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Abstract
The processing of ﬁea.r—ea.r_ﬁh-_ satéllit.e :m.ag:netometer data towaxrds extracting an i:ﬁptovad
N lit:hosphére anomaly map ia.nddreegaed_. The two aspeﬁt.s of the data reduction route where
data qu#ﬁty. hua .been. compromised inoé_t by contemporary mé_thods is researched, namely:
(1) correcting for the variable #ltitng!e uf\th-é arvey platfofm and(2)remoml of the fono- _
spheric field effects, Néw algonthms aré' developed nsing camput.al: shmﬂa?ibns and are
aucoeésfullf implemented on Magsat.data. 'fhe sltitudy correﬁti_cm is based on a robugt (wre-
dian) regression of the amplitude versus _altitﬁde. \It also serves as a; noise préproceuaing filter
“and yequires no ¢ priori assuriptions of magnetisa.tion. - After removalof the core and ring

current field effects, using published procedures, spplication of the median regression filter '

with different local time and gedgraphicail constraints producé_é' two magnetic field mps, vig.:
(1) ionospheric and {2) ionosphere-contaminated lithospheric maps. The target lithospheric
sl,gnal is extracted with a new two-dimensional data adaptive filter where the jonosphere and
. ionosphere—contdminéted lithosphere signals are input. This process is applied for twe¢ “cal
times (dawn and dusk) and, to opti!ﬁse noise'ca:i_cellation, .t.he two lithospheric maps are :
_input' to a déta a.daptive'ﬁlter structure ﬁhich, using a method of converging operations,
results in the final lithospheric anomaly map. | N |
The southern African region is selected to implement this new dat# re'di_lction sppi_oach
on Magsat data and the ensuing map is interpreted. This region is selected becanse (1) it
is & focal point of Gondwana, reconstructioﬁs and (2) both continental and oceanic magnetic
anomaly types ave present. The anomaly map is image-processed and composite images
| (Magsat.'with Seasat and bathymetry data) are presented to aid the interpretation. Thia
anomaly map shows a ﬁmked_imrrovement on previously published maps mt.erms of reso-
Iut.ioﬁ and correlation with geological pravinees. A north-south oceanic anomaly bordering
- the west coast of southern- Africa is now recoguised. Gontinentﬂ anomalies are found to be
localised within major tectonic provinces. The increase in magnetisation is interpreted to
~ be the resuit of the Hopkinsoﬁ effect of a thickened crust in a higher-:g'eotﬁeimal gradient.
Tho oceanic anomslies {i.c. the intense Walvis Ridge and.Agulhas anomalies) are interpreted
to represent remanently magnetised (during Cretaceous Quiet 'Times) thickened crusi. The
Agulhas snomaly is the remnant *scar’ of the pmcesﬁ that led fo the fragmentation of Gond-

i



wana, It i is hypothesxsed that Gondwana was &agmented by an upwelhng of hotter than
normal asthenosphere centred directly below the Agulhas a.uomaly ' '



neamt'iog

1 declare that thin thesis is entirely my own work, except where explicitely stated in the
Preface, It is being submitted for the degree of Doctor of Philosophy in the University of
the Witwatersrand, Johmnmﬁurg._'lt kas not been submitt._ed before for uny other degrée' or.

- examination in any other University.

: -

P Mhdgé Georges Antqige_

This e of S 1090,

E:



Dédical;iqn .

To Wendy, Guy and Jacques =

iv

4

e



Contents

1 -intmductiun

11 The Magsabmission . . oo et L

111 T’hg_.da_tasei;'. e e P
1.2 _Mé:_.gnetic.. .iit'ht.fsphere signal résolut.ic_m ..... . ...... e .. e
1.3 Processing of.zli!éar-earth magri;t'c;meter QabB . oo e
131 Removal of the core field. . .\ v\ .ot R
1.8.2 Removal of ring current field effects . e R I
133 Remov..p.l._of .ibnospheric field ..e'ﬂ:'ec_ts ',.‘- e, ._:,. RN
_ 134 Correctini’g for ltitude varistions - . . C e PRI
B e T T .

2 The geomagnetic field -
.91 The geomagnetic BPECHITM .« « v e et e e s i

2.3 ‘The lithospheric gecmagnetic field . . ¢ ... i\ v e b el
231 What is the hase of the magnetic erust 7. . . . . O
'- L 282 Ma_guetisatiorﬁ_of crustal rocks, . ... .. e e s

24 Conelusion . .o o i o T e e e e e sy

3 _Exterﬁ;;\i m&gnetig ﬂel_ds

3-1 ThemagIlEtOthel‘e‘. .- »:_. 8 orr e om ..-- .- "_u LI R T I | .- LI B I L )
32 Magontic distirbances . . v .. d e e
321 -:Magnet.ic substorms caes e e

16 .

12
13

- 2.2 Core-lithosphere Sef;amaﬁon' e I 14

16

18

19



322 Magneticstorms ., v v e e s e v el - e

8.3 The ionospheric feld .. ...... s e e v
34 Modelhng of External field aﬁ‘ect.s e b e e a e e e
35 Conductivity structure of the earth . . . S e R PR

4 'Al{:itude rédui:tidn .
4;1 szewofmet.hods e Ca Ch e o

411 . Equwalentsource. R

© 4.2 Spatial gu_adlents of the equivalent source .. ......, chees

413 Fourior series modelling + . .. ... ..o el

"4.1.4 Multiple linear regression . . e e e N
4,1.5 Schwarz-Chrisioffel transformation .. . ... ... e e e e e e
4 1 6 DiSC“BBiOll P T e - n B T T T S .- a. " e o .- L

42 Implicit madelling . ... ... . e e e

421 Quodratic least squares regression . . P _
a7

4.2.2 ° Least squares solution using singular value decomposition . . Chee
423 Results of the quadratic regression . . . .. ... ... e e
'4.24 Median linear regression . . . ., ... ... . Ch e

B 4.2.5. Results of the mediaai linear regression . . . ..o . ..l il

5 Ionospherm ﬁeld correction
5.1 Mean mr:osPhenc field correctlon e e e e e e e
5.2 A data adaptive ﬁlt._er approach | e e .. e e
521 The adaptive least mean square algorithm . L e
522 Two- dmmns;onal median hybrid ada.ptwe ﬁlter L ey

523 Computer s:mulatlons and digcussion . . . , ... B

8 Data pmcgssiug"

6.1 Data selection . . . . . e

‘6.2 Main field correetion . . . . b e .. ... b e e e e

8.3 Ring current correetion . ... ... s .. e .

vi

41

41

2

43

46
51
56

68
59 -

63



8.4 Mean ionospheric field and altitudé reduction . . .. ... ... L. B8

85 Contaminated lithospheric field and altitude reduction . . 5',_'.":'.. Ceeeas . -89 .

6.8 Ionospheric and lithospherie field separation . . . . . e e 89
~ 6.7 Results and discussion e e e e ...... L. 91
. 671 _. Synopsis of the i;:anospheric fields . . . .. e S
. 672 Synopsiﬁ of the lithospheric anomaly ﬁe_._ld e s E e a9
7 Anomaly map of snut!_lérn Africa ' o | 103
70 Thedatmset .................. DT L. 104
1.2 Il;terpretation............'....-....... ...... ...'._.........10'5
720 Modelling v e e AT . 105
| 7.2.2 Continental anoraalies . . . ... .. e e e e el 112
723 A tentative model for the continental anomalies . . . . . . . .. ..., 118
724 Oceanic anomalies . . .. .. e e Weeea .. 119
7.2.5 Implications to continental break-up ﬁf Gﬁndwaua .. v e n e 123
8 Conclusions o o s . o 130 | -
i



List of Figures -

1.1

1'2

Geologlca.l model and rela.t.ed graphs illustrating aspects of resolution. (a)
East—West proﬁles for different altltudea, {b) Resolution (R) a8 a function of
altitude and; {c) Resolution (R) as a function of block sepasra.t:on (After'

Webster et al, 1085). . .. .. ....... e

Schematic illustration of the cbhtribﬁtory source regions of field components _

_ observed by a near-earth satellite magnetometer. Rilative fleld strengths of

- each soure are also indicated. . ... ....... e e

2.1

2.2

..Geoma:.gne!:.i.c.'- ﬁeid spectrum from t.he MGST 10/81 model. Rs is the total

mean square contribution to the vector field by all haxmomcs of degree n, Open
circles are the satellite-altitude results, solid cireles represent extrapnla.tmn to
the core-mantle boundary. {After Langel and Estes, 1082). . ....... ‘.
Apprgx_iniate magneto—lithtrgtigrﬁphic subdivision of the Iithospheﬁc anomaly
field in a typical craton (Fennoscendian Shield). Approximate ages and ranges
of magheﬁsatiop are given, The Moho is a phase boundary that moves in r.e--

sponse geodynamic ptocgsses. hence locking and unlocking the magnetisation

‘in tha;t region and giving these transition rocks an anomalously young effective

age. (After Mmmier; 1986). . .« o v v vt e e

A
viii

17 -



23

Model of the cratonic crust and upper-mantle. Most boundaries are diffuse -

zones .Bu'_t the Feg O4 and iron melt transitions are well constrained and their

intersections with a shield geotherm window, along with fo, controls, suggests
a maximum depth for litbosphetic magnetisation of 95 km. Tn. the presence
of botﬁ magnetit.e snd iron metal and an average.geotherm, the .beet est.ima.te_
for uhe maximum thlcku&is of magnet.lc lithosphere is 70 km. (Aﬂ;er Toft and

"Hagge:zy,wsa) e S S Lo

24

Magnetxsatmn models of the oceanic lithosphere used for computer sinmla~

“tions of the aceanic to continental contrast a.noma.ly ﬁeld (A.fter Baylmg,rE:

) unpubhshed preprmt) B e e e '.."." .

3.1

3.2

33

34

3.8

Iﬂustjfation of magnetic field lines and structure of the magnetosphere. (Aftér .

Parkinson, 1083). . .. . .. ... ... [ I .
Schematic {llustration of the structure of the magnetosphere, ma.gnetosphenc
reg:ons and current systerus. (After Regan and Rodriguez, 1981). . Py
The-magnetosphere mode] showing the merging of field lmes and the creation
of a p‘.asmoxd 'I‘hm is one way the magnerotaﬂ relenses energy and one expla.—
nation of t.he initiation nf a substorm. [ifter Hones, igsd). ... .. e

Magnetogram &om thf: Hermanus observatory showin.; printipal ternporal faa—

tures: the solar quiet day varl_atlon followed by a solar flare effect {1515h) and

» magnetic storm commencing at 0047h. . . . . . . ... ... e .

Equivalent current system of Sq varjation at 0000k UT for March equinox {a),

* June solstice (b}, September equinox {c) and December solstice {(d). 0600k

and 1800h Iocal times are Magsat’s approximate twighli-ght' path with respect

- 10 the Sq current system. (After Parkinson, 1983). .. ... ... e _
' Average latitude of equatqrial' electrojet from observations made by POGO

satellites. The centres are cumpared with the IGRF (epodi 1970.0) dip equator

at 100 xm and 2,5 Rg a.lhtudes (After Cain and Sweeney, 19?3) ....... '

;&

- 23

26

31

25



3,

4l

‘Earth conductivity estimates as a function of depth. Sclid lines refer to conti-
" nental crust whilé: the dashed lines refer 1o oceanic crust measurements (After

'Parkmson,wss) e

Example of a mapping between the comple.x 'J..'egions ==z + iy {(a} and w =

u+iv (b) A satellite’s half orbit D to C via B (z domain) ma.ps onto the real

ax;s q’:‘ the w domain (D’B’C’) After Wendorft fpprs comp. ). e

42

43

4,6

43

. 49

Exam;m of the m&pg.ng of Magsat half orbit 402 in the z (a) &.nd w (b) -
domains i.e. cm:le to plane. After Wendorff (pers. comm.). e
‘ Example of the polygonised sa.t:elhte track (a}.and the apphed inverse Schwarz-

Cristoffel transformahon (b). After Wendorfl (pers. comm.). R
Results of upward contmua.tlon after SGI‘ The top curve is the ongmal data, .
the bottom the ;:ontmned data. After Wendorff (pers. comm.). .. ..., .. _

Model dipﬁle anomaly field for various satellite altitudes. Magsat’s perigee
aud apogee was 350 .and SBi km, respectively.. The ‘lower right box shows
the locality of selected points used to illustrate the amplitade versus altitude
graphsofﬁgure45 e e e SRR L
Graphs of ma.gnenc amphtude versus satelhte altitude for selected pomts
within the near-field and far-field of the- model deole The lower right box
shows the locality of prs_it_;ts__wmh refapect. to the dipole field of ﬁgure 4.5.

Magsat;’s perigee and a.pggee was 350 and 561 km, reapéctively. T, .

