase induction vectors clearly indicates a linear curved
conductor underlying the array. IThe nquadrature-phase

induction vectors are generally smaller than the in-phase

induction vectors. Alonq the western marqgin the quadrature-
o

nhase induction vectors for T = 43 'min and T = 128 min

tend to indicate the east-wedt conductive ‘s'tructure, while

.

the in-phase induction vectors show a stronqg deflection *



Table 4.3
[

“
Tworhour tvents tlsed 1n talculating

Date

Januarvy 16, 1970 14.

lanuary 21, 19/°7 11,

T

January 20, 14970 1.

Trans fer

functiany



fiaure 4,14

In-phase (ﬁolid)
induction vectars
functions 7y and

Fe

and quadratoy

renrouuntiwm
z At parinds
Y b

43 min and 128 min.

N
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towards.xhe coast. This‘deflection of thé in—phase
induction vectors is to a lessér>degree also present for
T =14 min and T = 26 mfn. but the directions of the .
quadrature-bhase inducticn vectors are more scattered

3

for.these periods. . . )

This spﬂaratfon,ofkthe in-phase and quadrature--

nhase induction effects seems to indicate a structure
with hwqh reactance off the western edae of the array,.
while the east-west structure in the western half of
the array has a low 1nduct1ve reactance compared ﬂf’\

its res1stance . W

4.5 Normalized anomalous fields

Profiles of normalized anonalous fields were’,
constructed for the sgct1on A-B a]ong the western margln
of the array (Fig, 4.1).and the section C-D near the
eastern edge of the Erray.; Since anomalous fields cover
mos § ef-the array, the stations OKA, NAM, MAR, ARA were .
-arbitrQriiy desiqnated as representing n6rmaL field
cnmpopents. The mean X amplitude from tkege stetions'.

was used to define the assumed inducing field along the
profile AB'gnd, as restdua1s,-the ancma;bus horizontal
components Xa at other stations'algng.the Sectiont For
the profile CD the horizontal component-45° west of

north of the#sag; four stations was designated as

14

(S}
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is the reversal in'Z /X between 00T and SUK and the

."component at OUT d1d not .function).

152
* . ' . .

L3 ‘ : AI '
nefrese?ting the "normal" or ‘inducing field. This
component fs»parallef to the 1nduct1on vectors in the
area. The mean . amp11tude at these statlons was
deducted from Z at every other stat1on on' the profiles
to give an estlmate of the- anomalous vertical field.‘Za
Under the;e assumptions Z /X and X /X were determined
‘along the'profiIe Since the amplxtudes of the anomalies

showed a marked dependence on the oolar1zat1on of the

horizohte1 1nducing field, Fig. 4.15 shows the

profiles along AB for which the ipducing field was

polarized west of north aﬁg Fia. 4.16 shows those for °

which th'e inducing fie\dtwas polarized east of morth,

>

. The most prominent featgii‘in tmese profiles

t
k]

assoc1ated maximum of x /X (unfOrtunately the X *

. It 13 clear that the anomaly has: larger ampli-

. . 2 .
tudes espec1a11y in z, /x for the horizgﬂ%a] field

polarized with an az1muth west of north, which is in o
. . -'

agreement with a northward \'ng in the conductor
furthef’east. The ratio of is not very'differenz

16 the twe diagrams, except for T = 35 min,where xa/xk .
is Qery larqe. This is .most probab]y.becéuse the -azimuth .

'

of its horizontal field polarization is the furthest west.



a

-Fiaqure 4.15- lormalized anomalous variation field components
Za/)(n end X /X along section AB (Fig. 4.1)
for periods 54 min. (event of January .16, 1972),
28, 35 and 120 (event of January 28, 1972),
For all these periods the horizohtal field
polarization is west of north,. :
B . - _\
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’

The amplitudes of Xa/xn and Z,/X, decrease:
with'increasing period, with T = 35 min again an . L
exception. : . - o . »

For the section CD the avérage horizontal
LI . . M . .

?iqld component in a direction 45° west of north for

the stations OKA, NAM, MAR and ARA (the “"normal" stations

for profile AB) w#s designated as representing the
‘"norma1"'or inducing field, Hn. tThis‘component of

the horizonta1'field,bafal]e]s the induction vectars
along the section.: The-average vertical component at '
the above-mentioned stations represents the “normal”
vertical qompohen%-ln. These: values of H, and Z_ were
‘subtracted from ﬂ/(tﬁe horizontal comoonent 45° west

of nortﬁ) and Z at every.Statﬁop.a]ong the_pro;ile to
give estimates of Ha.and Za' Figuré 4.17 spoys.eight
normali‘zed aﬁoma]ous profiles H,/H, and ia{Hn.at.eight
differenf per#%ds together wifh the "average po1arizgtfon
of the horizbnta1»f1e1d for that period. The p¢ofi1é§
are arranhedrso that those thqf héve polarizations west.
of -north are on tﬁe 1eft‘§ide of the diagram ?nd_tho§e
with oolarizatiohs east of north on the rﬁ‘“Q;» »

A]l'orofiles show a maximum in Za/Hn at or

near the station NOK, with> a decrease in Za/Hn further

south-eastward. Except for T = 54 min, all profiles
> * . . ’ ‘ ¥

Jindicate a maximum in H_/H_ to 'g south-east of the
A . : a - L 44 '

’i@ K
¥
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17 field components

Normalized anoma ous variatien
Za/Hn ana HZ/Hn alonqg the section CD (Fig. 4.1)

Figure 4.

at periods 23 min, 51 min (event of January 16,
1972), 21 min, 28 min, 35 min, 54 min, 79 min
and 120 min (event of January 28, 3972). - The

‘volarization of the horizontal
for each period.

field

is shown
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‘4.
station MAK. The main difference between the-profiles

of di fferent hor#zohtal_field.po1ar}zations is the
maximum 1in Ha/Hn at NOK for-all profiles with po]ar1za-
tions west of north. At a period of 79 min with the
horizontal field poTaritéd NNE there is an indﬁigtfdn
of .this feature,; but for all other oer1ods having
1nducinq field oo1ar1zed east of north, there is no 4\'
maximum in Ha/Hn at NOK, This pehav1our most probably
indicates that the north-east trending branch of’the
conductor consists of moré than bne parallel conductor.
4.6 Discussion - ’
T*—‘f——“—f- s
. The magnetograms, maps of Fourier spectral
components, transfer functions and normalized anoﬁalous
fields all show a cohduétor with axial line- approximately
in the qgsition indicatgd in ?ig. 4.2. The_posifian of
the conductor is not very well defined.néar the eastern
edge of the array: Nhen the ~attenuation in Z at LON,
-the. anomaly nattern alona profx]e co and the hiah Y
amplitude values near the south- eastern marain of the
arrav fnr certain ner10ds and oolar1zatrqns are
conswdered it is qthe noss1ble that there are mére thaﬁ'
.one conductor in ‘the eastern ha]f of the array T%i;
.can onlyv be éstab11shed bv further studies in the area.

The east-west: trending conduCtor joins the NE-SW branch
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which most pfobab]y continues ;s ‘far south as LON, near
_SEH. Although the bb]arizagion sqnsitivelbehaviou; of
"the amgmaly precludes meaningful~two—dimensiona1,mode}ling
a Maximum depth can be estimated from the half-width of
‘the anﬁmaly defined as the widtﬁ of the xa/xn énoma]y at
haif-maximum value.” A line current at‘dépth d produces a
; field oflwfdth 2d at the half-maximum value, and a Z
field witﬁ extrema 2d "apart. ‘The actual current cannot
be deeper than the line current best fittifig the angmaly
widths .just defined (Gough, 1973p).

~In tgis case the widtﬁ at half-maximum valQe
of X /X, on profile AB is 250 km and'Fhe Z extrema ‘are
100 km apart, This difference is due to the fact that
the X componeﬁt at OUT was not recorded. This reduced
the definition of the Xa/Xn ano@a1y and the station
spacing of the array was not designed to detect such
narrow anomalaus zones, These half-widths will indicate
maximum deoths of between 125 and 50 kﬁ. [ am inclined
to accept é maximum depth closer to the smal]ef depth
especially if the gepa#ation of the in-phase and
aquadratyre-ohase induction ve tors is considered. This
separation of the induction effects seemsvto indicqte
tha; the east-west conductor is at é lithospheric depth.
The conddctive structure joins the‘AFrican riff system at

the eastern pojnt of the array wherd it underlies the
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rift zone is the south-westward extelﬂop of &he = . “aw..

“ -~
Luangwa Rift. Reeves (1972) fbund that the Ka\ahah

. “ A
seismic axis is indeed a wel} a11qned exten%1onq\E'*l

[ 4
Zambia's Karroo-filled LuanGwa Rift and the fnduct

anomaly coincides with the seismic active areas. In
Botswana the linear featﬁres ;n the Okavango lie paralle)
to the conductor, but in South-West Africa the conauc-
tive structure cuts obliquely across the aeneral agrain

in the Damara Geosyncline. De Beer, Gouéh and Van Zijl
(1975) reviewed the available geophysical and geo1oqica]
data in the area and concluded that the conductive zone
marks an extension of tﬁe»African Rift system along old
weak zones in the lithosphere.

The deflection of the in-phase induction vectors

towards the west could be due to the proximity of the A
continental edge and the Atlantic Nlcean, but fould also

be caused bv anomalous structures associated with "the
nrominent north-south faults of Karroo to Recent age
indicated in Fia. 4.2. Xorn and ”artin (1951) showed that
most of these faults are still active. [f the in-nhase
‘resnonse is considered, however, 1t is clear that it is a
~tructure with a hign inductive reactance and is most
Probably a suybcrustal con&uctor 1ssociated with the

"continental edqe. ~
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v

The work 1in thi&hapter has Leen the subject
ofy a paner by De Beer et al. (in press).
v,
“%
. The reghlts of this array study will) be

discussed in more detail in Chanter 6.
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CHAPTER V

‘A STUDY OF THE ELECTRIC CONDUCTIVITY STRUCTURE

IN THE KAAPVAAL CRATON

5.1 Flectromagnetic induction in a nlane-layered tarth
R X - T T T T T T T e s e e

g . 1 .
The dimensions of maanetometer arravé in mi -

latitudes aré usua11v,sma]1er than the spatial wave-
Tenqgths of the indhcinq magnetic fields. When thy
the case and there is no indication of main{ Tatera’
inhompggneities in the area under invesf{qat~wn. s
can be approiimaped by a plane-layered Endpl in
problem becomes that of solving the nofmdljequ1“~'_ P
for plane layers. The solution of this provle: .
'qenersl and has been treated bLy Price (1950..1fn;
Wait (1953) and ﬁ;hSéhmucker (1970a), amona other,,

In this .dnduction ‘problem the bartn o5 vecre
bv a model with N-1 conductive layers above a condu * .«

halfspace (Fig. 5.1). Thé model occupies the reayon

Z - D in a riaht-handed Carte<ian cgordinate system, »

]+

i<th laver (1=1.?}..,.N-}.N),nf thickness kj R TS R

has -condguctivity "4+ The air above the surfage 15 laver.

N and s s Assumed zero, A periodic primary field with
. ] ) . .. ) »
exn (j.t) time dependence is assumed.,
. . o

Price (1'62) shoued that the solution of the

drffusion ecquation (lfoﬁﬁfl of the form
» .

16?2
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f:: exp(’iut").',(z) F%(‘x,y) : . R '(g'.rl‘).
where . ?(.x,y') =.(%, - %E, 0? | ) . . (;2)
and.D(x;v) Satisfi;s the equation -

”_?‘; R ._2.; CkBr s o - o s

3 X oy

The na.r'an;eter k- ié a méaSuré of the non—uniforh.itv
of the orimarv' field, and 1s given by k = 2n/ ‘wher.evx -is a
'jinear_dimen's.ioﬁ of the spurce 'fi.e1d‘. Th-us k'4= D i'mplies
a uniform sau'rc_e: The function of depth . (z) sa_tisfieé

tf\e equation ;

. .-2“
27‘5—\; (k_2 + 1u01) (5.4)
‘dl ' ﬁ .
2, -
.or . S-‘iﬁw k2 o » | (5.5)
) zZ - -, !g
wi }h' o K.Z = ‘kz + 1. vt I A ) . (5.6)

It is clear that ea. 5.3 has solutions for P of the form.

sin(kx),- co_s(kx')". ‘exp(i-kx)-'and'sin(k.xx +. kyy).where

ki +. ks = k2. These solutions involve sinagle-values of
.k which maybb'eq-e«'qa’rded as ind*du'al maedes of the 'source
Cfield. Lo
—_— - -
/ ¢
\ ¥ ’ =
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hel

by \;‘2

° ] ‘]65.'
¢ ' <+
: [ J
. The maanetic field is obtained from the
equation v
Moo T
SN ’T}é = €- Lnuoﬂ
2 ®
and is qiven bv
. _ VooaP o as oaap 2 .
lwu.o” = - !—)-zjf‘-—;, rz— :lry—. k= ps GXD(]w\t')‘ (5.‘7)
In the j-th layer the solution of eq. 5.5 is,
oo 7 . . -K . . . K.
J(k.t‘z) AJ(k t)exp( qu) + BJ(k t)exp( JZ%,
(5.8) .
v ,d.ti(l",t,Z) - . " .
and -- } ,;—*~a}v‘#~4:.f‘Kjtﬂj(k~$7exD(-KjZ) - BjeXP(KjZ)?
' . Yoo
. o . {(5.9)
. = ~o q,.l d.‘__:.l
J 'Ki 2 | |
Aexn(-K.z) + R.exp(K,z) . )
a(z) = f s - ~ (5.10)
i Aexn(-K,z) - B.exa(K.?T .
i AR e ]

p. 63), a.(z) 0

4

S R .
In xhls case qj(z) G?T?7 of Schmucker (197Qa,

Z (z} of Weaver (1973, n. 275) and.
w. ) nn - . _
a.(z) * q_. as used by Schmucker (1971, p. 164).
. At any interface the tangential. magnetic and—

electric field intensities are continuous., This implies

- . v
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zj(21+1f ='31+1(21+1) .
L | (5.11).
AP () 4T ()

and dz - odz

but also that

C930z5a) 9y lzgay) o : (5.12)
hER fia1 | ‘

Fm 5.10 we have at the lower boundary of the

L

j-th 1dyer. t.e. mterface j+1,

: . A exp(-K,z. ]) + B.axp(K.z. +1)
a,(2, +1) " ,
< 1 e t-Ryz 5 jexetkyzyi
R SR (5.13)
® °
The”‘g;firfents Ay ang B, can thus be e11mwnatnd usnnn
oa\s 5.10 and+.5. 13‘:’ The nositive and nenatwe arqum&nts -
[
are comb'ined td‘hyoerbohc f@"t\ons to v1eld _ : .
- i.-'m.‘"
.9 (z ) + tanh K. (z -2) - -t
qi(z) : Tl+ a }z T tanh K f:l -2) ‘ (5.14)
J +] j+] . ' :
J" .
* with L T ”
- .. —
Equationg5s 14 corresponds to eq. f2 of Weaver *-
: . )
(1973). ‘Setting.z s z; in this equation ‘gfves g (;
in terms of 9 (z )‘1) Equation 5.12 is used to obta4
: T - g ,
. ‘ | : - .

I8

¢
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the basic recurrenckt fdrmula for nlane-layered conductprs

et )-= K\.‘q“](zj*]) + Kji‘ tanh K- h._‘
RN § e + LTI ;j*17’?anh‘Kj hj

{5.15)

Zi*1 - zj.= the-thickness of th j-th layecg.

The above equation. is the same as the ékpress%On\fdr a, -

With h. =
v hJ

on p. 164 of Schmucker (1971). . .
.‘ . - . N
(z 5+ ++) so that the term By in the N-th layer (the
\ ’ .
halfspade) must be zero
‘-, .o .

Thg incident field disappears”at ‘qreat depth

\

- Con(zy) =
- ', : B . .
> value of o can thus be obtained by
A : A -
star ‘the 'surface of the halfdpace where aylzy) = 1.
4 . ' ~ ' : .
an ihn successively the ni(zi).by;means of
| “. . i ‘
en, . *
N
4 . Two\limitina cases can be considered. - Firstly

"when the skin-depth in the j-th laver is iarge~in\

comnarison ¢qQ }:*hvelen-gth of the source field, then '

ik Kj = & - P . t5.17)

I -* . _
anq'ihe incident field penetrates througnh tiis laygr as

¢ * ‘ N -

i f fg”wefe nonconducting. o \\\,z

~ The second case gri%es when the wavelength of

-

®he incident field is large in comparison with ghe skinm

. "WwDth_of, sav, the i -th layer. From eq. 5.6 ) ﬂ'

A
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w e ' P . ‘..'s‘»’:‘ . . : ' . . ]68'

< . Aa‘f'b - ’ . . ) '

, R . . ~
o= 2 ; A | (5.19) :
] wu O _ _ .
.t » o ]} .
the attenuat*lon of the f'gi*eld in* this 1a.ye‘bis governed
R - [l
onlv by the skin depth and. s 1ndependent of k. » ¢ C e T

~'stemsofeqs 5152ands759 );‘b S

. . . | N “?"
_ | Ex = exn(iwt){-AJ.exp(-Kj;z)b +~ Bje_xp(sz)}W .
. %; . o (5.20)
o ’ . 0 ‘ P
and iwuoa; ﬁohwt){A exp(-K, z) - B exp(K 2:) } Iy
. . e ‘(5.21)
- .
so that the maggetotelluric im"n'ce‘ (eq. 1,24) at the
e E . -
éarth's surface is given by ' . ' v

Ex “idu;g](b) .

1 , , .
s =s

anq is indenendent of P.-

-

Frogo en. 5.7 we have that at the earths suvface .

o
. .
. * : ‘
. . c e
) Y

H 2 : . ' 3
- a0 g T (5231 gk
X . LI ' > . . s
\
.q‘.
" ¢ e -‘1\' . .
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but this relatiqq is dependent on R, ,
- LA ] . B . ) e N
_'urthmmqre weg have from eq. 5.3 that . .
2 2 ) ' b N
2P p 2 : :
- +|- = - 'k°P : (5.24)
W e - . .
whtch heans thad ,."-$.7
'. : - o -
. . H 19,¢0) :
R Y , T;*H"——Z—— F_?a“‘t- ’ * (5.25)
) .;.__5. . " | ) M
ax L : o ‘ . ¥
"- ) 4 . . .
é‘ * ’A‘ 2 “ . L3 - ™ 13 13 I3 '
';; abain at the earti\'ts surface. This equation gives a
t"‘ . ® b : . '
' relation betwgen t 'vé'rft"lo.;a) variatian fiel'd and the
. . l’-cf,) . * . .
horizontal field j/v ient andejs-ihdepepdent .of P. o o
B TN P\ S . - . *
. T Schmucker \( 979b, 197§ introduced the T
indu'c'ti‘p scale lengty C].(«n,k) - the response function. R
. . ) N 1 ' ) . .
- used by Weidelt “4972-) _arfg defined it as o | ,,\—\
A o ‘
9;(
C.(w,k) =% (5.26)
K .

SiAace we are working at the surface the

bscriot of C is drogped ih the .further discussion, but.

inio1y C]_ . ‘ - REE : o [
The m’a'qnetqtéﬂurig impeda?¢e (eq. 8.22) reduces
75 i C(MK) oo o (5.27) .
O - - . .
\ _ oot _ -
'- L}
. . - .




~ From ea. 5.16 gz(zzf

- e

and eq. 5.25 can.be writtgnbas

Hy

W—————W— = C(m.k) ‘ : ' (5.28)
X - ’ |
. AX vy -w '
. » . L

Schmucker (1973a) and Kuckesl(l973a) independently

‘intrnduced a simple inversion techniqu% for one-dime nal

problems. This method -yields a first Aftimate of the
. d .

sd@ ate. These authors as@ume a unifor

coanductivity at depth from 4he response function at the
half-space of

' 'coh\ucffvity 9, underlies a layer withyllow conductivity

frequencies of interest in array studies. \The penetration

depth in the half-space will be small companed to the oy
soatial wavelenath of the.incidedt field.
From the 1imiting cases discussed i& connection

: ) . e ’ o
with eqs 5.17 and 5.18 we have for this case that

= k, kh <<:1 and Kk, = 1 (5.29)
SR L

Ky

.gﬁhefé,sz is the skin depth in the second layer.

¢

Equation 5.15 yields for a go-layer. cfase

Kyg,{(z,) + K, tanh K.h . :
g,(0) = 12 2 ¢ . - (5.30)
170 K+ K a,(z,) tanh KR .

A

1 and sfnce h <- e 17k

penetrate the ton layer with neqligible aftenyation for Ve

-apd thickness h. Inh this model the ‘incident field will , &
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tanh Kyh > K,h . Substitutiﬁp these approximations and

the limiting value for K] inleq. 5.30 yield

e ~
k(1 + th) :

and when the limiting value for K, is introduced

-

a,(0) = kC ' | | : (5.32)

[ . { ‘ L.
‘a complex length. Since k = Ky : . o
() . _ R
C = T—‘ = C(‘...k) .(5.34)

1

#he resoonce furmction of eq. 5:26.

It is clear that

R e RefC) ¢ Im(C) =
o .

cand A, = -2 Im(C) .

"2 . ‘

- The general strategy of the inxersion is to determine C

at the ;urface by means 6f equétions such as 5.27 and

5.28. The equations §.35 are ther used to get fos aach

frequency comoonent a depth and conductivity of a uniform
8
Subst1tute conductor This depth and conductavvty are
v
meaninaful onlv when the arqument of C(m k) for a specific

‘

i
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|

frequency lies between—i and 0, yier}nn a positive
«»
depth h. For such a frequencv a multi-lavered structure
"is indistinguishablé€ from apd therefore reolaceable by a
: o ) , .
uniform conductoq?‘fvdepth h. An underlying assumption

fs that (h + 62) is small compared to the wavelength'of

the source field.
- [N >

? N1ith = hoe g . (5.36)

L 2

the depth of a perfect substitute conductor

‘ o

h" = Re(C) (5.37)

L 4

A i modified anparent resistivity can be defined as

-

CoeT ") = 2eu tim(e)}? | 4 (5.38)

5.2 Considerations for pmetiqgrob;erved data ° -
: ¢ g .. N
The theory developed in Section 5.1 applies to .
: e e T s oaee v\

specific SOurce_field configurations and specific

geoloqgical ;onditions. in practice the invest§g§tor
is.facéd by-the prob]em that he seldom knows the source
field configuration anq actually studies the conductivity-
structure to 1earﬁ more about the geoloaqy. Under‘eertaihk :
c0nd;tions,.asshmo ions, can be madeureaardinéﬂthese ‘
parameters to fagilitdte the'compufation of theoretical

models.
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.