" 48

49

53

Graph of the logarithm of amplitude versus altitude for a location (pomtlon 2, o

Fig. 46)mthe near field of the model dipole.. . . . . e e e iae s
Amphtude of the horizontal gradients over the dlpole anomaly ﬁeld for vanous
satellite altitudes. , .. ......... e R e PP
Simulated effect of variable altitude ave;: a dipole source. Data points are
zeprg_sgnted by an asterisk. Ainplif.udes were ¢alculated for altitudes randomly

generated in the range 200 kmn to 600 km. . . . . . DL e Ce



4.10 Altitude reduction using the gnadratic regression method over the dipole
_ source From left to right, columns lllustra.t.e the original dipole anomaly

ﬁeld the mterpola.ted field and residual; respectively. The rows mdlcate the 3

appropiiate altitudes of mterpolatmn e e D '. e ;' . 51_
4.1 Simulated variable altitude effect of the dlpole anomaly field. ‘I‘he data are’

on a 20 km grid spacing. Amplitudes are given by.t.hg a.lhtqde, in the range

200-600 ki, Gontour interval is 25 nT. The anomaly field is far oo noisy to

annotate contonrs. ..'....._...,' ......... S S 62
4.12 R.esults of the altitude reductlon itsing the quadratic regression method. A |

mndaw of 120 by 120 km was employed and moved in 60 km increments. .. 64
413 Altztude reduction for several reference dat.urns using the median hneat re- |

gression algonfhm on the vana.ble altltudt. data set of ﬁgure 4.10. A cell size

of 160 by 160 km was used and moved i in 80 km inerements. The left hand

colurhin presents the expected dipole field for the respectwe a.ltltudes while the

'rlght. hand column is the recovered dipole fleld. . ... .. e _66 :
4.14 Altitude reduction to 400 km (a) recovered from variable alt.itut_ie' data with

zero-mean noise (peak to peak 100 n'T) (c). A tesidnal analysis of the recovergd _

tipole with respect to the expeét.ed field (b) results in a least squares per cent

fit of 89% and an r.m.s. of 13 oT (pesk to peak anomaly amplitude 15 150 nT). 67 -
4.15 Altitude reduction to 400 km (a).reco\.réred from variable altitude data with

séro—meé.n noise (peak to peak 200 0'T) (c) A residual an'alysis_ of the recovered

dipole with respect to the expected field (b) results in a least squares per cent

fit of 75% and an ran.s of 21 0T (pesk to peak anomaly ainpl'it.uc_le is 150 -nT)_. 63

5.1 Sche"ta’ * representation of an mterference cancelling da.ta adapnve structure, T2
3.2 Strueture of the adaptwe ta.pped delay line (TDL) ﬁlter (also known as the
adaptive transversal filter). . . ... ... .... e e ?6

5.3 Siructure of the wavenumber domain LMS adaptive filter. . .......... 78

A~



54

o1
' the residual after core field subtraction, the dashed line the ring currers model

62
" § Rg. The solid line represents the residual after core field subtraction, the

- 6.3

6.4

6.5

6.6

: o8

Resulis of computer simula.tio_né of the space—domain 2DAME filter: {a) is

the simulated MIF signal with miﬁor ‘white-noise, (b) is a dipolar field (400

km reference altitude) contaminated with the MIF and corrupted with minor -

white-noise, aad (c) is the. MIF extracted using the dats aptwe filter where

" (b) and (a) are the signal and reference channels, respect-wely (d) serves as
an e:mmple of noise cancellation on ‘the MIF {2) (ie. the MIF {a) is used as

‘beth reference and mgnal channels) Honzontal axes are in km and contours

INV-B ring current model qu selected dawn passes, The sohid line :rep__lw;ents

and the thick dotted line the residusl froni_the ring current correction. . . . . ,

Ring current model for selecied dawn passes using dip l_a.titu'des at altitude of

_ dashed line the riug eurrent mode! and the thick dotted line the residual from

 the ring current ¢orrection. L., ... ..., ., . e e e e e

INV-B ring current model for selected dusk passes. The solid line represents

the residual after core field subtra;ﬁon, ﬁhe dashed ling the ring current model

“and the thick dotted line the residual from the ring current corvection. . , . .

Ring current model for selected dusk passes using dip latitudes at an altitude
of 3 Rg. The solid line represents the residual after the core field subtraction,
the dashed line the ring current model and the thick dotted line the residual

 from the ring current correction. . . ... ... SR e i e

'Schematic iHustration of the adaptive filter structure used to separate the

ionospheric field from the contami'nated- liﬁhospheric fieldtmaps. . . . ... ..

Sketch of adaptive filter structure by methad of converging operations to ob-

 tain.seasonal Hthespheric anomaly map, ... ... . e e
8.7 |

Plow chart st m.,lng the data reduction route. . . . R .

Mean mnosphenc field (a) and contaminated lithaspheric field (b} dawn' maps

_forthesununersolsnce.............._...'._ .......... .

xil

80

86

87

92



69 Mean fonospheric field () and contaminated lithosphetie field (b) dusk maps
. forthesummersolstlce .......... B 95
6 10 Separated dawn (a) and dusk (b) 1onospher1c field maps after adaptwe filtering. 96

6.1 Dawn {2} and dusk (b) hthosphenc maps separated from the wntamnamng
| aonosphencﬁeld ..... e e e e BT

6. 12 thhospherlc field map pmduced by the method of convergmg operatxons for
the summer solstice. . . . . . . . e e 08
6.13 Dawn (a) and dusk (b) ionospheric field maps for the autumn equinex. . . . . lﬂﬁ

8.14 Lithosherie field map for the aubunm équinox. L e e s 101

7.1 Sunshaded image of Magsat total magnetic anomaly field. Hues are cod.ed

lnearly. .. .eee e 106 -
7.2 Sunshaded image of Magsat total magnetic apomaly field, Hues are coded
using a stretched histbgram. The. tranaparent overiajr may be nsed to identify
n:ia.gnet.ic anomalies and'traversés that were extracted for modelling purposes,
Anomalies are annotated asfollows Walvis Ridge (WR), Cuanza (IC) Zambézi_

_ (2), Mozambique (M2}, Kala.harl (K) Scuthern Cape {SC), Southeast Atlantic 5
_(SEA),Agtﬂhas(AG) S SN |

7.3 Sunshaded image of ocean ﬂoor bathymetry and rontmental topography. . 108
‘74 Sunshaded image of Seasat gravity field. by v 108

7.8 - Sunshaded composite bathymetry-Magsat image. Ima.ge mtensutyls the bathymetry
.a.nd tapography sha.dowgram; hues represen_t Magsat magnetic total-ﬁeld. The .

- transparent overlay outhnes first order oro,‘;eﬁic prﬁvinces; I St/

76 Sunshaded cﬁmposite Seasat—l\!agsat .ima,ge. Image intensity is the Seasat

gravity field éhadmgram; hues represent Magsat magnetie total-field, The

transparent overlay delineates ocean floor geomorphic and geophysical features. 111

- il



7.7 Forward modigll_ing of selecteci proﬁ'les. .A.;.ﬁ‘(a), B-B‘(.b) and C-C'{cl. ‘The
. solid line_ 15 the :ﬁt_r,i‘?lled field, the dashed line the observed field. The laca--

. tion of the profiles xe‘ shown in fgure 7.2 and 7.5. Bracketed values are the
apparent nmgnetisﬁ;ﬂdn contrast (A m~! in a 30000 nT ﬁéld) and are within

the ranges as given by Hayling (nnpublishéd- reprint}, All polarisation vec-
tors ate parallel to the ambient inducing magnetic field with the éccepﬁon of
the Agulhas anﬁmﬁly which _yieldé a temanent iuc.lination of ~72° (cf. -—64“).
Magnetic anomalies are annotated as followé._: Walvis Ridge (WR), Kalehari

(K), Southern Cape (SC), Agulhas (AG), Southenst Atlantic {SEA), Zambesi
(z)’ Mozambiqug (Mz). LN I R I | » L] * .. LI | * * x " L] + L L] L L] L R -

7.8 Graph showing the Hopkinson effect in relation to typical southern African
geotherms for the Koapvaal Czaton (K1, K3) Iand.}lam'aqua Mobile Belt (¥,

N3) (after Jones, 1988) and their typical Moho depths, The grey shading, .

light to dark, represents the relative increase in magnetic mseeptibility. Ser-

. pentinisation reaction curves ave included; the dashed portions of these curves

are extrapolated (after Winkler, 1974).. . . . ... .. .. .. .. .. Ve
7.8 Palacoreconstruction for the end of the Aﬁtian (~ 100 Ma). (After Unternehr
oAl 10BB). . e e e e

7.10 The Agulhaes magnetic sonrce in relation to prefragment.ed' Gondwana. . . .

xiv

120

126
128



' List of Tables

11 Magsat survey noise. (After Langel et al., 198%5). .. .. .. .. B

- XY



T ATy BAT

Preface
The realisation of the digital geclogical map of Goridwana (de Wit et al., 1988) has given
impetus to the concept of creating a multidisciplinary geoscientific dat'a.baé_e of Gondwana
(Wilsher et al., 1989). It s a long-term objective of the Geological Departmient of the
University.of Cape Town in collaboration with other in_stitu‘oions to achieve this goal by'co-'

registering geological, géochemical and geoph"ysicél datasets of _Gpnd\#ana. This database

‘has been given the asronym of GO-GEOID (Gondwaria-Geoscientific Indexing Database).

- Two doctoral research theses were initiated as fundamental steps t.owards achleving this

_ ' 'end na.nely (1) » Distnbut.lon of selected transition elements wu;hm mineral deposits across

Gondwana, with geodynamic :mphcations by Wendy Wilsher of the University of Cape

Town and (2) this study, The latter research is motivated on the principle that satellite

“altitude magnetometer data conatitutes, in the short-term, a complete glabal dataset, albeit

of low resolution, and can be co-registered with an equally complete gravity dataset (Geosat,
Seasat and regional continental data). These dat.asets will serve as precursors to later, higher
resolution, magnetic and gravity compiations for a Gondwana Atlas, | |
The thesis addresses the processing of satellite-borne magnetometer measurements to-
ﬁards extractiug an improved signal orginating from remanent' and induced magnetisation in

rock forming mme:a.ls of the crust, Magnetometer meaaurements made from a satellite-based

platform constitute a total response of signal components ongmatmg from vanous sources,

‘wiz,: (1) the earth’s core, (2) the magnetosphere and (3) the target crustal magnemsanon.

Although, the signal seperation hes been achieved a'nce 1975 (Regan et al., 1975), there are
several aspects of the data reduction whu.h compro nises data resolution and quality and
these are addressed in this study, _ '

_ This thesis is structured so 8s to encapsulate the broad spectrum of topics which require
to be covered. Chapter 1 provides the backgrfmnd and research objectives while Chapters
2.and 3 review the geomagnetic field and external fields, respectively, Chapter 4 addresses
the pro'blem of the variaBIe altitude of the survey platform and presents an effective, simple,
robust, linear regression fechniql_ie. as an aciequate solution to the proBlem. Removal of mag-
netic field effects 6:igina._ting from the lonosphere are investigated in the following Chapter.

Here a novel data adaptive filter is developed to facilitate separating the ionospheric field

. xvi



from the target crustal fleld. All algorithms were developed using syﬁt.het.ic data. In Chapter .

6 the newly developed procedurus are implemented using @ selected Magsat_‘dataset of the

- southern African vegion, The resultant magnetic anornaly map is image-processed and inter-

pr;ated in Cha.pte.r 7. These results p;:ovide a new insight into magnetisation of continental
and oceamc crust and, into geodyna.mic processes, o '

A preliminary interpretation of the Agulhas Magsat anomaly from previously processed
Magsat dats was presented by the author on August 3 at the 1AGA, 8th Selentific Assembly,
Dnumon 1 (Geophysical anoma.hes of Gondwana). Exeter, 1989. A paper was subsequently
subnntted to Tectonophysics for a special issne of the proceedmgs The paper is co—authored -
with A.B, Moyes whose contribution is o the geology of Antarct;_ca. and to the reconstmctlon
of Gondwﬁha; and which is, in part, incorporated in Chapter 7. As a consequence of the

newly pr_ocessed results the interpreted remanent polafisation vector of the probable souree

of the Agulhas Magsat_anomaly has changed but not the inferred geodynamic processes.
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Chapter 1
Intro duction

Satellite observation of the ea.rf.h‘s magnetic field began in 1958. with the Sputnik § satel-
lite. Since then several satellites were _la.uﬁched to study the near-earth geomagnetic fleld, -
for example: Vanguard 3 (1959), OGO-2, 4 and 6 (19674971) (Taylor et al 1683). The
- mogh recent of the near-earth magnetameter satellites is Magsat, launched in 1979. The
Magsat d._ -2 unique in that for the first time three-component vector measurements were
" made. To augment. the three-axis ﬂuxgat.e magnetometer data, 2 Caestum vapour maghe-
tometer was also mcluded for high resolution scalar measurements, Unfortunal:eiy, this scalar
" magnetonteter malﬁmcl:mned dnd could only be used for m—ﬂlght cajlbva,tmn purposes.
Magnetic measurements made from satellite-brsed platforms were ongmfﬂly directed to-
wards ihaguetospheric studies. First confirmation that erust or lithasphere magnetic anoma~
- les could be detected from satellite magnetometer data was made by I{egan et al. (1973)
with the identification of, the now well known, ceniral African Bangm anotnaly, The first
global crustal magnetic anomaly map was published by Regan et al, (1875), processed from
.PO_GO (0G0~2,4 & 6) satellite ﬁeasureinents. The successful generation. of crustal anomaly
maps from POGO was & strong métivating force for the undértaking of the Magsat mission.
.Magsat was specifically designed for optimum main field modelling and for crustal ﬁaagnetic |
snomaly deteciion. Following the suecessful complétion of the mission there has. been a
ateady stream of publications mosily related to c.rust-ﬁl.-magnetic field studies (Langél and
Benson, 1987). More than balf of the research from the Magsat data is direcled fowards:
ernstal stud.ies, while some 30 % is equally spread in _extemal ﬁeid and main field studies.