N . Lilley (in nress) gonﬁiders the effect of
~different elementarv P functions on eqa. 5.23. o For a

travelling wave one can take P of the form

- P{x) = exp(ikx) (5.39)
with k real. Then
*2
p i ) . .
dF/ux Tk . $5.40)

and eq. 5.23 reduces to

HZ j 1k§J

i =y S ikC(. k) (5.41)

1

This equation has bean the basis of what Lil1o§ terms

. . . -
traditinanal aermaanetic depth sounding, as .developed for

axamnle ®v Price (10:2), Whitham (1963), Caner et al. ¢

-

(1967) :' Cochrane and-Hyndman (1977) and Caner (1971).

Nften the modulus of both sides of the equation is taken

thus losina the i and its sianificance. In this equation
a specific knowvledage of & is required. With P of ties
“form 5.39 ,

. ®

de

g T 1k (5.42)

or for the gene%al case with P a function of botn

H WH
X, Y

T vy ‘kf
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LAY

with ' the total horizontal field, This aives: an
estimate of k. The moduli of bhnth sides of this Q(]Udt\)ﬂl\
ire often taken, aqain ltosina the siaqnificante of the

. a )
i-factor. For a travellina wave it is hnwever ‘aH.Q!to
 dH ‘
replace the ik facteor in eq. 5.41.by Ix /H

H dH
B 2 S S VL B A
H dx H

x %

. For standinn waves one can tak ) the form
P = sin kx, when ‘ \"
3 tan kx ¢
dF7dx K (5.45)
so that ea. 5.23 becomes
H
i -kC( k) tan kx (5.4¢)

This means that fom standina waves eq. 5.23 15 no lanqger
indenendent of x. ..The J:: af eq. 5.23 to interoret
observeﬁ HZ/Hx ratioas j< thus valid onlyv ?%r a sinﬂle
mode travelling-wave snyrce field.

The maqgnetotelluric and array-qradient equations
(5.22 and 5.25) seem not to denend on the question whether
the source-field-is of travé11inqlwavé or standinq—%ave'

naturé. ~In these cases one has to bear in-mind ;hat the

relevant field companents will vani;“{at nodal points.

.




»
The value of k does nat enter in thege equations an the
-
same exnlicit wav as in »a. §5.23, but dnes enter in the
. .
estimation 0f. the Kj values.  This point’will be
Y

considered fiisher on in the discussiaon.

Qcha‘cker (1979b, la=ag) discunses thv'nonvrdl
tnduction problem as seen trom a partircular surtdce voint
in terms of three Adlative scale lenqths Ly L end L.
“The first scale length, L]. refers to the spatial (on-
figuration of the source fiéTd and can “e thought of as
the spatia) non-uniformity of tre overhead source field.
This can be for instance the height of an overhead line-
current jet or the reciprocal of the wave rfumbar for a
sinusoidal field. The secqnd scdle lenqgth, Loy vs rely
to the deqree of lateral uniformity of conducting matter
beneath the surface. Schmucker (1973) assumes that the’
halfsnace z > 9 is subdivided at vertical boundaries
into different 1avefig conductive structures. The lenqth
Ly is defined as the distance between the bnint of
observation and the nearett vertical bOunddrv.‘ Weldelt
(1972) showed that in the special case of sufficiently
uniform source fields the positive real part of the

-

inductive scale C(.,k) can ve internreted as  the wgighted A

’

mean depth of the induced currents in a stratified nalf-

. Space, The limiting value for k » 0 is a convenient

measure for the deoth of penetration at a aiven fréquency.



Schmucker (1973) thus defined its rodulus for the
relevant stratified section as the third scale lenath

such that 15 = C(.,7)'. bviously Ly increases with

increasing period. *

[f we assume a'quagi-uniform source field,

that the obseftvation points agg far removed from 1atera1;
boundaries and that the subs%rface aoproiimatés 3 |
1ayered'mode], we have the case wnere L]; LZ - L3. Thnis
;s a oned%imensiona1 fnductionqproblem because, as
‘Schmucker (1973) noints out, for the area uﬁdet considera-
tion neither the exact configuration o§ the source_;iefd
nor the conductivity in adjacent‘stratif‘ép sectinns «
matrgrs. For this case one can set k = 9 to.obtain the
field relations for the so-za11ed Caaniard case from eqs

5.22 and 5.27

= i C{o9) / (5.47)

(5.48)

i
[}
—
t
4
)
—
(&)
~—

and

m m
xA*<x

' =, “
and from eq. 5.28

H H » '
X
HZ} (= + 55 ) (5.49)

Equation 5.49 can be used td nbtain an estimate of C(.,0)
-«

from the observed vertical field and horizontal field gra-
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dients at a certain Prequency. It is wnrth nntina that
H . .
from eq. 5.23 gl = N when k = 0. To circymvent tiis
) X . .
problem Schmucker (1373) makes allowance for a small
sinusoidal modulation of the source field with the
constraint that IR
‘ L3 o . - '
/ ' ke}Clw,2) = 7 o (5.50)
,*
Using thiS‘he“t‘Qn defines a locally effectivé “"wave
‘number" (personal communication between Schmucker and
. . %
Lilley, 1972). ’
j s
~H H R
K o= (% + LYYy, F (5.51)
\e 3 x v -
» .
] w *
where PFD = (M «H o+ H -H )]/2
x U x y v
Vd
This converts eq. 5.49 intn ¢
HZ e )
T = ke C(.,0) : o (5.52) \
‘ . . )
This means tnat both sides of eq. 5.49 are normalized
\ with-respect to .F and so differs from the use of eq. 5.41,

. L3
\_—N\\wnere ‘the observed HZ/Hx ratio is compared to the computed.
‘ . ' . .
value of ikC(..,k). Schmucker considers tpe=Tecinrocal

. pf kg as ;jj)@ denath for the overhead source.

. -

. " ]
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A studs of the nraoperties of C{(.,7) as derived

from.eaq. 5.49 can be "helnful in examinina the validity of P

the %ssumn&éon of a nlane lavered e<}th with 1ndu£tion

hy a auasi-uniform source field. Ffirstly C(.,7) has to-
)]

Pe[C(.,0 ¢

vary smoothly with frequencyvy and - 0 because

the depth of,induced currents chanaes smoothly with o ¢

.frequency, with the lower frequencies having larger =

penetration depths for a giv nfronductivity distribution.

1

From eq. 5.33 i\t is clear that Re[C(.,®)] - O and

I.Im[C(*,Jy] < 0. If C(.,0) as determined froumr tne nbserved

- . . . ‘
data does not have these basic nroperties, some or all
the assumntions regarding a one-dimensional model are
violated, Another consequence of a departure from these

pronerties will be that the Schmucker-Kuckes inversion

fechniaque cannnt be aoplied.

5.3 Conductivity structure in the ¥aapvaal craton as

compared to a qlobal model

The short neriod 1limits for studiés of the
radial distributjon of eTecfr{ca] condugtivity in the
tarth and- the re5{1tinq poor d?%ermination of the
conductivity structure for depths less than 400 km, have
been discussed in Section 1.2.1. The nortnern‘par‘ °
the 1971 array was situated on the Kaapvaal craton and

the maqgnetograms, mans of Fourier spectral components

and,induction arrows discussed in Chapter 3 indicate that,
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‘of all the areas studied, this area ceems -to be the least Coe

affected by lateral inhomoqqneitiés? It Would thus seem -
- . . » . .

that-theseparray data offgr‘an opportunity to determine..:

conductivi;yfdeqth nrofile for an Archean shield area. The

t, : . .
~\\ ‘results of the deep Schlumberger scundings in the area

4

(Sbction 1.4) indicate that .tne aeological structure.does

intdeed approximate a-blane-lavéred situation. It should,

however, also be borne in mind that even at the north-
east of the array Hz(t) bears a strong resemblance to

.* M (). sungestina ghat much of the H, variat¥bn fyeld is

X

an anomalous field resulting from~indu nn by Hx 'n the .o
o east-west.conductar to the snuth of the array. .

In'orinciolebthe best anproaeh to_the oroblem

-
>

of 6btqininq.a conductivity model for the Kaépvaj1'craion

“should be a direct inversion tethnique such as those -.
desériﬁed by Bai]eyn(]§70) and ﬁ?fdeii (1972). These
two methods, however,.require precise data over. a brbad} ~
frequentylrange, while in this case only data with a .
limited precisioh_over a very limited fréquency apd'are
»available . Néide]t*himself advises: "it aopea?gffﬁgi the -

" best way to handle geomagnetic induction data is stif ta”
interpret them by é set of homoageneous layers and to b d‘b
introduce, if necessary, further prebonceived mode ]
assumntions” (Meidelt, 1972, o. 285). The modelling in

s .
this studv was therefore performed with the aid of the

(- - & :



o

Tiqure 5.2  Conductivity models investiaated in one-

. dimensiondl model studies. . Model 1 is the
& . "standard" model constructed from conductivity
models Banks (1972) and’Van Zijl and Joubert .
£1975).° "odel 2 is derived from Model 1 by
increasinag laver thicknecses between 250 and 670
km hv 597, "ndel 3 is derived from odel 2 by

decreasing conductivitie, between 225 and 9710 -m
bv a factor of 10. -

‘

(44
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.
theory déve]nnhd‘hv Price (1962) and Schmucker (1970a)
andﬂdfscuSned in Sect(on,B?lf

Because of tne effects of the Cane Fold Belt

conductive structuré on the data and the a<sumptions}

involved in the mod:1ling techniques,' it is clear tnat
the present data allow, at_best, a compdrison with

existing models and precludes any meanianul'independent

"

modelling. A aqood model for comparison is therefore

required. Desnite the limitations in the data of Banks

{1060, 1972)'discu%§ed in Section 1.2.7, his models for

|

the ‘'radial conductivitv structure of the Farth are
considered tn be the best available, The conductivity

models derived from deep Schlumberaqger soundinas are the

best available for the crust and unggrmost mantte

(depths - 200 km) in the craton (Fiqure‘1.3). where

—
»

lateral jatinns of conductivitv can be reduced to-

its. This model and that of Banks (1972) -

~

) 3
vewe therefo QOmbined to, form the "standard"” model for

~comparison afid is depicted as Model 1 in Fiqgure 5.2.
e most severe problem in this type of modelling

is to age) an estimate of the spatial wavelength of the

source field. Price (1962) estimated that for qethysicaf

anplications involvina sources of gatural oriagin the

snatial wave number would lie in the ranqe 1.57 - 10_7m']

Sl

to 1.57 ~ 190 Banks (1969) states that for mid-
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(4]

Y
latitude étationﬁ awav from the gguroral and equatorial

alectrojets qenerallyv-b - 2/PF 30 - ]0'7m-‘. For k in
th{s range the anproximation C Lk C(.,7) hoj)ds

' . o) ( ) ( ) kﬁy//
(Larsen, 1973: Schmuctew, 1973). This means that e
first scale lehgth L, + -, With the station CHR (Fig. 3.1)

as observation poigt, the nearest major dateral inhomogeneity

‘served in thre array area (unqer the Cape folded Belt)

is about 600 km away. There m most nprobably

are, closer vertical boundaries o fthe array

the present datiy, however, L2 is about 600 ki,
The third s?ale lennth L3 is Anfinod as
Modlr{ ") 7. It will be shown that this nquantityv varies

from abont «ﬂﬁtkm at a nerind of 20 minutes to about

1,990 km at a neriod of 306 minutes. This means that
at . best we have the situatigq that L] - L2, L3 and dn not
actually have a one-dimens onal caee. It i35 however
instructive to trdat the problem as if L;, L, -+ L; and

to obcerve tne effect. of the lateral innnmogeneities.

As a first study the c(lassical geomaanetic
deptn soundin; anproach wa- jnvestiqatedﬂ The obser;ed.
.:5' raFio was mnﬁrlled usﬂnq eq. 5.41’and the a]gortﬁhm
described in Section 5.1. The value of k in eq. 5.41 was
determined by means of eq. 5.43 usina only the modulQ of
H% and Hy' This anproiach thus assumes a plane-wave source

confiaquration+ Straiait Tines were fitted hv least squares
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to the W valués at.the stations PFT, ¥OF, DCA, SCH, CHR,

AH -
//lVRY (Fig. 3.1) to determine.771 and to the Hv valyes at
M

oL, KU CHR to determine Y The estimates of
. - 4 y

the standard errors ofsthe slopes were combined with the
1 4
errors in F to get the standard errors in k. A-weigﬁ\\d'
1077

average of the k estimates.at 10 periods (3.4 "+ .6)

was used in the calculations. This assumes that the k
vaﬁues for different oeriods\be1onq to the same pnpulation
and ;ay noi be a valid assumotion, but cefiainly is better
than gquessing values. _ It will be noted that this value of
3 coiﬁcides with the Banks (1969) upper jiﬁit of

3.1 x 10'7m_1. A1 stations on the Kaapwaal shield as
outlined iq Frgq. 3.1 were uséd tn obtain an avera&qe

‘:51 ratio. From Fiaq. 5.3 it is clear that this qyantitv
does not vary smoothly with perinod, an indicat#on that,
the aésumptions do not hold for all the data used. The
fiqure also shows the ‘!5‘ valuges for the standard model
(Model 1 in Fig..5.2). At short periods the mode)
approximates the observed ratios, but has too smail a
slope to mafch the observed ratios at the longer periods.
. .i To determine the ef}ects of perturbations to

the model the thickness of the layers between 250" and 690

km depth in the stangard anq] was chanaed to 157 km to

nhtain Model 2 (Fiqg. 5.2) and the calculation repeated.

m

-1

i
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Fiqure 5.3

N H
Nheerved ‘r}’ values for st ions @an the

kaapvaal shield in relation to comnuted

values for Model 1 and Model 2. The values
of k are for the one standard deviatioq
Timits. ’
<
/
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The results a;L shown in Figqg, 5. 3. The <lopes of the
mode! curves are still tan small, Modet 3 n big. 5.2

was constructed by increasinn the resistivities uf the

layers in the depth ranqe 225 to 900 km a factor of 10 '

relatirve to Model 2. This model fits the data better

. w .
- than the standard mode)l (fFin. 5.4).

The effdct of Me crustal model used was
investigqated by extendina the lower crustal - unper mantle
resistivity (1,392 ahm. m) right to the surface. The
effect for k = 3.4 - 10'7m’] is shown by the braoken line
curve in Fiaq. 5.4 and it is obvinus that near-surface
conductive layers have only 3 slight effect at the
shorter periods and none at the 1§nqer Qerioda. .

N The normalized anomalous prafiles 1n Figs 3.172
and 3.13 indicate that the fields at the southern stations
on the shield (to the north-east of PRI) contain sizable

anomalous parts due tn the conductor to the south,. The

effect of including only the narthernmost statioms in
. H

the comnutatinn of an averagqe fi was assessed by calcu-
latina this ratin fnr CHF and VRY, The result is shown

in. Fia. 5.5 in relatinn to theoretical values for °the

standard model and *“odel 2. Now the Ezandard mndel fits
the data for 7 - 70 min quite well and ''odel 2 fits all
the data satisfactorily, It is interesting to nnte

thaf in the ramge T - 70 min the aporoximation that

L]
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.

H .
- . . a 3
‘Vheerved _rz, vilues fdr Sstations on the Faapvaal

shield in relasinan to computed values for ! odel 3.
The brnken line curve indjcates the effect of
extendinag the lower rrustal-uprer mantle
résistivity af 1,397 ohm.m to the ®urface of the
farth for k - 1.4 « 10 "m™ ',

\ .
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L1, L2 >> L3 is ﬁore appropriate than for lonqger periods,

"because L3 ihcreqs&s with increasinag period. The above

-

]

calculations were repeated'usinq the gpproximation oJ
.éq. 5.52, but with k as determined from the deulf of
the field comnonents. The results are almost ideﬁtiqal
to thqse discuss d above, The bigqest‘uncertainty in
this tvpe of avalysis is tﬁé'estimatiop of k. If for
1nsta§2e the 1aroest k (6.2 x 10'7m‘]) obtained in the
comﬁutation of the average k is used in the computation,
the standard model gives a good fit to the data. o
A method that avoids the estimation of k is
therefore‘needed, The array gradient methog\is such @
method. The ovserved resnonse function was computed for
different periods using eq. 5.43. In this case H,» H

“H

and Hy were troated as complex quantities and 3;1 was

determined aloiq a S-N line through KNF, DEA, SCH, CHR,
3H

X

and VRY { Fiaq. 3.1) and Evl-alonq an W-E line through
ALT, KUR, CHR. The averaoe H, value at the stations
) VEN, VRY and CHR in the north-eastern corner of the array
wasused in the computation of C(.,2). The values as-
comnuted at single periods were found to .contain large
- W¥andard deviatinns, partly because of the smgﬁl HZ

values, but mostly because of the errors in the gradients.

A frequencv-band averaging technique was therefore devised

4

to’  decrease the errors in C{.,0). In ghis process response
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functions were evaluated over a band contaiqing up to 15
Fourier spectral estimates at periods near 20 min and two
estimates at 300 min and then averaged over the band,
This 6rocedure is éoorooriate because fhe respbnse
function chances ve}v slowly wWith frequency ‘and the. .~
.C(m,n) within a 1imited frequency'band tan be coﬁsidered . .
to be an estimate of the same quantity.. A similar ) ..
technique is used in magnetotelluric studies in the |
estimation of the tensorﬂimpedance elements (Word et al.,
1970; Hermance, 1973). |
S

to include portions of -

L P
F]

The bands were selected
the spectra with nigh energy in‘Hz,.to i%frease the .
signal to noise ratio. The bands were afso;chosen over
a period range where the polarization ang]effaried no
more than about 30 degrees. Stability-in the polarization
direction was assumed to indicate Stability in the
source field. Changes in the polarization direction
within a band may be valuable to eliminate the effects of
local inhomo;;neities, but for the present stqu stability
in the source field was considered more imooftant. A
reason f&r this‘waé that Eg, C(m,O)\Va1ues varied a large
amount within a band if the associated horizontal field
polarization directinn changed by‘a large amount. The .
Fourier coefficients represent averages over a time

interval and changes in polé}ization with period may

indicate contribugions from more than one souyrce. .
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| The ’renbéncy-band averaged' values of Moqgﬁimkﬂ)]-
are shown in Fip. 5.6. 'Thé résponse functions aré‘pﬁotted
at the deohttr*c mean period of each band. Dnlv the ,z’.
mnoduli are plotted because in only one band were'Re[C(m,h)]
oositive‘and Im(c(m,o)],neuative as they should bé‘(weidelt,

1972). This anrees with the conclusion, from the earjier

- .

analysis in terms of scale lengths, that the structure is
not in fadffone-dimensiona1. The penetration depth increases
with increasing period as it shouid. The ‘theoretical
response functions for Model 1 and Model 3 of Fig. 5.2

‘" are superposed on.ihe data and the latter clearly'fits
thé data better. This is consistent with the results

) H
from the study of |r£l. e

- -
]

In some of the bands investigated but hpi %wh
—in _Fia. 5.5 the v%]yes of C(w,0) were umstable, because
slones with about equal maqnitudes. but'opposité signs
were added in the éenominator of eq. 5.49. TGis problem
can be avoidéd by rotafinq the time.doméin dafa to u
components narallel and pernendicular io the ibng,axis
of the polarization ellipse. This wilt mean.that the
data have to be Ffourier analysed to obtain the polariza-
tion paramete#s'beforé the rotationican be doye. The
fotated time dcmain data are tﬁen fourier ana}yséd and
the'graﬁiéntg (bfained in the new reference frame. In-

the case of a linear or near-linear polarization only

3



Fiqure 5.6 Frequency-band averaged values of Mod[C(w,n)]
in relation to computed values for Model 1}
and Model 3. The vertical bars indicate ths, -
standard errors and the horizontal bars :
indicate the width of the fiequencv bands .
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one derivative has to be taken which will enhance the
accuracy of C(w3;0). In this study there are too few
stations in the study area to carry out thjs process.
A1thouqh the data used in this analysis have
some pronerties that 1nd1cate a deviation from a one-
dimensional structure, the results>suggest that the
conductivity profile {n the approximate depth range
200-800 km under the Kaapvaal shield differs from that
of the Banks mofe\. The observed fields require a slower
;15e in conductivity with depth. Magnetometer‘array
studies are well suited'for studies in this depth range
which s deeper than that for Sehlomberger‘and -9
maqnetotellurwc studies and ifs near the short period
1imit of radial conduct1vit¢-otud1es A magnetometer,
array 1otated on the Kaapngl and Rhodesian shié1dskm%ght
heln to establish an e1ectr1c.conductivity profile for
f:;::—;FTE$ﬂ’Teoion.

With more stations removed from major induct on
anomalies, a trend surface could be fitted to the
horizontal field components which would lead to better

'vestimates of the gradients "and also C(»,O). A serious

attemnt should also be made to develop a Backus and "~

Gilbert type inversio echnique for this type of problem. -

..
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THE CONDUCTIVITY ANOMALIES IN SOUTHERN AFRICA IN RELATION
TO LOCAL GEOLOGY AND GEOPHYSICAL PARAMETERS AND THEIR
PNSSIBLE CAUSES {

trending conductnr.under\the we d‘;irg‘ dsfle Fold Belt
and deep part-of the Karroo baﬁ(F T, R, S This
~conductive structure was so far from beinqweihected that
host of it passes to the.south of the southern corner of
the trfanqular array. Nevertheless it is clear that a
1afge hithy—cnnductive-§§ructure elongated east-west
underlies the deep Karroo basin aqﬁ the Cape Fold Belt.