These §ﬁblic'atibns bear testimony to Magsat having met its objectives,



~ The terin fithosphere will be use'd, m preference to. crustal, for discussion of satéﬂite— -
- derived mé.gh_etic ahémaiy roaps. The re'a.son for the choice is to conform with present usa-gé, '
'amce it is now hemg argued that a substannal pari.of t.he cmst.al’ signal may originate
from the subcrusu.al part. of thc hthosphere (although this point is still contentious). More
-un_porl;antly_ the term ’lithosp e_re gives a perspective of the spatial resolutm_n of present .
near-earth satellite data which is, at best, a wavelength of 250 km (Sailor et al, 1982),
" This work addresses the processing of near-earth satellite mag%letométer data towsrds. |
~ extratting improved ﬁthospheric anomaly maps, It wa.é decided io use Magsat data in this
work because it is a superior dataset and becavse it has been’ adopted by most m\restlga-
tors, Results may therefore readﬂy be compared with ot.her st.ud:es. Thls Chapter ‘discusses
mission design, spatial resolution of near-earth satelhte data and briefly outlines exlsl‘.mg
| processmg routes towards gﬂnerahng ma.gnet.lc a,noma.ly maps. Wnth this background the

research ob;ect.wes are presented
1.1 The Magsat mission -

Maggst. was placed inte a twilight, sun -synchrondus, noar-polar orbit with an inclination of
95, 76°, The otbit’s apogee and perigee,. from the earth’s .surfac'e.. wére 561 km and 352 km
" respectively, The nea.r—polar orbit was designed to provide an almost comp]ete geometrical )
coverage of the earth for main ﬁeld modelling | and for the preparation of lishospheric anomasly
maps. The satellite was placed into orbit on 30 October, 1870 and remained in orbit until 11
F une, 1980. An explicit éécouht of the mission, design, instrumentation and dat.ﬁ acquistion
is given in Langel et al. (1981 and 1982b}). This informa.tibn' is summarised here for the sake
of completeness and continuity. | ' | _
The instruments were designed and constructed as two separate mo_dules;'a.base ﬁ‘lodﬁ!e
and.:m instrument module. The instrument module consisted of: (1) the attitude determi.
" nation systems for the satellite and for the vector magnetometer and, (2) the magnetomete;.
sensors fixed to a platform on an extended 6 m magnetometef boom. ‘The _'Ease module
contained all the supporting systems. The scalar magnetometer was a Ceasium vapour type
- with an accuracy of 1,5 nT. Hotvever., this magnetometer malfunctioned soon after launeh

and was rendered unusable other than for in-flight calibration of the vector magnetometer.



|l error source scalar {nT) vector (n"‘)

1| instrument 18 3,0 -
positio: and time | 1,0 - [ L0 .
digitisation 05 {05
attitude conirol. | .= [ 4,8

|| spaceceaft fields |05 |05
r.38.2 . _ ,95 : 5,8 R

_ Table 1.1 Magsat survay no1se, {After Langel et al., 198213)

‘The vector magnetometer was & three-a.x:s ﬂuxgate type wll:h an. a,ccuracy of 3 nT in each.
axis. Thls instrument showed a shght. dnft of some 20 nT over the a .'ﬂ mxssmn The
samplmg rates for the scalar and vector magnetornet.ers were 8 and 18 samples per second
_ respectwely
Magsat'a survey spec:ﬁcatmns requmed that the m&gnetlc ﬁeld onenta.tmn be known
within 20 arcaec. Fine atntude control was achieved w1t.h the use of two star cameras, a
sl sensor, a pitch gyro and the attitude transfer system. Survey speclﬁcahons of the satel-
lite’s position required a tracking accuracy of less than 60 m radial and 300 m harizontal to
" maintain an error below 1 oT. '

_The survey noise for the vector data ts approxlmately 8 nT I.S.5, as detalled in Table 1 1.

1. 1 1 The data set

The Magsat dal.a that were employe'd..in thié study, to produce the aﬁﬁmaly map of the .
southern African region, were obtained. from a suite of tapes cdnt_aining 2 culled data set,
the INV-B format, provided by NASA (Langel ef' al;, 1981; Abrams and Gilson, 1982), T_he
INV-B tapes contain a five secoﬁd sample intewﬂ. In addition, some nécessary and useful
information are included, viz.: geocentrie positicm.‘ a mean value from samples within the 5-
& interval, predicted fields from the spherizal harmonic model MGST 4/81, the MGST 4/81
model coefficients, the Kp magnetic activity index, dip latitude, universal time, magnetic

local time and Dst coefficients.



1.2 Magnetic lithpsphere-Signal res_qlution_' |

Tt is important to take note of s_srs_tem limitations o that the significance of in_ﬁerprei_;atinns -
* of lithos pherie anﬁmaly maps ﬁay.be assessed in context. A substantial amount of rhﬁghetic
- Ga&a has been acquired on the ma.rtl.Y s surface and at airérax’t. altitudes ranging from several
metres to some 1 to 2 km If one considers ma.rme surveys then ma.gnetlc ohservations ha.ve
: been extended to ‘source-to-sensor separations of up o 6 km Thete is a total defficiency
of magnetic data in the large gap between these terrain ¢learances and those of near-earth
satellite data {ca 400 km). Some successful at.témpts have been made to fill this gap with |
a.tmﬁapheric balloon surveys at .a;lt,it.udes of 40 ki (Cohen e.t'a.l., 1986). Tﬁé G_eopot_ehtiai
Research Mission (GRM) is intended to fill this gap with a.n intended survey altitude of
150 km (Taylor et al., 1983; Yionoulis and Piscane, 1985; Webster et al., 1085 Taslor et
.a.l.,_ 1989). Th't_a limiting factor to resol\ré magnetic signﬁturﬁ of structures is the altitude of
observatioﬁﬂi i.n this fﬁpect Magsat data suffer the coarsest resolution of the above tla,tasets.. '.

~* The ubility to resolve fnégnetic si_gndtures rhay be considered in several ways, for example, -
Sailc:r et al. (198*‘) détennfned from the Magsat dkt.a, using spectral analysfs the wavelength
passba.nd of hthospherlc anomahes Webster et al. (1985) define resolution "as the a;blllty
to distinguish, as sepa.ra.te ent:t.zes. two bodies of equal magnetisation and shape sepatated
~and sur_rounded by material of different magnetisation”. Sailor et al, {1982) have shown
that an absolute nminimam resovable along-track wavelength of 250 km may be obt-#ined'
. from Magsat data. Cokerence analysis, for the Southeast Indian QOcean reﬁion. showed that
Magsat data ai'e te;ﬁea.ta.ble for track-to-track wavelen-gths greater than fUU kfn; therafore 2
spatial regolution in the order of one (along-tru.ck) to four (track-tod;rack) degree spherlcal
tesserae may be deduced for this region. '
Webster et al, (198’) thmugh forward modelhng attempt to quant.nfy resolutlon  They
conslder a model compnamg two 200 by 200 km crustal blocks (40 km thick) separated by
150 km having a magnetic suscepublhty contrast of 0,0005 in a 57000 nT ambient field {cgs

units). The resolution parameter B is quantified as

R.—.(A@_+A=)/2—B - | (L)



where A1 and Agy are the peak anomaly a.mphtudes wh:le Bisthe trough a.mplltude separatmg
the anomaly peaks (Fig- 1.1)- _ '
The emphasis of t_heu' work was to demonstrate that the most dominant effect on res-
\_ olution is the altitude of observatio_n: | Figure 1.1 s_'er_vea to illustrate that anomalies from
geolcgicél structures, such as the given rﬁodel; are at the limits of the resolving capabilities.
of Ma.gsét. Aléo,- the cﬁ'ect"of incre.a_sed scurce to settsor _se_para.ﬁon is to provide an integrated
'(bulk)” mg@etisatioﬁ imagé of the crust./]it.hosp_ﬁere;- ' '
1.3 Processing of near-earth magnetometer data
The total magnetic field a.s observed by a near-earth satellite magnetometer comprises sev-
eral contributing s’oﬁr.ces, viz.: (1) the main core field produced by e 'ge'o'dynamo,. {2) the
lithospheric field arom _{hé distribution of induced and remaner.c .m_agneti'sation in rock form-
ing miner_z_ﬂs, (3) the exfernal ma_gneti# ﬁe]dé originating from thé magnetosphere and the
ionosphere and, (4) thé internal induced magnetic fields from electromagnetic_: induction of

the lower ma.ntle by temporal variationé of the external fields. The contributory sources and

- relative sugnal st.rengths aase Bumma.nsed schemahcally in figure 1.2, |
‘The target component ﬁeid in this study 1 the lithospheric field. The procesamg route

since the early work of Regan et al. (1973), towards extracting the hthmpheuc a.nomaly

field, has not deviated fundamentally from the following generalised procedures, namely:

» A main field model is defined by a truncated {degree and or.der.ls) spherical 11arm6nic
series of the global'data set. ' ' |

. The main field model lssubtra.cted from the total field. The residual from this operatmn

conta.ms ring. current :onosphenc and lithospheric components

¢ Aring current model is defined by a first-degree zonal harmonic function. This function”

takes i_.nto considera.tion the internal induced componeﬁt.

- w The ring current model is subiracted. The remammg mgnais contam pnmanly jono-

sphenc and lthosphieric contributions.



FELD {aT)

t- R Ju.r.;m u;rrmnﬁ:.‘ﬂ_
.| » — —
el
10E .
° AL 150 km IGAM}
st .
4
1
£
osp
sl
s M
MODEL:
[ 8] .3
005 . 200 km .
. '
' 2
.. Py
C un 4qkm |
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Resolution (&) as'a function of block aepara.tlon (Aﬂ;er Webster et al., 1935)



e Hereafter, the procedures to separate the'rema.ining signtals differ 'ﬁide]y amongst in-
'vestigators. “The most commen practice is to fit and remove, a_rbitrarily, a 'regional’

- from each satellite track.

In detail, the prdcessing route has evolved according to specific needs and requirements.
Not ment.roued in the above outline are the effects of variation cif sensor altmlde during data
| acqumt:on. Some mvestxgators igmore the effect while others correct for this ‘variation. '

The abnve pracessmg steps are discussed seperately below
1.3.1 Removal of the core field

Separation of the core from the lithospheérie fields remains a difficult and an unresolved prob- -
lern, Analyses of the jspherical._ harmonic ﬁawer' spectra show o distinet cﬁange in-slope at

3egree 13. This discontinﬂ";b_}.in the power spectrumn has generally been interpreted as repre- - '.
senting the thange from domiﬁémce of core field (below degree 14} to s domin -~ ~* custal
field (see e.g. Langel éﬁd Estes 1982). Alth"i.'hugh there are TUmercus spherical harmonic
models, the only viable. solumon to daté for the core-crustal field sepa.ratmn is to truncate
the spherical harmonic series at the pomt of chauge in slope {degree and order 13; Lang;el
et al., 1982), ‘The problem, however, is in the spectral overlap of the contributory compo- _
nent ﬂelds (e.g. Morner, 1986; Benton and Alldredge, 198T). This apj:roximate separation
creates a problesn in long-wavelength.aﬁomalies in the wavelength-band around 3000 km.
There is a conflict of opinion, on mineralogical grounds, as to whether or not upper-ma;ntlé_ :
is magnetised {Wasilewski, 19°7; Toft and Haggerty, 1988). "The debats is fueled by the
inversion problem, which in many cases requires t‘.hat;:'uﬁper-mantlé be mégnet.ic, and may
“well be cléia.iely.associa.t.ed to the question of spectral overlap. Most Magsat investigators have
-~ standardised 1o the truncated inodel MGST 4/81 (Langel et, al., 1981) and it was decided to
adopt the same standard in't_-i‘.is study, ' o

1.3.2 _Removal of ting curreni field effects
‘The effect of the equatorial rinﬁ“éurf-ént manifests as ésui;tant_ial (30 nT) V-shaped response,

~ symmetrical about the dip equator, 1t is assumed that the gross latitude-dependent geometry

of the response is due to the ring current and that the perturbations from this shape are
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E Figure 1.2: Schematic illustration of the contributory source regions of field components

abserved by a near-earth sateihte magnetometer. Relative ﬁeld strengths of each source are
also indicated.



related to the Iirhoe:pheric.'a.nomabr field and -the ioﬁospheric field. The ring current can
 be approximated hy a simple.zonal ha'rmon.ic function which considers both the exisrual
as well as the internal induced components (Langel and Sweeney, 1971). This correction
has been ﬁ@ted by most investigators, the coefficients uf which are given in the INV-B
tapes. Alternative tuchniques consist of fisting a quadiatic function or band-pass filtering
{e.g. Arkani-Hamed et al., 1985). The standard correction is however inadeguate for the
southern African region. An improved solution is achieved by fitting the funetion for dip
l_at.i.tudes caleulated at 3 Re _ratliér than those af the satellite’s altitude (Zaaiman and Kithn,
1986). o B
1.3.3 _ Removal of jonospheric field effects
Satellite data, corrected ior the main field and ring current, show str-ug path-to-path incon-
sistencies, It is assulﬁed that this reflects ionospheric Sq effects contaminating the sought
after lithospheric anomaly field. Mayhew (1979) had noticed this effect in POGO data and
~although the Magsai pdlar, twilight orbit was designed to remove the Sq effects, this was
not nehieved. This path-to-path inconsistency is manifest as a long-wavetength trend in in-
_ dividual passes. Removal »f the trend is made {by most workers) with the use of arbitrary
linear, quadratic or higher order pulyﬁomia! functions and is known as the path-to-path cor-
vection, Yanapgisaws snd KK’JI‘IU.{.I!H‘-%:I'] introduce the concent of defining a mean ionospheric
field determined D} a process where the lithespheric field cornponent is treated as randoin
noise a-ud. prodnces a more objective and repeatable eorvection. Taylor and Frawley {1987)
adapt -« different approach. Omly dawn and dusk passes which intersect are selected. In
order to minituise intersection point discrepancies, they adjusted these profiles by solving for
the coefficients of a set of polynomials (one palynomial for each orbit) using a generalised

Ieaat-squares method.
1.3.4 Uurrecting for altitude variations

In meder to provide a lithospheric anomaly map from a moving platform of variable altitude it
is necessary to fix an altitude datum, Many sttempts have been made to broach this problemn
with a3 many resultant solutions. This reduction is usually incorporated as a final step for

the display of the anomaly maps and may préréed, follow or be combined with the gridding
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P scedures (the details of whicl are given in Chapter 4). For exa.niple, the most popular
method is the equivelent source techmique { tayhew, 1979) where preprocessing is required

(i, gridding; data within a particular cell is averaged to give a mean value and respective

 mean altitude) and an assumption must be made thnt.magnetiéa.t.idn is entirely induced.

Because of the g[oba,l. nature of t,he.da,'ta., the final total-field anomely map will contain
a variable a.nor‘na.ljr response, that is dependént on geographical position, as a result of the

varying ambienﬁ-_induc_ed poiaxising field. Radial'reduction to the pole is sometimes applied

to provide an easier interpretation map (e.g. von Frese el al., 1987). '

1.4 Objectives

It is the aim of this thesis to research aspects of ﬁrocessing of near-earth satel}ite'magne—_
tometer data towarde generating improved lithoaﬁheric anomaly maps. Mt‘:_xough, the core
field and ring current corrections are not entirely satisfactory, the procedures are standard
amongst investigators and Rcep:ted as reasonable approximatiors. The process' of path-to-

path reductions are however arbitrary, subjective and non-repeatable. Algo, the ultitude

reduction procedures fail in several resp'ects, in that they are either applied after some pre-

pmcéf.-;mg or with an a priori assninption of the magnetisation and, often, both are applied
or sesumed, | ' |
In salient form this thesis aims to;
o Introduce an ionospheric field correction that may be applied ubiquitously and objec.
 tively, | ' o

» Consider an altitude reduction that attempts to minimise preprocessing and a priori
assumptions of the magnetisation. '
» Test these algorithms on synthetic data.

" s Process Magsat data over aselected geographical region (southern Africa) using existing
procedures which are deemed suitable, togefhéi- with the newly developed algorithms -
for those procedures prong¢ to inaccuracy and ambiguity; the aim being to create an

improved dataset better suited to quantitative intexpretation.

10



« Assess the derived Ma_té;sat anomaly map in terms of previously published wofk'.and

conduct a qualitative and quantitative interpretation.

LAl



. Chapter 2

The geomagnetlc ﬁeld

Magnetometer measurements made from ground- or satellite-hased observations in a sburce-
and disturbance-free environment wﬂl comprlse contnbut.mg camponents from the earth’s
fluid core, solid crust and from large-scale current 5}55’ \k - tn exist: <t the boundaries -
of tl'e ma,gnetosphere, i the mgnetoml and. ‘Tr SRR :'m 5 | et frmg current) (see

e.g. Regan and Rodriguez, 1981). In adchtmn ta_ o rge-sa&le extemal ﬁelds there are

- smaller, localised fields *om the equatorial and =urors! electrojets and ﬁ-:ld-ahgued eurrent

concentfations,

- The ground stale or baseline magnetosphere is to a cettain degree an elusive concept

(Stern, 1988) The external fields are mostly atudied by their temporal variation pa:ticularly o

in times of strong magnet.lc activity, while the heseline magnet.osphere is deﬁned by selectmg

~ magnetically quiet days in the analysis of the geomagnetic ﬁeld (see Campbell 1987).

- Fora near-earth satellite the total-field measured by the magnetometer is assumed to '

" be in a source free region' such that the divergence and the cur! is sero, The field may be

derived from » potential function that satisfles Laplace’s equation, viz.

V=g (2.1)

The spheiical harrooniq expansion

. N n ) . S Ay . ’ . ) o .
V= ag go{w conrng -+ W sinvng] ()™ + g conm + ot sinmal (£)" } 2 )

' _1This astumption Is not sirictly valid since the satellite is orbithng within a low density plasma.
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is one aoltition. to Laplace’s equation: {Langel and Sweeney, 1971), where: o is the mean
earth radius, ris the geocentric satellite altitude, & and ¢ are respect:ively, the colstitude and
longitude, and Bm (9) ate Schmidt quasi-normalised Legendre functions. The magnetir. ﬁeld
 is represented by the gradlent of the pc:tentlal o '

B=-vv | | (2.3

‘The terms comprising the g and h cpeﬁiﬁénts describe fields of an internal origin with
respect to the satellite’s orbit. The converse holds for the terms comprising the sand g Eoefﬁ-‘ o
ciénte, The external fields, bemg strongly time-varying in nature, mé;y induee currents within
‘the conduetive portions of the lower mantle and thus contribute to the mternal coefﬁc:ents

-'The comzion problem faced by bath the solid- a,nd liquid-earth geomagnetlsts is the
separation of the two internal component fields, Ezt.her of these flelds (1 e. the core or
lithospheric) are regarded as contaminants to the exte_rn_al souroe-ﬁeld under n_westigatioﬁ
and vice verse. Tn this Chapter modelling of tﬁe geohmgnet.ic field is di.écussed. considering
the problem of the coreflithdspheric field comp.o_nent; separation, followed by a discussion -
of vock magnetism pertinent to satellite aliitude data.  Because we are able to separate
the geomagnetic field modei into internal and external cofnponénts and because the physics
is subsantially different we will treat the external field effscts separately in the pfo_ceeding .

Chaptar

H

2.1 ’I‘he geomagnetlc spectrum

Modelling of the internal components of the geomagnetic field is generally approached by
sélec_tinﬁ 8 suitable.data seb over several magnetically quiet da.js to minimise external ﬁéld '

- effects. Data from the high latitudes (> 50°) are rejected & _:'_t\void" field-aligned currents that -

_ distort the field (Meyer et al., 1983; Langs! and Estes, lééﬁ). A globé.l genﬁlagnetic fielld -
- model (MGST 1C/81) to degree and order 23 was derived by Langel and Estes (1982) from
- Magsat data for the purpose of analysing the power spectrum.

.. The spa:.:al power spectrum (Lowes 1966, 1874) is the mean square value of the topology
.of the geomagnetic field intensity p_roducecl by harmonics of a given degree n and is expressed )

as

i3



R (DY [@om+Gon?] )

msi

Flgure 2.1 is the power spectrum for model MGST 10/81 The dominant fea.ture of t.lus

spectrum is the linear decay with § mcreasmg n and a sharp ’knee’ around A= 14, The dipole
term stands alone (asterisk i in Fig. 2.1}.- Langel and Estes (1082) mterpret the turn in the
spectrum {o reflect data ongmatmg from sepsrate sources and not nonse, a generally accepted
interpretation (see e.g, Lowea 1974; Hahn st al., 1984, Morner, 1988; Benton and Alld'edge,
_ 1987‘ Cain et al,, 1980a).. - .

Benton a:nd Alldredge (1987) compared spectra from two separate high- degree Magsat
models {one of which is the MGST 1{);‘31) and found good agreement to n = 15, Although,
the agreement betwqen t.he spectra remains u_ncertam towsards the hlgher harmonies, an -
- analysis of the .noise, and pr‘imarjr and Seconda,rjr spectral features led, the authors to reject

the possnbillty that the high-degree flat region of the spect.rum reflects a dominating influence
of error in model detemunatmn 'I‘hey then tested the hypothesis that the break-in-siope
of the spectrum reflects dominance of core sources over lithospheric sources by modelling _
the spectrum using simple atrays of dipoles and current mpé. Two ranges of source depths

were found to édeq_uat;ely model the spectrum (one crustal the ather core) and consequently

support, the hypothesis.
2.2 Core-lithosphere separation

The _cﬁmplexity of separating the component fields originating from the core and the litho-
sphere Iieé in the spectral overlap“. Benton and Alldredge (1987) show by modelling that the
shallow IiPhospheric sources contribu.te_ significant power in the lower harmonics. Simila.riy.
the powe; spectram contains a significant contribution from the deep core sources in the -
higher harmonics (n = 16 ~ 18).. The point in the spectrum where the energy densities of

the core and lithospheric components are equal is at n = 14,_2 (Cé.in et al., 1989b);.a value
obtained from & high degree spherical hmﬁoﬁc analysis '(ub to n = 63). Lithospheric field

components completely dominate the spectrum for n 3> 15 (see figure 2.1). For this and the
above reaséns, it is accepted amongst Magsat investigators to separate the field componr_:'.n"ts. _

by defining the core field with & truncated spherical harmonic model of degree and order 13

14
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* (MGST 4/81, Langel et al., 1981).

Use of a degree and order 13 spherical harmonic mode] as zn approximation fo the core
- field is not entirely sat.isfactorj}'. Harrison et al, (1986), using spherical huﬁonic coefficients _

. above degree 13 in two different representations to appru.iimafe the lithospheric field, have

shown that there is little latitudinal variation of magnetic signatures. A _lg,pitudinal vm_-iét.ion
is éxpected if the lithaspheric magnetisation is entirely induced. This may refloct the fact

.that they never test the stability praperties of their solution such that the corresponding vari-

g aﬁce may completelf mask any lat.it.udihal‘ veriations (von Frese, pers. com_m_.).lﬁ_ addition,

an'expécted coptil.lent/:ocean. éontrast in.mai‘mét'iéation was not observed; By progressively

. uFing the higher degree cqefﬁcieﬁts latitudinal variation became evidgnt. as well as an increase
“in confrast between continental and océanic crusf. 'I‘he.conclusioh reachqd is that the inter

mediate wavelength signal believed ta be of lif.hospherik. origin may in fact reflect an origin

within the core and that the lithospheric portion of the signal is limited to harmonies between

n=19and n = 53 {see also Arkani-Hamed and Strangway, 19848). At present, however, there
is no clear alternative method to the truncation of the spherical harmonic series at a degree

and order 13.

2.3 The lithospheric geomagnetic field

The term Lithospheric is being used in preference to crusial to impress that magnetisation
" within the solid upper regions of the earth is not necessari’ - constr&ined to the crust but
may be sub-crustal, Mé&rner (1986) describes the lithospheric field in terms of permanently
locked, t.emporaribr locked and induced components (see figure 2.2). The perm&nently locked

composent is the remanent magnetisation which will not change w;th time unless by tectonic

recrientation, overprinting or stress-induced piezomagnetie vanatmna in mtenslty (see e.p.