The phase re1ations“and'f}equency-response of transfegr
functions discusséd fn Chapter 3 indicate that Ehe
conductpr is most likely in the lower lithosphere or -
asthenosphere. The relations of this conductivity anomaly
to other %eophysical parameters in the area and to the
local aeology arevVery_interqsting and-‘warrant a short

discussion,

6.1.17 Heat flow data

[ 4 2
Conductivity anomalies in the crust and uppermost

mantle can be related to temperature, as in the western

198
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10 20 30 40

Figure 6.1 Published heat flow data (fiouqh, 1963; Carte and
Van Rooyen, 1969; Chapman and Pollack, 1975; Vom
Herzen and Vacquier, 1967) for southern Africa {in
relatinn tn tectoanir nrauvinrcac Af Cin 1 2 T
labelled tectonic provinces are in cnronological
order: A the Kaapvaal shield, B the Limpopo Belt,
C the Irumide Fold Relt, D the Namagualand-Natal
Belt, £ Damaram-Katangan age province and F the
Cape Fold Belt. Tne star indicates an average of
20 heat flow measurements in Lake Malawi (Von
Herzen and Vacauier, 1967) and the other eight
values north-of 20°S are the recently reported
values for Zambia (Crapman and Pollack, 1975).

¢ 7



200

’

-

U.S.A. (Gough, 1974), or to compdsition (Garland, 1975).
Fiqure 6.1 shows some published heat flow data (Gough, 1963
Carte and Van Rooyen, 1969; Chapman and Pollack, 1975; Von
Herzen and Vacquier, 1967) for. southern Africa superimposed
on the tectonic nrovinces ofliig. 1.2. There are no heat
flow data from the Cape Fold Belt, but at least three
héat flow measurements on the conductivity anomaly just
tb the north of the'fold belt and one further east just

tn the north of the faldina (Gough, 1963). These four

heat flow values have a mean of A9 m\dm'2 0

.

{1 HFU = 1y ca) cm'zs'] = dl.BCMHm'Z) which is 1 mWm % more
P ,
. than that for the other six values on the Namaqualand-Natal
Belt. There seems to be no hiaher heat flow over the

anomaly,

6.1.2 Gravity data

A large negative isostatic gravity anomaly exists
in south-eastern South Afr;;a at the eastern end of the
Cape Fold Belt (Fig. 6.2). It regches a minimum of -800 q.u.
(1 g.u. =1 «10°% ms"2 = 0.7 mgal) of which about 200 g.u.
can be ascribed to Cretaceous sediments-(De Beer et'al.,
1974). This anomaly is_elongated along an east-west axis.
In renortinag this anomalv Hales and fouqgh (1969, 1961)"°
exn1§ined‘it as beina caused by a relict root or thickening

of the crust which had nrovided Airy type compensation for



Fidure 6.2

Maanetic, or;;i>y and conductivity anomalies in
southernmost Africa in relation ta the Cape Fold
Belt. The maximum Qnd minima of the Beattie
magn2tic anomalies shown in fFia. 6.3 are
indicated. The oravity anomalies are departures
frem an Afry model of isostatic compensation

with crustal thickness 30 km. The inset map

ifs adapted from Hales and Gough (1960) and the
gravity units are in mgal (1 mgal = 10 g.u.).

The arrows represent the negative of the in-phase
{nduction vectors for a period of 128 min for the
five stations nearest to the anomaly. The
approximate axial line of the conductive

‘'structure is indicated.

=
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a mduntain range since eroded away. It was pointed out
that a mountain range which would just be supported by
the root would be 33 km wide and 1.4 km high: Since
largqe stresses are necessa¥ily associated with isostatic
anomalies of this,large magnitude and area, a seguence of
failﬁres was predicted by Hales and Gough {(1960) leading
finally to unlift near the anomaly axis and reduction of
the isnstatic anomaly and the stresses. There are no
larne scale isostatic anopalies in the western half of
the Cape Fold Belt which could be exnlained by postulating
that the‘brbcess of unlift is more advancea there than in
the east. S#hnae (1935) showed that large vertical

movement had in fact occurred in the western region.

N——

6.1.3 Aheromagnetic data

The most prominent linear qeonhysical feqture o
in South Africa is the Beattie Ridge magnetic andméiy
(Beattie, 190¢") which lies to the north of and, for most
.of its 900 km lenath, parallel to the C(Cape Fold Befﬁ
(Fias 6.2 and 6.3). The main anomaly consists of a
maximum with amnlitude ranaina from about 100 to 500 nT
(total intensitv) f1anke¢~over larqe distances by lona
“Tinear minima. Inspection of the 1:1,000,000 Bouaquer
anomaly map of South Africa (Smit, tales and Gouagh, 1962)

reveals no assogiated qnavitv anomaly. Deen Schlumberger
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soundings across the anomalous magnetiﬁ.strﬂcture (Vvan Zi3j1,
Bahnehann and De Beer, unpublisned .observations) sbggest‘
that the causative.body is in the basement beneath.the
Karr00u§ediments. Model studies by F. Bahnemann- (personal
communication) indicate that .the anomalous magnetig structure
is most likely }n the middle or lower crust. Du ;TessiS'
and Simoson (1774) found tﬁat at their eastern extremegﬁis
the linear east-west trendina Beattie anomg]ies are
trunca;eq Bv the continénta1-§1ooe. 'These-authors showed
from sihole‘déoﬁh ca&culations that on the continental
shelf the bodies causina the anoﬁa]ies lie at depnths
varying betwveen 0.6 km and 3.0 km. In this denth Fanqe
seismic refraction studies have been interpreted as
1ndicatingnCape—Karroo rocks (Ludwig et al., 1968). This
1S not Eonsistent with the results from the Beep Schnlumberger
soundings further west. Du Plessis and Simpson (1974)
believe that the causative bodies are. late-Karroo dolerite
intrusions rather than Precambrian intrusiQé; and metamor-

nhics.. This explanatien is not consistent with the ‘
- situation further west in the array area, bec;use there &
the Beattie éigoe anomaly lies well south of the southern
Yarrno dolerite occurrence. There are no Karroo dolerites
intfuded into the western_qgrt of the‘fold belt and the -
whole fold belt actua]]& shows a total absence of any

sianificant ianenus "or reainnal metamorohic activity. From
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Figs 6.2 and 6.3 it is clear that the Beattie anomalies

do not contgnue under the fold beit.ﬂ

6..1.4 The Cape fFold Belt and its origin

The Cane Fold Belt consists of.two folded
chains, a smaller no;th-south belt alona the western
edage. of the fnld mountains and the principal east-west
chain a]ogo the Cane Fold Belt manked in Fig. 6.2. " The
folded sediments ranne in age from Léte Ordovician (Cocks
et al., 1970: Cramer et al., 1974) to %ate Permian
(Hauchton, 11969) but the main phase of folding was 'in
ughton, 1969) and“involved the east-west

v

legs severe north-south trending Cedarberg

the Trias§i

chain. Th
folding oc d in pre-Dwyka times (i.e. before the
Middlie-Carboniferous). The litnology and pa]aéontology of
the Table Mountain and Bokkeveld Groupsw(the iQo lower
stratigraphic units in the Cape-Karroo sedimentary éequenpe)
arque for deposition On.a continental slope with marine
conditions to the south (Rust, 1973). The $i}st signs of

a southern land mass (Ryan, 1967) arld pre-Dwyka folding in
khe east-west fold belt (Hauahten, 1969) are observable in.
“ittebera (Lower Carboniferous) strata. There is now good
evidence .that this sodiiern land mass was not simply an l

unlifted part of the continental craton as-was widely

accepted (e.a. Hauahton, 1969: Newton, 1973), but an island
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arc type of orogenic %elt possibly related to a subduction
zone with agsociated trench south of the bresent coast-_
line. ~Near the southern edge of the Karroo basin gray—
wackes r1ch in vo]can1c fragments,and tuff layers are
found in sed1ments ‘that were transported from the south
(Mart1n1 ‘1974, E111ot ‘and watts. 1974) Since there was
no “volcanic activity in the Cape Fold Belt the voicanoesl

must haye been sytuated seaward of the present south coast,
M B
in Ggndwanaland of Permjan times. . ?

The origin of the fnlding in the Cape Fold Belt
is still .a matter of controversy. Some qe&loaists (e.g.
Newton, 1973, 197ia,b) arque that the fold belt does net
resemee a typical ”élate Tectonich oreqen in respect of
structural §ty1e, éedimentation or'fqneovs and metamorohic
activjty.. Newton (1973) therefore proposgd a gravjtyi
folding msdel controlled by the structure Al‘lhe pre-
Cape rocks-. _ »
‘ ‘ Other geologists (e.g. De,Swardt et aﬂ;, T974)

suqgest that the Cape erogenv is of Alpine type generally

ascribed to qravity sliding away from a median zone of
excessive unlift, with movement of the cover over a more’

riaqid basement, which is accompanied by fo]&?nq and

o

thrusting. It is further pointed-out by these authors

that the best explanation for orngenies of Alpine type

[

is that of collision of continental 1lithospheric oTates.
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An jmnorﬁant factor in the_as;J!Ement'of the

two oroposals'ié the relative position of southernmost
Africa in the pre-drift Goquana]and. Geophysical .evidence
concerning the south-eastern continental margin of South
Africa (F}anchetedu and Le Pichon, 1972; Scrutton and
Du -Plessis, 1973: Scrutton, 1973a,b; Du Plessis and

Scientists aboard Glomar

Sfmoéon, 1974) as well as drilling resul€s from the Falkland
P]ateadli(pre1imiharv revorts fré?

Challenager for Léq”36 of DSDP, 1974) stfonbly suagest an
, .

Unper Triassic-Lower Jurassic fGondwana mddel in which the
Falkland Plateau as part of the South American o]ate‘ 
bordéred the African“o1ate‘;nd exténded as far as Dpﬁban
along the present coast (Scrutton,‘1973a)” The Condwaha
reconstruciion would then be like ihat of Smith and Hallam
(1970) with the-Antarctic Peninsula nerhaos positioned.
ﬁfurther‘south. Pétagoﬁia and thé Antarctic Peninsula
‘would be situated to the south of Africa, taking directions
with reference to present-daynAfrica. In his -book "OQur
wéndering Continents", Du Toit (1937) described this fold
belt crossing southern Gondqua]and,=and it is clear that
the Cape fFold,Belt represents only the northb;n edge of
this CGondwanide hroqen.