Counil and Achache, 1987). Temporarily locked magnetisation origina.tes in regions where -

thermal changes and phase boundary transitions lock and urlock magnetlsatwn in response
to various geodynannc changes

As_dlscussed in section 1.2 the limiting factor in resolving the magnetic signature of
‘stiuctures in the crust and lithosphere is the altitude of observation, At satellite_alt.itude the |

effective observed magnetisation is a bulk magnetisation subject to the system resolution.
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Figure 2.2: Approximate magnetoithostratigraphic subdivision of the lithospheric ﬁnomaiy .

fieldin a typu:ai craton (Fennosca.ndmn Shield). Approximate ages and ranges of magnetisa- -
tion are given. ‘The Moho is a phase boundary that moves in response geodyna.mlc processes,

hence locking and unlocking the maguetisation in that region and giving these tranmt:on
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* Thus, when interpreting satellite altitude magnetic data the system limitation to resolve

1. 'guetic structures must.in turn limit the frame of reference, For example, two dipoles

i sepafated by two degrees in mid-latitudes {200-- 300 km) cannot be resolved ai an altitude_

of 400 k.

'2 3, 1 ‘What is the base of the magnetlc crust ?

While Harr;son et al. (1986) and Arkeni-Hamed and Strangway (1985) post.ulate that lugher'
: -degme ha.rmomcs (> 13) are deminated by field components ongma.tmg {rom the core, Maener
(1986) pnstulates that lower degree harmomcs are domma.ted by 2 1ong-wa.velength llthﬂ-‘

spheric field component whose source is sub-Moho. Wasﬂewskx et al. (1978) postulate that

the Moo is also a magnetic bound&r}'. | By analysing mantle-derived. xenoliths (of dunite,

peridotite and eclogite) and: :eﬁiewin_g the literature they provide evidence that metals and
primary Fes Q4 are absent.'a,nd that complex Cr, Mg, Al, Fe spinels dominate the axide miner-

alogy. Théae‘spi.n'elg would be non-magnetic at mantle temperstuves. The crust/upper-mantle
transition is thus interpreted as a magnetic mineralogy transitiun where the mantle contains

on-maguetic refraciory spinels and the crust the FeTi spinels. According to Wasilewski et

.al. (1979) and Wasilewski (1987) the base of the magnelic crustis the crust-mantle bouﬁdar_)f.

where it exists as a magnetic rﬁineralogioal discontinuity, except where the Curie isotherm
(~ 550°C, Buddington and Lindsley, 1964) is above the Moho. | |
In contrast, Toft and Haggerty (1988) also analysing mantle derived xenoliths propose, -
fo:* magnetic niodelling of cratonic lithosphere, that m@gneaisatiqn should not be c.oxﬂ‘.m:di
to depths siia.llowér than the Moho. Magnetisation counld wxtend to 95 km depth but most
probably to upper-maﬁtle depths of 70 km. This conclusion is baseﬁ on a debaﬁah’le. point

- 83 to the abundance of metal bhaseé i the upper—niantl.é. Magnetic susceplibility and NRM

are due to < 0,1 vol. % of ﬁne»gi-ained metal deri\re& from the decoﬁ'lposit_.ion of garnet and o
ilmenite plus magnetite, possibly as & result; of matal oxidation, The mode] includes T and
P transitions of maguetite and iron metal, along witk: silicate equilibria, oxidation states,

and geothermal gradients (see figure 2.3). The native iron concentrated at crystal edge§ '_'ﬁnd

' cre_li:ks is believed by the authors to-reflect a ubiquitous low oxidation state for the lower-crust

and upper_—mahtle.genel_-ally. Thiz free irbn, with a high Curie temperature (770°CY), may be
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a source of the long-wavelength lithospheric anomalies. _
Griffin and O'Reilly (1987) 1 propose tha.t the Moho a.nd the crust-mantle bounda.ry may
rarely_comclde in cratonic areas. These authors used }ugh-preasure xenoliths to construct

geothérms and stratigraphic profiles as lithological and physical phramet_er c_onst.rainbs_ for

" : the'interpretation of gedbhysiéal dﬁta. In sareas of high heat Sow the Moho, as defined by

seismic refraction data, maé' fie deeper than the crust-mantle boundar'y Clearly, the question

‘of "what consi:tutes the base of the magaet:c erust 2%, r’emnma an lmportant pomt in the.

mterpretatmn of the hthosphenc anomaly ﬁeld and is as yet. unresolved

2. 3.2 Magnetxsatwn of crustal rocks

- Magnetlsa.tmn of -..he cmst above the '\l[oho is perhaps slightly bet.ter understeod. The few

~ kilometers of the nppe.‘-_;rust, including supracrustal rocks and crystalline basement may

contais an original remanent magnetisatién modified by thermal overprints producing vari-
able remanent vector orientations. With incxéésing depth, cciﬁditibné’_fdr coherent, regional
magnel‘.isatico’l'e are enhanced (Wasilewski et al.,, 1979). Viscous remanent magnetis=tion is

enhanced with increasing temperature, and pressure provides additional viscosity enhance-

ment. Also, susceptibility increases with increasing temperature particularly in the region
- 100 — 150°C below the Curie point?. These aspects of crustal magnetisation according to

* Wasilewski et al. {1979) account for anomalqus magﬁetisﬁtion of the middle-to lower-crust.

The thickness of crust shove 400°C and below the Curie isotherms may vary in thickness
from 5 to 20 kun. This region of the cruat could be the most magnetic and the thickness of this

. layer could provide the source of the long wavelength anomalies (Wasﬂev.vskl and Mayhew,
- 1982):

Several uplifted terranes are regarded as uninue crust-qﬁ‘:edge sections exposing deep -

L .crust{a__l rocks (for exa.inple: Tvrea Zone, Italy; Lofoten and Vest- "‘l_eu; Norway; Kap_hskasing, _

. Cana.da.;'_\r’redefo:t-, South Africa and; the Vems fractirc- \tlantic). Few of these

sections, however, extend in equivalent crustal depths 'l-q'eyona“.;_25. km, and are thus more

“2The Hopkingon effect on studies of high- grade metamorphlc sémples from Lofoten and .Vestéralen in-

dicate that magnetic susceptibility i nearly comstant, gently mcreasmg with teraperature by 5% near the

Curie temperatiite. Schlinger [1985) ia of the opinien that this effect is not an important phenomenon and
magnetisation enhancement at depth is probahly not as a consequence of the Hopkinson effect. Results front

thiz st.‘uc_ly would indicate that the Hoplinson effect is important {see section 7.2.3).
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. Figure 2.3: Model of the cratonie crust .and up'per-mant.i.le.”Most boundaries are diffuse zones

but the Fey Q4 and iron melt transitions are well constrained and their interrections with a
shield geotharnt window, along with fo; controls, suggests & maximum depth for lithospheric
magnetisation of 95 km. In the presence of both magnetite and iron metal and an average
geotherm, the best estimate for the maximum thickness of magnetlc hthosphere is 7O k.

(After Toft and Haggerty, 1988)
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representstive of mid-crustal sections. Further, with the exception of the last-cited example ..

. all are continental sections. Ne\re:theless these represeiit a upiawr access to de- p crustal rocks _

* for petrophysical praperty studies. 'I'he oceauic Vema sect.mn (Auzende et al., 1989) zs at

present a synthesised geological section only (oceamc crust and upper-mantle frum samp]es
collected and visual obse_rvat'ons made using the French submersible Naatile).

" The most compreﬁbnsive petroplysical/ petmgraphic study of one of these terranes is that

of Schiinger (1985} of the Archean and Proterozoic gneisses and intrusive rocks of northern
- Norway. This stndy. partrays the lower-crust as an extensive and highly magnetic region of o

the crust which s defined by granulite facies metamorphic grade and by & Cutie isotherm of
575°C (miagnetite). The mégnetisé.tion is parallel to the polarising geomagnetic field because

significant NRM is mostly viscous. The average susceptibility is 4 x 107> (5I) while iu the
- deepest'high-g.ra.de region it is 8x 102 (SI). Granulite facies rocks iaave', on aversve, five

times higher susceptibility-and NRM than their smphibolite facies equivalents. Most of the -

NRM is viscous ir nature.

2.4 Conclusion

'The general model, for the magnetisation of crust.al rocks, gained from the htemture is that

magnet:satlon increases from mid- to lower-crust (w;th increasing metamorphic gra.de) Most
of this magnetisation probably originates from mafic and ultramafic rocks of the lower-crust

and may have total ma@etisatiéns in up to 3 A/m (fér grmuﬁ&s, Schlinger, 1985). This

i consistent with the interpretation of long wavelength anomalies of stable continental crust

(é.g. Schnetaler and Allenby, 1983; Corner and Cooper, 1988). Hahn et al. (1984) provide a
magnetic model of the earth’s crust for modelﬁng the Magéat. lithospheric an_cu_ialy field. "Che _
model consists of 16 crustal types in 'colﬁarins of 20 by 29 tesserae, Crustal sertions conzist
of two or t.hree layers with assigned magnetisafions according to surfuce geolngﬁf and sé_ismic

informaticn. The resultant crustal model does not fit the Magsét. anomaly field satisfactorily.

E They found that the average model magnetisations were insufficient to account for the Magsat

anomalies (by a factor of 2), Thes: authors postulate that the discrepancy may be due to
layer-ike magnetic units in the crust with lateral extents in excess of 2000 km. These units

should be regarded aa quasi-homogenous part of the total maghetisa;ionjuf the earth's crost
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in a particular area, _ :

‘The discrepancy between modelled ~clogical sections with assigned magnetisations and
the observed magnetic field from satellite altitudes continnes to manifest itself. For example,
Ma;yhew et al, {1985) could hot model the T.5.A. Ken_tucky'bﬁ&y'ai.one when using Magéat .
anomaly data and had to.i_ntroduce an éxtensive magnetic source regios; with mégn_etisat;ions
of 4,2 A/m tﬁmﬁgh most, of the :_:rﬁstal thici_mess. ‘The proBlem of mﬁgnétisatibn defficiency (1f
known ma,gnefisations are assigned to geological units) with respect to the observed satellite
mpmaly field is thus currently dea_lt. with in several w@ys, viz. {1) by assuming magnetisgtion
of the upper-mantle {e.g. Toft and Ha.géerty. 1988) or (2) by lintrodu.cin:g remanent .mé.gneti-
sation (e.z. Fullerton et al., 1989&).'_ A soluticr to this problem could perhaps be found
by the careful analysis and interpretation of the magnetiéafioﬁ contrast (the lack thereof)
between eoﬁtinental aid oceanic crust ih_sate_llite nltitude é.ﬁomaly'daita. With the exception

of a few localities on the globe, published satellite anomaly maps do not show a contrast in

. magnetisation between aceanic and continental erust. This could be ciosaly related to the

problem of spectral overlap and the qpre-lit-lmspheric field separation procedure (Hayling,
u_nplibiished preprint; Harrison et al.,_.lssﬁ-}‘ Hayling (unpublished preprint) used several .
magnetisation' models to simulate the lithospheric é.n_amaly field #t Magsat altitude over tﬁé
North and South Atlantic Ocean. The three models are given in figure 2.4 which agsume:
(1) induced magnetisation and TRM or (21. induced with: viscous remanent magnetigation or
(3) induced magnetisation plus TRM and a magnetised upper-mantle, A subjec.t.i.ve compar-
ison was made of the variqﬁﬁ simulations, frors which he concluded that the Jast model of a
magnetised upper-mantle beat explained'the observed Magsnt. anomaly field. '
This debate, on whether or not the upper-ma.ntlé coniributes to the total integrated
magnetisation as obsersed at satellite altitudes, will continue. The problem is closely inter-
linked to the truncation of the spectrufn in the coreflithosphere separatiﬁu procedure {e.g.
Arkani-Hamed and Strangway, 1085; Morner, 1986). R
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| "'Ch'apté_f 3
- External magnetic fields

- Definition of the baseline m#gnetbspheie_ is diffieutt because of ‘the 5tr6ng temporal nature of
the observed field effects, The geomagnetic fiekd interacts with the sdlar wind and Eecomes
“atretched intb an almost cylindrically .sha'ped region extending iﬁto inte;'plahetafy apa.ce;
This interaction creates a large, _rathér complex, magnetohfdrodynamic elecirical generator.
There are several current systems that are created which in turﬁ generate magﬁetic fields, The
'general structure of £he'magnetospheré and related corrent systems is deseribed, focussit.g on
those fields that affect the negr—ea;’tﬁ satelli__te—bqrne maguetometer'm‘;ﬁsuremenhs. A major
proportion of the material of this Chapter was obtained from Hones (1986), Hargreaves
{1979), Packinson (1983) and, Regan and Rodriguez {1981). Because of the review nature of
the Chapter and the fre_quency of uze, these sources ére acknowledged here in prefefence- to
citing them specifically . o .
In addition to the direct effects of the temporal vanations of the external fields strong
 inductive re'sponsea.al.so méult from the interaction with the electrically conductive regions
of the earth. 1t is necessary, therefore, to also consider the electrical structure of the earth

and the effeits thereof pettinent to near-earth satellite magnetoineter measurements,
3.1 The magnetosphere