The avai]ab]e‘évidence seems togsupoort the

hvpothesis that during 1ateﬂPa1aeozoic-ear1y Mesozaic .

times on oceanic plate underthrust Gondwanaland along its
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L then southern boundary. Finally a continent-continent or
é,ore.likely continent-island arc'collision occurred
producing mountain building whifh']asted_from the Permian
to middle Mriassic. In South Africa the most obvious
résult bf.thjs co11%sion'is ;H@ Cape fois’hountains.
Over-folding to the north is a prominent featufe in these :
mountains indicatino that the pressure was ‘directed mainly .
2>: *  from the south. - .
' The absence of volcanic activity in the Cape -
Fold Belt is consistent with .a subductiond zone with trench
off -the nresent southern coastline of Africa. The geology
and na]aeonto]ogyoof fhe Falkland IsTand$ and results of
deen sea dri]lfng on.the Falkland Plateau (pre}fminary
" report from the Scientists abbard the-G]omar ghpllenger for
Leg 36 of DSDP, 1974) indicate that the islands were also to
the north of such a subduction zone. A
Padula et al. (1967) preseﬁted'geoligical evidence
. for a subduction zone (they refer to an eugeosyncline) that
bord%red thé western rim of oresent-day Patagonia, possibly
. from Dernian to Triassic times. +he likelihood ofAtHis‘
subduction is well sunparted by the preseﬁce of a paired
metamorphic belt extending‘alonq,the Pacific coast of South.
America %rom Santiaan de Chiie to Tiérra del Fueago.  The
hiqh-bressure metamornhic zone is situated on the western

side of this belt andehe age of the metamorphism is

A}
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Permién (Gopzafez-Bonorino et al., 1970).’ In Patagonia
late Palaeozgfic to earliest Mesozoic magmatic -activity,
both 1ntrusi§e and extrusive, has been Hemonstrated for
the North Patagonian Massif and goug%ward to the Deseadp
rhszif (Hainern.'1968;-Ha1nern.et al., 1972). Rubtdium-
strontium whole-rock isochrons and mineral dates indicate
ianeous activitv from Carboniferous-to earliest Trias§1C'
for the South Amer1can sector Gondwan1de Nrogen.

. )"In West Antarctica there exisbs stm11ar ‘evidence .
fprAgubauct1on. The deformation is of early Mesozoic
age jn the_E]]sworth Mountaims and through West Antarctica

9

there are late Palaeozoic and‘earlv Mesozoic Pntrusions,
which suggest that the éondwaniﬂe Orogeﬁ crossed this

part of the continent (Halpern, 1968; ba]zie] and Elliot,
1973). The upward increase in air-fa11‘tuff beds in
Trxass1c strata of tne Beardmofre region suggests that

the centres of vo]can1sm we re becom1ng more vigorous or
slowly encroachwnq.on the Beardmore area (Elliot and
Matts, 1974).‘ A subduction to the south of Permo-Triassic
fondwanaland is thus firmiy established.

}A foldinao model based on continenta‘
:continént-fsland—arcfhco]lision'offers an explanation for
the nenat1ve isostatic anomaly assoc1ated with tee ane
Fold Belt, because the roots of co111sxon moun‘

will be sialic.




4

explanation to the bpresfnce of

21

This model, howave does not offer a direct
e Beattie magnetic
. . 4

Y which is actually

v

anomalies or the inductio

of nrimary importance in this discussion.

-

6.1.5 Pronased causes of induction anomaly

Gouah (1973¢g)-suagested that it is possible

that the high conductivity zone is associated with

anomalously hioH temperétures and partial melting and
that the conductive'body cnuld %n fact be.a linear
region of ascending mantle material - a ridge-like
structure on the more conductive zone in>the mantle.
The‘isqstatic anomaly may then be the ?ravitatiéﬁ;1

signature of east-west trending region of

high temnera e upper mantle. If this is the
case further work snould fndicate that the {éostatic
and induction anomalies coincide in.the eastérn part of:
the Cane Fold Belt. The heat flow data in Fig. 6.1
neither supnort nor denv this suagqestion. In the
ear1{er discussion it was noted that the main nhase of
faldina occurred durinq'Triassié times. The foldin
itself therefore will be unrelated to anv possible
thermal anomaly’in the mant]e-because it is hardly

possible that such an anomaly would nersist for a time

of order 108 yr. Recent uplift in the region, however,

could be related tb a present thermal structure.
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Despite this Newton (1974a) suggested that
Goyah's nroposal sunhorted‘his mode1 for the formation of
the fnld bett. Newton.nroposed that.such linear‘hantle
bulaes would offer a driving force for the vertical -
govements of the fault-defined blocks which his model
reqbires, Heé also Eugqes;éd that the conductivity
angmaly should lie to the north of the isostatic
anomaly because the isdstatic anomaly lies on th;
dépressed southern side of the major fault bounding the
Cnetaceéus-filled Algoa basin.,. This is in confrqdiction
to Gouah's explanation of the isostatic anomaly and
.would also imply tnat the thermal anomafy pers{sted for
abo;t 108-yr." | “

A set of .data that has not been used in this
discuséion is the radiometric ages for the basement_rocks.
'Nico]avfeﬁ and Burager (1965) pointed out that a south-
Qester]v traverse startina on the K;apvaﬁ1 craton would
pass from granitic qﬁeisses'older than'2,600 ,Nyr old
aneisses of the Namaqualand-Natal Belt and then through'
the Malmesbury ageosyncline intruded by 600 Mvr o1d
granites and/kaooed by the Palaeozoic-Mesozoic Cape Fold
Belt. In this extensive age study of the Namaqualand-
Natal Belt they sﬁggested that the thermal event that

caused the metamorphism could have been a linear incursion

'0of heated mantle below the-Namaqualand-iatal me tamorphic
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zZone, They further Squestea that the continent qrey Ly
the accretion of younaer mobile bhelts tike rnevMalmeﬁburv
asosyncline. Put intn modern nlate tectonic lanquaqe |
this could mean that a plate was underthrust beneath the
Gondwanaland of about 1,909 Mvr aan alana its southern
boundary to ngoduce the hich temperature belt that caused
the 1,000 Mvr ' old metamornhism. Thi's process also
accreted material onto the continent to extend the
continent southﬁjkd and in this orocess formgd the
Malmesbury oeosy&cliral séqdence into whica the, 630 Mvr
old Cape Granite@°a;%.fﬁ&ruded. A similar, but much more
'extensi;e process ha§(beEn suggested for tne formation of
mast of Western Cahad%'Qest of the dotky Mountains (Mengqer
. .
et al,, 1972).

' The }g?ttie maqnefic anoma]ief are in aqreement
with sdch a linear accreting process. From Fias 6.1 and
6.3 it is clear that these anomalies rouahly narallel the
southern boundarv of the Kzanvaal craton. The aeromagnetic
maps of British -Columbia also show linegr anoma]ies.bf
comoérable amnlitude parallel to the coast (Haines et al.,
T971; Stacev, 1973). The conductivity anomalj thevefore
could be caused by fhe transition from the highly %etamgrphic
crust and associated unpermost mantle to the mﬁch younger

(atvleast, 1,630 Mvr vyounger) crust and uppermost mantle

of the Malmesbury geosyncline. In its exposures to the soutn



of the fold mountains the Malmesbury rocks consists of
arits, shales, araywackes, limestones, basic lavas and
tuffs, quartzites, phvidites, schists and with higher
ofade metamorphic rocls in the areas intruded by grani tes.
In general the metamornhism was low-grade (Hauqﬁton, 1969) .

Hiahly maanetic peridotite incorporated into the crust \

“Eould'qivE rise to the Beattie magnetic anomélies. This

deel would explain the association of the induction
. - N

anomaly and the static maocnetic anomaly. From Fig. 3.14

it is clear'that the Karroo sediments are thin to the

‘north of the station BEA (Beaufort-West) which is on the

northern edge of the ipduction anomaly, while to the south
of it the Karroo basin deepens dramatically and the folding
begins. " This is most probab]y due ;o.the di fference in
mechanical properties between the oiqer lithosphere

north and the vounger lithnsphere soufg of Beaufort-West.
In this case the northern edae of the conductor would

mark the southern boundarv of the Kalahari craton (Clifford,

1067). .

6.1.6 Conclusion

R

This disCussifn is necessarily speculative
because some of the crycial data to determine which of ~

these hypotheses, if any, is the correct one are still

lacking. The requiréd data will inclutic an ex'tension of



the array coverage further east, heat-flow studies in
the Cape Fold Belt and seismic crustal studies to determine
if such a drastic transition from the Namaqu?land-ﬂaﬁal
Relt to the Malmesbury nensyncﬂiné do exist, Geologicdl
investiaation ~f the mroblem is severely hampnered by '
the thick cover of bq]aeoznic-Mesozoic sediments in the
important areas. T*e oroblems concerning the Cape Fold
elt and its relation to the basement qeoloay and
qeophysica],oarameter;-in the ared formynart of the South
African cont}ibution to the Géodynamics Project.

9n ,the present data, which are in many respects
incomp]ete,.thx.yriter nrefers the hypotqesis that the
induction anomily is due to a compositional difference
between the lithosphere in tne Kalahari craton and thg
younaqer lithosnere further south. ® This hyoothesis

seems to me more consistent with the available data than

the nropnosal of fough (1973c), but a decision is impossible

at tﬁis stage.
In Chanter 3 a MW-SE” trending anomalv was
described, seen at the stations OLI, PPl and PET for
horizontal fields with north-westerly oo{ﬁfizétions4 This
anomaly coincides with the Doornberg-Brakbos fault system
“thich ma%ks the boundary betweeh the kaapvaal craton and

the Mamaqualani Belt (Viljoen, 1975) and which ends in the

- fNorth Cape Fold Belt. This fold Belt snows up in the gravity
‘

v .
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maps for South Africa (Smit, Hales and Gouqn, 1962) and

. Botswana (Reeves and Hutchins, 1975) and runs nortn

- ‘from the statiq:s UPT and OLI in Fig. 3.1 to just south
of the Okavango Uelta in Botswana (Fia, 6.4). In Chapter
4 evidence was aqiven for a conductor running east-west
throuah South-West Africa and turning northeast in
quswana to enter thi mid-Zambezi valley. It was shown
that induced currents’were laraer for NW-SE polarization
of the horizontal ?geld than for N[-SW polarization. The
iorth Cape FoldJBe1t may link this condugtivo zone io the
Joornberq-Brakhos fault zone, inm a structure qenerally

cons{stent with the obsecrved polarization dependence of

the induction anomaly.

Ihe conductive zone in South-West Africa and
b . o

The most sianificant rosult of the 1972 array
Study in South-West Africa, Ratswana and western Phodesia
ts the discoverv of a zone of concentrated induced electric
Currents indicated in Figs 6.4 and 6.5, The etationv
snacinag Qefines.the boundaries of the conductive zone
within about half a deqree, except at its western
extremity where “they are aetermined within a nuarter denree.

The wQrk in this sectinn has been reported on

by De Beer, Gough~a;d Van Zijl (1975).



Fiqure 6.4

The conductor in relation to seismicity and
tectonics of snruthern cendral Africa. Small
dots, 2 < m ¢« 4. large dots, m > 4. Small o
squares intensities ¢ 3; laraqe snuares > 3.
Faults (bold lines) are from Geological Map

of Botswana (1973), Gough and Gough (1970),
feological Mao of South West Africa (1963),
Provisional Geological Map of Rhodesia (1971)
and Ingernationa] Tectonic Map of Africa (1968).
Geological boundaries are from the geological
maps of Botswana and Seuth-West Africa and
Hauaghton (1969). The bathymetric depths are
in metres.
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Fiaure 6.5 African rifts and shields in relation to the
conductivity anomaly {compiled from a map bv
McConnell (1972) and other sources).
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The half-widths of normalised anomalous field§
and the induction vectors indicate that the conductor is
at c}usta1 depth. From‘east to west the cond;ctive zone
continues the south-westward line of the Luéngha-middle
Zambezi Rift (Fig. - 6.5) and bends south of the, Okavaago
Delta to run hear1ynwestward across South-West Africa.