The geometry of the magnetosphere is miodified by the solar wind (and resultant current
systems) as it moves away from the sun and collides with the geomagnetic field. The magne-
- tosphere h_egina at the maghetop‘ause'{vhere a current system is established (magnetopauée

'curu_ent., see Figs 3.1 and 3,9), The compressed, sunward side of the magnetopause is situ-
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 ated some 10 Ry (earth radii) from t.hé earth while the Ieéward_side is stretched downstream
{some 1000 Rg) to form the magneto_t._ail (diameter of a.pproxin_ia.ﬁely 50 Rg). This magne-
 totail consists of two oppositely magnetised Jobes, In th. mid-plane reg_ibn where oppositely
polarised field lines meet there is a narzow zone of Fero field, termed the neutral sheet. This
same zone is the locus for the sheet current that.ﬂows across the mid-plane and loops a.i:ound

both the north and south lobes,

Plasma regions
: 'Some of the solar-wind plasma, penetfa.t.es the rﬁagnetoshﬁere’s t.'.unwatd' régions (mostljr at
‘the polar cusps) éomé of which is found to accurnulate in the sﬁrface rggibﬁs of the tail
- [plasma mantle), In terms of plasma density the magnetosphere can be devided into two
regions. The inner 4 Rg region comprises relativefy cold, low energy. plasma and is kﬁown as
_ the -plasmasphere, The plasmasphefe rotates with the earth aud is comparatively protected
from interfereﬂt;.le';?rom the solar wind. The boundary, the plasmapanse, varies' in postion
' from 3.5 Rp for disturbed conditions to § Fg for quiet conditions, Ontside the plasmasphere
I:he.plamna is cnnsig_!erably lower in density, hotter and of higher energy. This plasma drifts
throngh the lobes to concenttaté in the mid-plane known as the plasma sheet. There are_alsd '
. few very energetic particles forming what is known as the Van Allen bell or the rrﬁpped
mdfaiion belt, They exisﬁ inside as well us outside the plesmasphere. The plasma is strongly
affected by interaction with the so‘lar. wind which. iz one of the factors that can contribute to
sudden changes in plasma density across the plasmaspliere.

‘Within the plasmasphere the _g}l'asma ié trapped by those magnetic field lines that rotate
with the earth ar’xd. are confined to o rnp;ion. fairly close to the earth, Magnetic field lines
beyond the plasmaspause are cant.roﬁe_d by convection caused by int_eraction wi_i:h the solar -
wind. The magnetic ﬁeid lines are dragged into the magnetotail and by their interaction with |
the iuterplauetary"maglletic' field (IMF) lose plasma. This process results in a one way flew

ar plasma from the higher latitudes away from the earth, !'.etni_z.d the polar wind.



. Magnetic reconnection

" Magnetic reconnection or merging is the process by which regions of opposed magnetic field -

lines come _together; The magnetosphere’s field lines interact with those of the IMF. As 2

result of reconnection the magnetotail has three types of magnetic field lines, viz.:
» The field lines in the lobes connected to the earth (open field lines).
o The field lines on the easthward side of the neutyal sheet where all field lines of the two
lobes have reconnected {closed £eld lines). '

& The field lines on the distant leeward side of the neutral line that have reconnected but .
are disconnected from the earth and are apen downstream into interplanetary space
(interplanetary field lines), | ' '

Magnetic reconnection is one mechanism by which plasima can be injected into the mag-

netogphere.

- Current systems

In the magnetosp]iere the fnagnetohydrodynamic_ (MHD) proééss generates elect.ricity.at two
different loca.t.i__ons. One of these arises as & c.onsequenre of magnetic reconnection at the
sunward side Af:__ﬁhe magnetopause. There the solar wind and IMF encounters the the earth’s
magnetic field, merge (this process is senmingly at raxldonij and become earth-tied. The solar

wind plasma moving through this earth-tied magnetic field completes the basic elements of

the MHAD generator. Polarised charges are deflected around the magnetopause establishing

a l&tefal_electric field across the magnetosphere in the dawn to dusk.direction. A cugrent
system results across the neutral sheet, The circuit js completed over the surface of the tail, -
5o that the tail is confined within a pait of cusrent solenoids.

"The conductive joncaphere! constitutes a low—resistancé external circuit by which p.c..-
laxisation charge, from the solar wind, cen fow. At low latitudes some solar-wind plasma

penetrates the closed lines of the earth’s magnetic field. ‘This plasma moving at right angles

The jowosphere is located at an allitude of somie ) to 400 Jum above the earth's surface. The upper

. atmisphere Is jonised by electromagnetic radiation of the sun. Once polavised chérges are produced they

tend to recombineg, however a minor net imbalance remains giving rise to the jonosphere,
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to t.he magnetm field creates conditions for MED power generanon wu;h a polansatmn djs- '
_chaxge path thmugh the 1onosphere Lmes of force, for a ﬂxed obsenat.lon pomt. mamtam '
their identity down to the wnospht?re. Because the ionosphere totates with the earth It causes
zo-rotation of the lqw-lat-itﬁde rna:.gnefic force lines. At the polar regioﬁs the open_ﬁeld lines
 are fixed relative to the midnight merid.ia.n. In tnese latitudes two whorls of varrent termed
the field aligned currents are established through the discharge bf poia.risatibu curre.nts. The
- current pattern they produce constitutes & polar diurnal va_r_iation- of.the obse:ved magnetic:
field (57). | | | S

An 1mportﬁnt current source results from t.he gradient of the magnetic ﬁeld The motion of
© an jon il clrcumscnbe 4 circle in the equatonal plane whose radius is inversely proportional
to the magnetic flux. The orbit of this iﬁft is a circle {only in & uniform ﬁeld').. The radius |
oo i:mvat-ura of the path of the ion is greater a-iva,y from the earth than closer to the earth.
This differential radius of curvature makes the pdsitive ions drift westwards and the electrons |
eastwards, This drift contributes to & net wesiward eurrent known a8 the -rmg current which

occupies the equatorial regions of the near-dipolar field below 7-9 Re.
3.2 Magnetic disturbances

: .Through the MHD process the solar wind generates electric currents in the gedmaguetic
field and shape the easth's inagnetir. field lines. These current syste'ms.produce magnetic
field perturbations that are additional to the main geomagnetic field and are manifested as
either regular or as impulsive temporal variations. Since the rmagnetopatse curtent results
fro_:ﬁ the reconnection prbcess of .the-_ IMF with tﬁe gedrhagnetié field variations in solar wind
pressure may alter the reconnection process resulting in the propagation of wave motions in
the magnetosphere. These effects can either be coherent oscillaiions of the magnetic. field-
. with periode of seconds to minutes or impﬂﬁw with no distinet periodicity. |
_ Such sudden major changes in solar wind pressure .thl’zs give rise to & m.agﬁetié storm,
‘which is a period of rapid, irregular, transient fluctuations of the magnetic field greater in
magnitude; more irregular, ;ind of higher.freqﬁency than diurnal variations (Sheriff, 1984).
These storms occur on average about once ot bwice o r'm:onth'. Much nim-e_ frequently there

oceur intervais of disturbance without all the manifestalion of & storm and in which the
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ﬁtmnéest disturbance is couﬁﬁed to auroral latitudes. These are termed magnetic subslorms.
Parkmson {1983) believes that t-he lrregula.r fluctuations of a storm are, in part, s:mply a

series of subatorms For thls reason the generation of a magnetic substorm is dwcussed first.
3.2.1 Magnetic substorms

Magnetic substorms and associated aurora are believed to originate from instabilities in the '

. magnetotail neﬁtral sheet current, At the onset of a substorm a new neutral line is created

at a closer distance from the earth {of some 15 Rg) becavse of extreme tailward st.retchmg of
magnetlc field lines beyond 7 Rg. This siretching results from an mcreased riste of fleld line
reconnection at the magnetopause, heut:e an increased transier of energy from the solar wind -

o the magnet.o_tad. The new neutral line disrupts the sheet current, the eross-tail current is

- reduced, the ma.gnetlc field lines in response become less stretched and collapse earthward

b;coming' more dipelar in shape (see Fig:3.3). This collapse incredses the iqject.ioﬁ of high
etergy plasma into the ﬁoiar regions of the ionosphere. This canses jonisation and incressed

conductivity i_xlo'ng; the auroral oval. ‘Also, atmospheric molecules are excited and resuit in

- the auroral lights, The cross-tail current is short circuited by the field-aligned currents and

auroral oval thﬁié forming é.umrﬁl elecirojets.
At the slt.e! of the new neutral line ihe newly merged magnetic field lines form shertened

closed field lr,nes 'I'hls results in a form of a "boudin’ of magnenc field lines (they form closed

" jobps) bet.ween t.he newly crested neutral lne aand the pre-substorm p051tmn This structure

of closed loop magnetic field lines enclosing hot plasma is knoen as & plasmoid, After its
formation the open field lines of the lobes reconnect and prope! the plasmoid downwind. The
new neutral line remains in its near-earth posif":on for a period of half an hour to two hours
before rapidly retreating to the original distant position.

3.2.2 Magnetic storins

The position of the 1mgnet.0pa-use.is determined by 2 balance between the kinetic solar wind
pressure and the magnetic pressure of the field of the magnetosphere. The pressure halance

equation, to a first approximation, is given by

B?[2pq = Knmy | {3y
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Figure §.3: The ms.petoaphere model ahowing the merging of field lines and the creation

of a plasmoid. This is one way the magnetotail releases energy and one explana,mn of the

initiation of & substorm. (After Hones, 1986).
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where B is the maguetic flux density, po is the magnetic permeability of free space, K is a
constant, n is the density of solar wind particles, m is the pa_rt.iéle mass and v is the particle
: veloclty ' '

An increase in either plasma density or solar wmd velocity will manlfest as an increase

in B; entactively compressing the entire magnetopshere, This compression has the effect _

of increasing the measured horizontal magnetic. component at the earth’s surface or from

a nesr-earth satellite platform. A sadden'bomﬁression of this type: is known as 3 sudden

impufse (SI}. A SI may start a period of increased :distﬁrba.nce leading to a substorm or &

storm (whlch is beheved to represent. in addition to complex nagre whydrodynamlc wave'

-reverberanous propogated through the magnetosphere a senes of substorms), in which case

the 81 becomes a SSC {sudden storm commencement).

Magnét.ic storms are manifested by substantial variations and irregular fluctuations in
the observed magnetic ﬁeld intensities, Eﬂ'ecté of magnetic disturbances are best illustrated
using magnetograms. For example, tile magnetogram of figure 3.4 was recorded at the Her-
" maktus Magnetic Obser\ratory.(w-.m September. 1957) and shows a typical magnetic storm

in progress begmmg with a 85C at 0047h UT. | o |
- There are se\reml indeces available to aliow a quantlt.atlve measure of magnet..c distur-
bance.. The mosd commonly used index and adopted for the Magsat INV-B tapes is the
planetary K-index (Kp) (Langel et al., 1081). This planetary magnetic activity index pro-
vides a measure of the average mtenslty of magnetic dist.urbanre (of 12 observatories), on a
27 digit scele, in 3 hourly mtervals It is usua.lly exprossed in thirds of a unit on the scale of

0to , ie. Op, 1,16, 14,2, 9&.90

3.3 The ionospheric field

. The previously discussed magnetic field perturbations enconpass the irregu_iﬁr fluctuations of

impulsive origin and have sources originating from several magnetospheric and high—iatitude
ionospheric ¢ustent systems; In addition to these disturbances theve are coherenf. diyrnﬁl.ﬂue‘a
tuations of the external magnetic field which affect magnetic observations gt‘ sa_telliwbased
piatform. The diurnal finctuation of particular cﬁncem to. near-earth satetlite me’aéu-rements

is that origiﬁating from a current sysiem in the ionosphere, the solar-quiet (Sq) curre . sj_rs-
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Figure 3.4: Ma.gnetogram.ﬁ'om the Hermanus obsetvatory showing principal temporal fea-
tures: the solar quiet day yariation followed by a soler flare effect {1515h} and a magnetic

gtorm commencing at §047h.
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Figure 3.4: Maguetogram from the Bermanus observatory showing prlnc:pal tumporal fca—
tures; the solar quiet day variatian followed by a solar flare eifect (1515!1) and % magnetic
storm commencing at 0047h. .



tem.

Seasonul vanatmns of jonospheric equivalent Sq current systems are gweu in figure 3.5
~ which show & Varlable but systematic pattern. The pattern conslsts of twq cnrrent systems
of oppomte dlrecmons centred in each hemisphere atising from the heatmg eﬂ‘ect of the sun

~on the mnnsphere The currents are fociussed a.bout the mid»latltudes of 309 and the summer'

hem:sphere curments are more mt.euse The foci remain. a]most. static w1t.h respect to the sun.

centred on 1200h LT, Magsat's sup-synchronons, f.w1ghhght, polar orbit was dg&gned 80 88’ .
to minimise'Sq effects. The 0800h and 1800h local times inditate the approximate Magsat -

path w:t.h respect bo this model.

-~ In a.ddltlcm to the Sq system thete i is a secondary effect duex to atmosphenc c:rculatlon _

from the g_ra.wl;atlonal attraction of _t.he moon_. the I effect. The result.ant field is small (by a
factor of 25 relative to 9q), difficult to isolate and complex since it depends on funar phaséé
and seasons. _ . o | '

| At the level of the magnetic dip equator r.hefe is & 600 km wide belt of increased Cowling
. conductivity of _t.'he iono'sphere, thereby channeling an eastward currens within th.is region; the
équalorial electrojet. The electrojet yroduces total field a.rﬁplitude responses of 12 to 26 uT of
near-carth satellite magnetemeter observations _(40.0 km altitt_l_dej {Cain and Sweeney, 1973).
Gaiﬁ and Sweeney (1973), using POGO data, mapped the position of the electrojet which
reproduced in figure 3.6. Although the electrojet follows the magnetic dip equator generally,

it does show small but significant excursions. They found that there were instances when -

the equatorial electrojot was absent or weakly westward. Maeda et al. ( 1982) by analysing

Magsat data observed an apomalous variation in declination {not obeerved at ground-based
observatories), vis.: (1} it appearr  the low-latitude dusk side, {2) it is antisymmetric about
the &ib equator and {3) the amplitnde of the response (5 to 25 n'T) depe_nds q:'; Jongitude and

ultitude. They conclude¢ hat a meridianal current system exists in the equatorial ionosphere

~_which is associated with the equatorial electrojet.

It should be noted that diurnal quiet variations also oceur at high Jatitudes similar to Sq .

but termed 5% (see séction .13 field aligned currents).
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Figure 3.5: Equivalent current system of Sq variation 2t 0000h UT for March equinox (a),
June solstice (b), September equinox (¢) and December solstice (d). 0800h and 1800h loca)
times are Magsat's approximate twighlight path with respect to the Sq current system. (After
Parkinson, 1983). - o : o '
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F:gure 3.6: Average latitude of er-uatona.l electrojet from observa.mna aade by POGO satel-
lites. The centres are comparad wlth the IGRF (epoch 1970.0) dip equator at 100 km and
2,6 En altitudes. (After Cain and Sweetiey, 1973).
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3.4 Modelling of External field effects

The above phenomensblogieal synopsis giveq_._an ingight of the complexity of the structure of

"+ external magnetic flelds and their temporal _behaviour-. In order to model the geomagnetic :
field and magnet;ospheriq.ﬁeld‘ magnetic quiet days are selected. The magnetic potential may .
" be 'fepreseute"'i by the'sﬁhericé:!_harmonic series of equatidn 2.2 where the coefficients s and

g describe fields of external orig'iﬂs.

The strongest 'magn';etaspherié_ﬁeld effect that is manifest - on the ground or from a
near-earth sateliite at low to mid-latitudes is that of the squatorial ring current with lesser
contributions froin other magnetosphefic sources. The i:iu_.\ +..-ent and magnetospheric flelds

may be represerited adeguately by the ﬁrst—degreé and zero-order zonnl function of équa.t_ion

2.2 (Langel and Sweeney, 1971). Becauise of temboral va:ié,tiOIw of Dat-(the storm time field)

a siginificant internal contribution Is obtained from inductive components within the earth.

~ Details of this model are dealt with explicitly in Chapter 6.

The fonospheric sources are modeled from ground-based observations using spherical liar-

monic analysis.. Hoﬁever, the problem. for Magsat dat -srent in that the data are.
restricted to dawn and dusk local times, which in theory w... .seant to eliminate iouosjahuric
- fieid eontributions. This provéd not to be entirely correct, A';ne'thod proposed by Yanagisaws

{1983) allbws the determination of an average ionospheric field by simply stackihg obstrva-.

tions for a specific local time, Details df thia problem are addressed ekplicitly in Chapters 5
and 6. | |

8.5 Conductivity structure of the earth

The temporal natore of the external ionospherie and magnetospheric source fields induce | :

eddy currents within the conductive régions of the earth, i.e. the oreans and lower mantle.

~ The spectral_responses from these conduetive regions are used to determine the underlying

electrical structure. Resistivities encountered in the erust range from less than 0,25 Ohmm

(the value of seawa.tér) to 10¢ Ohin w or more for dry crysta-lliﬁe rocks. Mos_t estimates of
global conductivity (vsing Sq and Dst variations) as & funetion of depth indicate a sharp rise

at & depth of 400 to 600 km {at the level of the mantle transition zone), The cc_ﬁndﬁctivity
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below this depth can, for most purposes, Be considered to be at the indﬁc tivie limit; this global
condﬁ_cti\re region is termed the conductosphere, Figure 3.7 illnstrs;tes several conductivity
: prdﬁlea detefminad over oceanit and continentai'cmst, The main difference between the
- oceanic and continental proﬁles geems Lo be that the di. contmmty is shaliower below the

oc eans

With regard to neer-carth satellite magnetomster obser'\'rations the concern is to ascertain -

. the -gmﬁcance of the induced earth currents on the magnetic fields arising from the ocea.ns_

and the conductosphem ‘Hermance (1982) by model simulations addressed two lmpm-tant
_questions, viz.: (1) are induction effects significant for near-earth satellite observations and

(4] what are the effects of lateral diﬁ‘ér_ences in the groas conductivity structure of the earth

dt_saielliﬁe altitudes? He noted that for the distant magnetospheric sources the induced '

component, of a conductive mantlé in & spherical earth may contribuie as much as 34% of

the external source field amplitude; larger at satellite altitudes than t.he'target lithogpherie
magaetic anomalies, For short period finetuations of the inducing field (200 s to 1 hr) the
rasponse of the oceans is at the mductwe limit. The induced! contribution at satelhte altitudes
may. be as much as 42% of the source field. . '
Hermance (1082) then cons:dered the position of the satellite (400 ki) w:th respect to
the two possible inducing field sources, name}_y, magnetospheric (~ 3 Rg) and ionospheric

-~ 150 km), The total response (Borizont_al cornpdne'nt) for magnetospheric sources above

the sateliite is close to twice that of the source field sirengthi. For sources beneath the

satellite the fields observed at the satellite tend to cancel and the total _ﬁeld is almost zero, A
lateral conductivity "ch'ange in the crust or lithosphere (é.g. confinent to ocean contrast) ﬁiay
generate & magnetic response of an grder of lﬁagnitﬁde smaller than the source field, whose

' shipe is compl ~ted by the position of the observation platform with respéét to the primary
field, The anomalous response is significant lor sources originating below the saﬁellite 6nly
(1 e. the 1onosphere) A disturbance of say 100 iT over & Iateral resistivity change from 30
Ohm m to 15 Ohm m would manifest a hor:zont.al magnemc ﬁe!d inductive response of 5nT,
whmh is well within the reaolutlon of Magsat. .

'J.‘he study of Hermmce (1982) serves to demonétrate that measurements made dﬁring

raaghelic disturbances could be used to in'_vést_.igate gross electrical properties of the litho-
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Figure 3.7: Earth conductivity estimates as o function of depth. Solid lines refer to conti+
nental crust while the dashed lines refer to oceanic crust messurements, (After Parkinson,
1983). . . _ .
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sphere as a nseful complement to ma.gnef.ic investigations. Didwal] (1984) using a database

derived frorn POGO satellite magnetic measurements estimated an electromagnetic response

function. Best. estimates of this response function indicate au upper-manile conductivity of

10~% Mho rn"1 For the purpose of generating hthospherm s,noma,ly maps inductive effects’

are minimised by selectmg m&gnet.ica.lly quiet® éa.ta, typlcally w’th a magnetic activity index
of Kp £ 2_.1._!. In the final analysis the most significant contribution criginates from the Dst

variations.

2A magnet:c mhvlty fndex of 34 represents a dlsturbance. peak to peak, of 24 nT at, grmmd level at the
Hetmanus ohsemtory {Kfihn and Zaaiman, 1986).
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Altitude reduction

Processing magnetié measurements to account for the variable altitude of the satellite tracks

is an unresolved problem, to-date. At.te.mpts. towards a solution have and coﬁtinue to be
made with varymg degrees of suécess. The approa.ch rationale and methodology to correct

for the variable altitude covers & w1de spectrum, In this chapter the vanous techmques that

have been used are rewewed and results of this Tesearcih towards ﬁndlng a soluhon to the .

: problem are presented

4.1 Review of methods

Corrections to account for the va:iable altitude of the satellite tracks varies widely amongst

users. The eﬁ'ebt of the vﬁr_iation- of the satellite aititude is complex, because it iy manifested _

" not only as a change in amphtude but also in a spatial sense. These eﬁ‘ects are demonstrated
graphxca.lly in section 4.2, In tnany instances the ptoblem is coarsely dealt vmh for example,

by simple stacking of ma.gn_:et.ic data within selected cells. A mean magpetic amplitude and

altitude is thus obtained for the selected cells within the area under investigation {Coles et .'

al,, 1982; Ritzwoller and Bentley, 1082). “The supporting philosophy being that, although

the variation is still largely unaccounted for it is minimised, resulting in losses of hoth the

amplitnde and detail of anomalies, but the gross features are maintained. This may be

dceeptable for qualitative’ appraisals of t4e data but, not so, for quaﬁtit.ative interpretations

Other more exacting methods have been considered to reduce satellite magnetometer
measurements to a cornmon datum. A renew of sore of these ptocedures is given by Regan
© (1979); those and other methods are described below.

i
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- 4. Equwalent source :

Inherent of potential fields is the ambignity in descnbmg the source dlstrlbunon from field
" values ouiside the source region, The magnetic potentlal due to a magnetic dlstnbuuon

-m(a,ﬂ,-;) at a pomt. Pz, u, h) a.bove the cl1st.r1but.10n s -

mia,8,7) o '
U(z,y,h) Vu/ [mfmr{z PO p—— T dgdy . (41)

where Va is the dl.rect.lonal denvat.we in the direction of magnetlzaf.lon (Gunn. 1975). The--.

" concept provides a means of variable surface continuation of the magnetlr. field (Dempn: ",

1969; Mayhew, 1975; Mayhew et al,, 1980).
In practice the eqmvalent. source method is performed by moclellmg the anomaly ﬁeld

~ with respect to an arbitrary surfa.ce dlstnbutlon (an array) of "lpoles The auomaly ﬁeld is'.

computed at diserete points’
' &

_ﬂj:-:z:p;ﬂj ,j='1,2E3‘...,n N (%

i=1 -
where & is the total number of d1poles a.nd pi is the magnetlc monient ol' ths n!h dipole. 5;,
the dipole source function is given by Mayhew (1879). - ' _
The magnetic dipoles are cm-:strained 1o a regular latitude, longitude grid with an inc]i-

nation and detlination defined by a degree 13 sphencal harmonic expanswn (Mayhew and

| Gaﬂlher, 1982). A solut.lon for the moments is made using lea“& squared. Having deternuned_

the parameters these may be used to compute the auomai«' ﬁe[d at any posltlon above the _' :

 equivalent source dtstnbutlon
412 _Spatial gradients of the equivalent source

A method was presented by Bhattasharyya (1677 ) where the spatial gradients of an equivalent

mugnetic dipolar source distribution are used to perform a variable upward continuation of

the field. The formulation of the technique was developed by Bhattacharyya aﬁd Chan (19??)__ _.

and extended to take into consideration the spatial voriation of the main ficld in the caseof
satellite data. L ' - | _
The method is applied after some preprocessmg Anthmetlc means of both a,mplltucle

and altitude of measurentent are calculated from o selected dataset for 1° by 1° long:tude and
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. la.t.ltude cells. This proa:edure is based on t.he assumption that the ampllt.ude of the magnetm

.ﬁeld at satellite altltudes decays hnearly with respect to altitude.

szoles (of moment b per unit area) on tbe eqmvalent source amrface 5 are assumed to-

be polansed in a direction normal to S. The total neld ata po.nt Pz, . h} above the surface

. ima dn-ectlon 1 deﬁned by the dlref.tlon cosmes (1m, n} may be expressed Bs

| e -f/‘ 81 T
re~f[pre W

" where ;= (1-v¢)p, and represents the gradicnt of iagnetisation along the direction t of the
geornagnetic field. . . .