In the north-eastern part of South-West-Afnica and ai]

of Botswana the Kalahari sands of Te;tiary or younaer

-;oe cover the solid rock and hide-almost all tectonic
‘féatures. The Kalahari basin was formed in Tertiary times
when large parts of southern Africa went through nhases of
intermittent and differentiai uﬁ]ift intercalated with
period; of peneplanation or pediplanation (Haughton, 1969).
Boreholes reveal Mesozoic Karroo sedimeﬁts or vblcanics
under much of the Kalahari basin indicated in Fig. 6.4
JReeveﬁ,A1972§ Reeves and Hutchins, 1975) but have not so
fér penetrated the Kalahari sediments in the Okavango
delta'(D. Hutchins-: personal comhqnication);‘ Major linear
features wifh»a north-east trend are found near the
bkavanco and Haveabéen interpréfed as faults (Reeves,

1972: feological Mao of Botswana, 1973;:Scho1z et al.,

in press). These lineaments continue the line of the
middle Z;mbezi-Luanqwa Rift, an imoortant‘1inear'structUra1

e]ement in the tectonic framework of centra) %outhekn Africa.

The middle Zambezi valley containing Lake Kariba, is an
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asymme;ric rift pfesefving Karroo rocks downfaulted aléng
about'Midd{e Jurassic.faults.(G. Bond, personal communica-
'fion) between Precambrian shieid rocks.‘ Although the
fault pattern is rlg;onab1y we1l known {(Cox, 1970; Gough
and Gotgh, 1970) 1i;t1é is Known aboyt thé mineralization
énd Qafer bearing qualities of the faultg (G. Bond, |
personal communication). In the Luangwa Rift we also
haye'Uooer_Karroo sediments and volcanjics downfaulted
against basement rocks, with the aee of'fau1t}nq generally
fhe s ame (6rysda11 et -al., 1972). Several igneous-centtgs
are known along the Luadgwa Rift (Cox, 1970), including
Cfetaceous carbonatite volcanoes (Vail; 1968; Bailey,
1961). There are also carbonatites and kimberlites in

the middle Zambezi (lLee, ]97;) and a c]dstér of diamond- 
bearing kimberlites near Orapa in Botswana (Fig. 6.4). ‘
‘As early as 1921 Gregory considered the Luangwa-middle
Zambezi Rift as an extension/%f the East African rift

®ystem better déve1oped and’ known in Kenya and Ethiopia.

Others, like Du Toit (1984) and Bailey (1961) used

8

-

geoloaical arquments t; propose south-westward continuation
“ of the Luanawa-middle Zambezi Pift into Bétswana.

To tegt the hvpothesis that theAconductive zone
indicates a continuatiom of the known rift system of
Africa other qeéohvsicq] narameters*in the better studied
rifts further north are compared to the same pérameters in

the study area. ¢
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"6.2.1 -Seismoloaqical evidence Q'

. The two northern branches of the East African
Rift system.(Fig.6.5) are characterized by continuous 4'-
belts of normal faulting and graben'structurgs'qﬁdﬁthe
occurréncé of shallow earthquakes (e.g. ﬁaker et al,‘1972;
Wehlerberg, 1975).- The Castern ang Western Rifts, however,
differ from each other in several 6théf respects (Haasﬁa
and §01nar. 1972). The éeismic activity of the Eastern
Rift is much }ess.thin thai'oflthe wéétern Rift (Gouin,
1970; Fairhead and rigdier, 1571) and increases to the
snuth. Hb1ﬁar:et a; (1970) s&qqes}ed that much of the
‘deformation in xhe Fastern Pift occurs aseismically. In
contrast to mfd-océanic ridges énd rift structurés seismic
activity extends to some 100 km beyond the main rift
flanks (Wohlenberg, 1975; B;th, 19]5):

Considerable se}shic activity wi;h magnitudes

up to 6.7 occurred in the 0kavéngb Delta region in the
period 1949-1955 with 90« of the events in late 1952-early
1953 (Gage and Nliver, 1953; Oliver, 1956). Reeves (1972)

mapped 63 earthquakes in Botswana over the period 1965-1971

and folUnd a concentration of epicentres in the Okavanao

- o

Delta and scattered events in the central Kalahari. Reeves
believes the broad Ghanzi Ridge of post-Damara sediments
senarates the two seismic regionns. In the lLake Kariba

region a low initial level of seismicity rose sevé\al orders
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of magni tude. as'the lake filled, culmmnatlng in thrae
eventsy of magnitudes near 6 1n 1963 just fter. the lake ("
level peaked. Trwggering of renewed ~activity on the -
existing fau]ts. by 1ncremqntal solid stress :ather than
nwater pressure. was suggested by Gough and Gough (1970)
._sinqe 1963 act1v1;y has contlnueq with very s]ow,'1f any,
dec]iﬁi. fn.a:manner cohsisteﬁt.with.the Hypqthesis that
" the reaifon is npw.seismic inta steady state. Mechanisms
for two of the larae gyents show nofma] faulting with one
nodal blane stri(ino_” 25°Et parallel to regional faults
(Sykes, 1967: Fairhead and Girdler, 1971). .These and
other fault plane solutions f&rbéartthakes iﬁ eastern;
and southern Africa (Banghér and Sykes, 1969; Fairhead
and Girdler, 1971: “aasha and Fo]nar, 1?72) suggesth .
tensile ﬁe&iatoric‘stress in a WNW-ESE direction. Fairhead
and Gird]er (1971) showed that in the per1od 1963 1970
earthquakes in southern central Africa were located in a
broad seism1c zone running southwardofro% Lake Tanganyika
to a paint just Qest of Lake.Kariba.' Except in the Lake
Kariba area the m{ddle Zambezi-Luangwa Rift was virtually
aseismic through 1963-1970.

"Epicentres from several sdurces (Fernandez, 1972;
Fernandez and Guiman, 1973; Rhodesia. Meteoroloaical Servifes,
.1973: L. M. Fernandez and .. A. Guzman, unpublished) for

the period 1965-1973 havye been plotted in Fia. 6.4. Their
4 €



di{tr1bution supports fhe hypothesis that the Luangwa-
mtddle Zambez{ Riff'continueS'to the south-west into
Botswana. The focal depths of the -earthquakes range down
: to 50 km (Fernandez, 1972; Fernéndez and Guzman, 1§73).

‘ A hfﬁro;earthquake‘study gas done in the Okavango
region from m%d-September to m1d-Decem5ér,b1974 (Scholtz
et al., in press)( The activity was largélz confined to
a nirfow band running nnrtheastvaloﬁg the southeasterh
edge of the Okavanao Delta and further ;orth-gasl~t6wards
the Zambian border. The rate of seismicity was found>to be
about the same as that in the main rift val]eys of East
Africé. A composite focal‘mecﬁanism for well lacated
events near the southeastern bouhdary of the delta
indicates ﬁorma1 faulting on nortn-east striking planes.
One nodal plane dipping 50° to the northuest strikes
parallel to the faults in th; area. Scholz et al. (in
press) suggest that the delta is at the tip of a zone of
incipient rifting that follows the older Mid-Zambezi
Luangwa Rfft. ®

West of the Okavango the ébnduc%}ve zane runs

a few degrees north of due west to the exposed part of the
Damara r5!3(')syr1c11'ne in South-West Africa (Fig. 6.4). The
zone of hiah conductivity‘cuts obliquely across the

MSW-ENE qrain (Hauahton, 1969: Clifford, 1967) of the

hquiorade metamorphic rocks of the euaeosynclinal Swakop
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" 'Facies of oner Proterozoic-jower Palaeozoic aaes
(Clifford, 1967). The miogéosynclinal Outjo Facies to
the ‘north has generally E-N_;;rikés in its eastern
exposures ;nd qradually assymes a more northerly strike
: westward. The conductor runs roughly parallel to ‘the };
folding in the eastern outcrops of Outjo Facies rocks
aqa the boundary between the eugeosyncline and the
miogiosyncline. 1t also parallels the northern limit
of;:hé Damara regional métamdrphiém (Clifford, 1967).
No recent major faults are known to run'para11eT to it.
At 1;ast four ;arthquéke epicentres were located close
to the northern edge'of the conductor for the period
1965~1973 (?iq. 6.4). An association of the conductor .
with the bound@y between two stable crusta{ b]_ocks'.
seems nossible, .

Seismological evidence for the mantle under
the East Afriggn rifts shows low P velocities and attequé-
tion of S north of a discontinuity near latitude 4°5
(Fair?headoand Girdler, 1971; Maasha and Molnar, 1972;
LBéker et 5]., 1972; wonlenberg, 1975). For a path
Addjs Ababa-Nairobi, Ray1eiqh”wape phase velocities are
low for a continental path (Knopoff and Schlue, 1972) and
'fesémb]e those iA the Basin and Range province of western

Morth America. Elsewhere in Africa phase and qrouo

velocities of surface waves and travel times of Pn, Sn
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ahout £°S sho«‘f?a3d (Zﬁﬂ-gﬁolkw (ide) néaqative qravity
anomalties. To the south of 4 S tneée negative anomalies
disaooea}. but élonq the Wogtern D1 ft tnere are localised
nositive anomalies (YWohlenbLerq, 1975). The dLavitv data
in tnis reaion are however very sparse. lorth pf 2°S tne
Fastern Pift has a central positive anomalv sunerimposed
on the broad neoati;e‘anomalv, usually interpreted as

evidence of intrusion of mantle-derived material (Lirdler

and Sowerhuytts, 1370:,Searla, 17710: T3ter and Hohlenberaqg,
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1971:Darracott et al., 1972: Wohlenberg, 1975). There

is no central positive anomaly and thus no evidence of a
central intrusion undér the Western Rift (Wohlenberg, -

L4 . :
1975). no rift is there geophysical evidence of

dde the fracture pattern in the eastern rift
‘ oé grid faulting in the ﬁbrth to block faulting
irhead and Girdler, 1972). Girdler (1975)
anomaly map of Africa (STetfene_et a{., ¥973) as shown

in %implif{egyform in Fig. 6.6a. Girdler poin;ed out

that north of 10°S the anomalv can be associated with
.riftinq,‘butzhe c0u1d not offer an explénaiion for the;
ﬁéstﬁard extension. Fiqure 6.6b sho%s a simp]ifieé relief
mao of K}rica and it is clear thaf'the negaiive anoma1y>
pattern correlates with the uplifted regions of the
continent. This means nn ﬁore than that the uplifted
topoéraphy isAisostatica11y compansated. The east-west
arm of this negative Bouguer anomaly lies about eight
‘degrees north of the induction anomaly.

Fiqure 6.7 shows the outline of the conductive
zone superimposed on a sjmp]ified comp1l§pidn of the
Boquér anomaly maps of SOuth-Nest.Africa (Geological
Man 0f South-West Africa (showina mineral occurrences

and aravitv contours), 1963: Kﬁeyweqt, 1967), Botswana



‘) ‘ .

Fiqure 6.6a Simplified Bouguer anomaly map of Afkicg
{(Girdler, 1975).

Fiqure 6 .6b Simplified relief map of Africa (Bailey,
1a72). ’
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Fiqure-6.7

)

Simplified Bouguer anomaly man of Sgutn-West
Africa, Botswana and Zambia |Geolo: t.’ Map of
South-West Africa, 1963; Bouguer Anomaly Map of
Botswana, 1974; P¥ovisional Gravity Map of tne
Republic of Zambia, 1974).
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(Bounuer Anoma1§ Yap of gofswana,_1974# Reeves. and
Hutcvwns. 1975) and‘Zambia.(Provisiona1 Gravity Map of
the Republic of Zamb1a 1974). fTHe conductive structur2
and the positivg gravity anomalies LH the area Shows a |
remarkable correlation. Most of.Bo;swéné,shbws a positive
anomaly pattern coﬁpared with Zambia and Sohth-west Africa
with the~exceptiof af the coasEal strip: Since Tertiary
times most of Botswana hés been going through a.phase‘i ¥

. . o
of depression with respect to the neighbouring areas whicn
1 . a

has qone tﬂfough feyeral phases of uplift (Haughfon,‘]969).

The changes in relief are thus in accordance with the ,

‘

oeneral gravity pattern. Where the solid rock s exposed

.

in Botswana, as for instance to the south of the south--
eastern limit of the cnnductor, some of the aravity hiahs

* are:produced by Archean qreenstohe belts Reeves and

Qu;chwns (1975) nointed out that a chanqge in the “texture"

pf “the anoma]ifs at a SW-NE striking line coinciding in
the east with the soch-eagterg Timit of the conductive
zone divides the gravity mapy of Bo%éwaéa into two distinct
areas. qu autnors specylated that tnis cﬁange may be
assoqiatedlwitb~an abrupt changé'in crustal thickness or

’ - i . .
density or that it mav represent the edge of the ‘foreland
; . . . :

g

to the Damaran br enic belt. Anomalous density distribu-

N % .
R, - 1L

resf\tvnq from folding and intrusion dur1ng the

e ‘kmara tectono tnermal event could account for same of the
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, crathv anoma]1es to the north of th1s boundary Kleywect
(1967) found that the north- easterly trend in the qravity

anomalies in South-West Africa is 1ndeed related to
folding in the Damara edéeosyndline. In South-West s
Africa the grawity trend as¢sociated with tbe conductor

cuts across the NE- SN trﬂnd of the anoma11es related to

the Damaran orogeny _F1gure 6 8 shows a s1mp11f1ed

1sostatfc ‘map for Soutn-West Afr1ca as.computed

by K]eic;c 6?3 for an Airy-Heiskanen model with

a sea- -level crustal tﬁicégess of 30 km. The conductive
zone co1nches with the larnest 1sostat1c anomaly in the
" area. This anomaly’ reaches a maximum of + 660 q.u. For
‘mos t of i;s=1encth in South-West Africa the_conducton'
coinci‘“des with an area undergning subsidence ,relatém

-4
the subsidence in the Okavanan Delta and Kalahari basin.

The reason ?o;'this correlation between an
"induction anomaly and positive, gravity.anomalies is not
’clgar. . The pésitive gravity anomalies coufd be related
to anomalous densities and/or crustal thiﬁning.' In
Chanter 4 it was pointed out that tne amplitudes of -
magneﬁic variation fields werg found to be smaller in

Botswana than furtneyry west. This reduction in amplitude

< could be reiatéd‘to,a thinner crust or lithosphere in

-

northern Botswana, and some. or all of the positive gravity \_;

anomalies mav be due to thinning. It is worth ngting that

3
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the Limpopo Belt between the Kaapvaa] and Rhodesian
cratons is associated with a p051tive Bouquer anomaly
'(Smit, Hales and Gough, -1962)' The co1nc1dent grav1ty
and induction anomalies may thus markR a similar weak
.zone between two old stable reg;;ns. In the egstern
part they coincide with the northern boundary of the -

Kalahari craton of Clifford (1967).
. o . . \ N o -t
6.2.3 Geomagnetic depth sounding and heat flow

Geomaaﬁétic denth soundina across the Eastern
Rift at the Eauator (Banks and Ottev, f974) revealéd
anomaifes accountahle in terms of a conductive region
on km’ﬂe]ow'the rift floor "and another 50 km deep 100‘km
. east of the éift. ‘Soundinés south of §°§ might give
'different résults, in view of the seismnlogical ewidence
of a change.iﬁ asthenosphere properties near 2°S.

Recently eight new heat flow values ranqlng

from 55- 76 mWm~ -2

were reported from Zambia (Chapman and
Po]la;k, 1975). The authors cémﬁared thesé values

{shown iﬁ Fiq. 6.1) w1th tha mean for Precambr1an provinces
elsewhere (Polyak and Sm1rnnv, 1968) and, found the Zambian
; va1uesqh1qh by about 507. This led them to conclude that
these results sunnart the hvnothesis of an incipient arm

nf the Fast Af%ican rift svstem (a zone of crustal

th1nn1na) runnina southward from Lake Tannanv.ka to a

noint just vest qf Lake Kariba as oroposed by Fa1rhead and



Girdler (1969). The writer believes this comparison is

not fu]ly justifftd‘ The heat flow results for Soutﬂ
Africa as summarized by Carte and Vaq,”ooven (1969) g?ve
means for the 2,600 Myr o1d Kaapvaal sh1eld of 50 mwm
and the 1,000 Myr old Namaqualand-Hatal éelt of 60 miém ™2 .
the séven‘Zambiﬁh sttes affected by thé Jamaran-Katangan
atectonﬁ-thermal event between 500'and 750. "yé ago give

2

a'meiﬁ of 67\mWm”~ f'which is not abnormally high compared

to that of the Kaapvaal shva]d and Namaqualand- Nata]

]

'Mob11g Belt.

6.2.4 Oria%n of the conductive zone

Regions of hiah conductivity which produce
gegmaqnetic induction anomalies may be re1atéd to hiqﬁ
temperatures and partial melting in the uppe} mantle,

'Ss in the western U.S.A. (Gough, 1974), or to comoosifional
conductors such as graphi te or-saling water which are often
concentrated in fracture zones (Gough and Camfield, 1972;
Gar]and 1975). If the conductive zone under d1scuss1on
is associated with the African rift system its conduct1v1ty
could be pssociaged‘w1th anomalously Qiqh temoerature in
the ‘upper manfle, or with_a fracture zone‘in the 1itho-
snhgre, or with hntP: No definitive decision is pnssible,

‘but a fracture zone seems the likeliest exp]&nation . From

Kariba to the hkava,'o the conductor can reasonably. be

4‘ -
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associated wi;h the known fra tufes;_wﬂpse dcttv}ty

resembles that of the Western| Lake Tanganyika, Rift. .

. The absence of known fracturej aiong the westward arm

of the conductor does not pre¢lude their existence

because of the Kalahari cover| and seismic activity is

presént. The westward anm is |in iine with the eastern-

I v . '3 . -
most| part of the Walvis Ridge |(Fig. 6.4), which may, an .

. recept géoﬁhy§1c$1 evidence, hjave a fracture-zone origin,

efther a pure transfarm fault br some tvpe of tecyonic
process following an ®lder 1jne of weakness (Goslin et al.,

1974fVore1iminary Fenort from Pcientists aboard Glomqr‘

,ChafTQnger for Leg 40 of DSODP, 1975). The conductivity

anomaly could lie on the origiral line of weakness -
within the hbntinent, along ﬁhe Soundary_iﬁ pre-Damara
basement rocks between the eudeosyncline and the
miogeosyncline. It is.a well-established fact that
pre-existiqg ?f}iSn?»and orogenic belts in southern Africa
have oftenlézhtrol1ed 1ahef tectonics {Cox, 1970; HﬁCbnneilw
1972; Bailey, 1972; Fyfecqnd Leonardos, 1973; Tho}pe

and Smith, 1974). The sei;micitylmay'thus trace contem-
porary féilure. under a general NNN-ESEVQensi1e stre$§
field, on o?e-existfnq fracturas. In addition the gravity
data indicatelthe crust‘may be thinner -along the conductor.

The first down-faulting.-in the middle Zambe 2 probably

- occurred dyring early Mesozoic times (Cox, 1970 Gough and

~ . .
.
.
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.Gough, ‘1970) along fractures in the Upper Proterbzoic-_h
Lower Pa1a¢ozoic mobile zone related to the tectono- thermal
Katangan and.Damaran Episodes (C]ifford, 1967). The
‘conductor could mark this zone of weakness ,in the |
lithosphere (Watterson, 1975):a10n§ which intefmitgent
'mpvement has occurred sfﬁceithe Upper Proterozoic.

The pbssibility of a thinner crus| assocYated
with the conductor raises thevpbssibiiiey that some of the
" anomalous conductivity could be due £o~hea‘. Another
*point tﬁet has to be borne in mind is that Cainbzoic
volcanism fn Africa has been 1imi ted almost exclusiveTy
to areas affected by the Damaran=< <Katangan tectono- thermal
event (Thorpe and Smith 1974). Th1s affinity of,volcantsm
" for 1ntercraton1c areas.is consistent with the h}gher
-'heat flux of such areas in relation te the cratons
(Fig 6.1) and may reflect variations in o;hef properties
of the lithospheric mantle such as variation in chemical
and/or ‘mineralogic components which favour formation aﬁ%
segregation of beseitjc magma (Kesson, 1973).

The absence of evidence for opening of rf?ts in
soufhérn Africa.gan be related to global téctonics 13 two
alternative Qays. “In terms of classical plate tecton1cs
the pole of openfng for the East African rift system is
{n southern Africa (Fairhead and Girdler, 1973; Baker et -

al., 19}2) where opening wilt ‘therefore be small. On the

.

‘l
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membrane stress hypothesis of Oxturgn and Turcotte 1974
the rifts are caused by noartaward movement. of =re ‘fontinent
over the equatordial Lulee, Again propigating rractures *

with small “isnlacemuents wauld be found in southern S fri oo,

6.3 toncluiing remar .

Tre two maanatpmeter *}rwv'sthie;‘di:ru&sni tn
this thesis served as ;;conn1i<<ance survevs ta determine
tbl‘:ﬁ.uitahﬂitv 0f thia method ‘.m- -v?ﬁetivity survevﬁ
of the old <hieids ﬁnd mobile helt< in southern &fr{ca.
Tae results weie i ffarent than FK;WC(Ed; and peraarsg
raised more questiang tnan they an.uered, Fram tne
discussion in this cha ter and the Srevinus one ;t e
clear that these survevs set tne stage for several .
experiments, in diversé azopnryvsicil discinlinegs, that
could lead to a much better understanding of thendéeper
structural differences-between the various tgctonit units

in:the area as well as the resistivity structure within

each unit.
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