. Considering the limiting case whare t.he point P approaches the éuffdce Salonga hdrmal to

8, equation 4.3 reduces to 3 Fredholm mteg:al of the second kmd and Iela.t.es the observed total '
field T to the spatial gra.chenf.s of magnetisation of an equwalent dipole souree (Bhattacharyya .

and Chan, 1977). ‘The total field can thus be calculated for any point above S if the spa.al
gradiénts of p(3Z, {%) are known, Saiisfactory results can be achieve  only if the direction

of the georﬁagnetic field that is used to compute (continue) a new point is in’ the same

" direction as modelled by the gradienis of the equivalent dipale source dis_tribut_ibn surface ;'

- {i.e. indiced magnetisation wmust be assumed).

4.1.3 Fourier series modelling

The method propesed by .Henderso_n -aﬁd Cotdell (1971) uses finite Fourier harmenic series

: a.pproﬁmation te reduce variable altitude potential feld data to a common datum " The

method may be applied to regular or 1rregula.r1y spaced data in two- or threeudlmensmnal

space. .
The magnetlc field may be approximated by & ﬂnlte number of linear, mdependent har-

manic functlons of the form

T(.z: y) Ao/2+ Z em(‘“l [4,, cos Zrk(z/.}.) + By sin 2nk(2 /)] + e,u{.u,,.) (4.4

k=1
where  is the fundamental wa,velength. 2M +1 is less than or eque_tl to the number of da

pioints sud ey(2,2) 18 the error of approximation.Thix functional represents a 'ﬁnit'e Foarier

series if the data were on the plane z = ( and were equully spaced. The proposed method

,al

fits the furétion to the data and solves for the coefficients using least 8quares. 'I‘h'* harmonic
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' fnodel’ing_ technique has been used »yn satellite-borne magnetometer data by, ‘for éx#mple,

Regan (1979).
4.1.4 Multiple linear -regress__iun

T_hé_ method presented by Litter et al., (1988) models the dats as in the _pré\rious case but,

. assﬁmes a Hﬁe_ar dependance of variables, _The approximation is of the form
Te=S+Sh+S0+84 - - (45
‘where T is the a'a\non.:al}r ﬁeld,. h the altitude of messurement and 8¢ ate the respective
longitude and latitudes of measurement. ' _ - _
“The -coefﬁcie_nts 80,55 ...,89 are solved for, using least squares {Latter and Kiihn, pers.
corom.). The ﬁrin.cipal assuraption is that, for satellite altitudes and for a cell of 1° by 1° or

less the magnetic gradients may be regarded as linear. -
4.1.6 Schwarz-Christoffel transformation

 Wendorff (pers. comm.) developed the Schwars-Cristoffel method (Parker and Klitgord,
1972) to correct satellite data io a .co'lnmqn datum. - If the measured field is on a level
plaﬁe-, conitinuation to au irregular plane 15 straig_hti‘orward (Hendersoh; 1970). The irregu]a.i-
satellite track problem can Ee converted fnt-o' the simpler form by uéing the theory of functions
of a complex variable. Let every point of a satellite’s half orbit be represented by a complex
number given by z = 2+ iy. The complex % domaiu s now mapﬁed with an analytic function
' into another complex region given by w = u+i such that each point (2,y) in the one domain
is represented by (u,v) in the other (Fig. 4.1)-. |

If an analytical function g{z) maps. the satellite track onto a strafght. lige in a domain
equivalent to the w &omain, then: the sotght after simplification is achieved, To begin with,

the mapping between the ¢ and w domains is implemented with (cf. Fig. 4.1)

"
4
—

(4.6)

|

wei

EL s

i

where the gatellite’s position is given by the phase, Figure 4.2 illustrates this mapping for '
' Magsat half orbit 402, To utilise the iﬁve_rse Sclhiwarz-Cristoffe]l transformation® (SCT) .

{The Schwarz-Cristoffel transform provides a simple means to map the region above and including the

4
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the satellite passes are approximated by a polygona.l tra.ck the tolerance correbpondmg to

about 10km at the earth’s surface, Applying the inverse SCT, the polygonal curve L' is
transformed to L”(Fig. 4.3). Upward continuation is performed on this mapping (Fig. 4.4).

- 4.1,6 Discussion

The altitude corrections exploit two principles, namely:

" - 1, Implieit niodelling where a function is modelled to fit the anomaly field and cor-

rections apphed by mterpolatmn This process endeavours to maLe the functlonal

vespond implicitly to tlte behavzour of the pctenual field without a priori knowl—

edge.

2. Explicit modelling where the knowledge of the field and of potential theory is used

either to model the source or to extrapolule the field by analytical means.

The Fourier series and linear regression methods attempt to conform to the former ra-

tionale of implicit modelling. To suc_ceésfﬁlly impl_elh_ent this method the variables must be

linea_LrIy independent. Also, it is a_ésuhued that the function is suffictently flexible to represent
the topology of the field. The thrée-dimensional linear regression method makes an erioneos
B assumpf.m that the magnetic ﬁeld decays linearly with altitude {LStter et al., 1086). A sim-~
- ilar asslumpt_lon is made by Bhattacharrya { 1977) at the preprocessing stage with regard to
tbe equivélent-source spatial gradients method; Both authors believa that this assumption
is reasonably valid l‘or the altitude range of a near-earth satelhte |

‘With respect to the latter prmclple, the equivalent source, the gpatial gradlents and the
Schwarz-Cristoffel transform methods are uged _to continue the magnetic _a.nomal} field with

2 priosi information. The ambiguity of the potential field to discriminate source distribucion

is effectively exploited by the equivalent source methods. However, in order to continue the _

_ field to an aliltude datury, it is assumed that the magnetic polarisation of the anomaly field

is parallel to the main field. Mthough this assumption is almost mlwersally made theye is
real w axis into the mterior and edge, of a polygon {F aker and I(htgord 19"2}
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'gfwing eﬁdéﬁce that non-vistous remanent magneiisation? is observed at satellite altitudes
(Toft. and Ha,ggerny, 1986' Antoine, 1988). Remanent magnetlsat.mn compe:nents may be
combined vectonally to develop accurate equivalent pomt. source operators (von Frese et -
al,, 1981). The problem however, is to denve a suitable equivalent souree dlstnbntlon for

| processing. - _

| The advantages and disadvantapes of implementing the various mefhods are far reaching
and need to be .'considered‘ 'I"he'concép.t of iﬁlplii:it modelling is appealing, in'that._ .no o pri-
ori mformation is redﬁired. The Fourier serics threé-dimensiénal regression_method. should
have .superior qualities to the three--dimeﬁsional linear _re@-eséion of Lotter et al., (1986) since
the latté: method .represents the anomaly _ﬁeld as a _linea:.funct.ion. The approximation is

" partially valid for the horizontal _gradj'ents (for the scale at which it is implemented, e,

one degree ceils) bt;t. ertoneons in thé cése of the amplitude dét;ay with respect to altitude.

Impl:ementatipn of the Fourier series method however faces certain consiraints, The devel-

opment of the method in a rectangular ccordinate system isa limitatioﬁ with satellite data.

The_i-method was used by Regan (1979}, over a central Affican region covering an.-area of

20% in longltude and in Tatitude, and produced reasonable results Regan, however, showed

preference o the Bhattachary}a {1977) equivalent-source spatial gradxents approach, '

Bhattacharyya's technique, although meeting many of the thearetical reauiremeﬁts, will
produce errors in several régard_s: ( 1.) the assuined linear decay of amplitude with altitude at
the i:reprbcessing sta.ge. (9) the process requires downward continuation (s highly.'t.lnstable
process) thus requiring additional low pass filtering, and (3) the continuation assumes induced
magnetisatioh. Similgrly,;:'t,_he equivalent souice t—echniqué is implemented with 'somé prepro- '
cessing by simple stacking within selected latitude, 'longil;ud.e cells. Induced m.a'gnetisation. '

Is most comﬁonly assumed. The process is more stable since the conl-inu.a.tiou is away from -

the source distribution. The equivalent source épﬁtial gradients method is computatioﬁaﬂy

more efficient {Regau, 1979). ' '
The Schwarz-Cristoffel transformation method although attracme as a variable continu-
atlon tool, has substantml hmltatlons for satelhte apphca.t*ons To begin mth the process '

assumes f.wa-dnnensmnality of the gource; an assumption that is mostly not strictly valid.

27t is generally argued that, for the purpose of inverting or interpreting satellite magnetic anomaly maps,
VHM predominates. On this basis, induced magnetisation may be assumed (v.g. Johnson, 1985),




The mapping procedures are in themselves passive. The a'.nalytii:a,{ continuation also imposes
the problem of induced ﬁ;a.gnetisatin'n. In addition, the method is based on upward 'contin-
uation to the satellite orb:t apogee, The process is also computationaly mtenswe (Wendorff,

pers comm. 3

4.2 Impllclt modelhng

The processmg a‘nd digital manipulation of the data are not ends in themselves but first steps

in the process of model construction ;md hypothesis testing (Mayheéw and LaBrecque, 1987).

The emphasis here is to ameliorate the reduction process towards irproving daba quality,

_s't.ma.h!e for quantitati\ée assessment. Béca.use of the substantial limitations of the present
- altitude reduction methods, it is necessary to test alternative meﬁﬂod;.. In order fo achieve
the 'object.i\né of impm?ed data qilalitjr, model constraints should be kept at & minimum. _

As pre\;ibuély discussed, the process of fitting a functi@n implicitly tothe pétential field is

appealing, part.iéularly_, if assumptions are kept to a mi_nixﬁum. The purpose is to interpolate,

from the irr_egﬁlariy .éampled field, the representative _vélue of that field for a fixed point in '

. sbace. I a numerical method is applied within a small sector say 1° by 1“-lat_'.it.ucl_e,'1ongitude
eells it may be possible to achieve altitude :eduction at a stage equivalent to the preprocessing
siages'of the above mentioned teckniques, | | - _

The weakness of most of the altitude corrections begins wit} the statisticul averaging of
the fandomly sampled deba within a selected bin. The tesults, L.e. average amplitude a.na
altitude for the bin,'afe then used to apply the various altitude corrections. This process, in
all cases, assumes that the ma.gnenc anomaly ﬁe}d decays linearly with respect to altifude, an

" assumption which i is shown to be mvahd in fignre 4.6, It is also assumed that the homontal

- geadients are linear, on aaaumlatlon that is abmost correct for the cell sizes used at satelllte

altitudes. Finally, to 1mplemeut satellite magnetometer data processing and reduction effec-

tively, pmcednres should be cmnputatmnally efficient. Overall computatlonal efficiancy can
be improved by mtegtatmg the altitude correction w:th stochastu: noise ﬁlbﬂrmg at an eacly

" stage in the pmcessmg route.
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Figure 4.5: Mode! dipole anomaly field for various satellite altitudes. Magsat’s perigee and
apogee was 350 and 561 km, respectively, The lower right bax shows the locality of selected
- points used to illustrate the amplitude versus altitude graphs of figure 4.6.
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4.2.1 Quadratic 'l_eaé_'t squares regreésion_

The three-dimenzional linear fegres_sion of LBttér et al,, (1986}, aithough it imposes a rigid

 limitation on the function with réspéct. to the morphology of the ﬁeld has the essence of the .

propertxes sought after in this research. As dlscussed above the honzontal gradlents canbe

regarded ag lmear if the scale at which the IEdetlﬂn is made is small w ith respect to the

wa\relength of the anomaly ﬁeld The method Is severel} Im‘uted in the regions of change in

slope of gra.dtents (t.tcughs and peaks) The toncept of pﬂrfonnmg an alt.ltude reduct.mn at

an early stage, mcorpora.ted wu:h stochastical nolse ﬁltenng, is encapsulated in the t.l;ree—

' dimensional linear regresslon methcd of Lotter et al., (1986) and is tested in thi. study with .

_ necessary modlﬁca.tlon to overcoms the dwcussed ;roblems of linear regression. Change in

slope direction of the honzontal gradients can be caterec_l for simply by increasing the order
of the pclynonual |

A qua.dra.tlc functmn of l:he fnrm
flz,y, h) = o0+ 815 + 82y + 837t + 54xy + 852h + agyh + a72” +sgy? +agh® - (4.8)

was deci&ed upot; where ¥, and 1 are, respecﬁivély, the latitude, longitude and aititude.

~ The reason {or selecting a quadratic function rather than a highgf order function is three-

fold, né:nel)_r: (1) altholigll the function is an imperfeci representation of the altitude decay as
presented, it is ntot if the amplitude decay could be made approximately linear by assuming

logarithmic functionality, {2 the horizontal gradients at the seale at which it is to be im-

plemented (approximately one to four degree cells in mid latitudes) will be well represented

by a qﬁadr&ﬁt;_ even in the regions of change in slope direction and, (3) the ’stiffness’ of the

function ﬁ_ill art as a smoothing function (additional noise filtering). The ainplitudé decay

for different sources have different fall off raﬁes, naually obeying a power law, which wmay be

apprcmmated by exponentlal decay with respect to altitude (see Fig. 4. ﬁ) By taking the

1oganthm the probiem is apprmnmat.ely linearised (Fig.4 ?} sat:sfymg point (1) above. 'I‘he

quadratic function is tested below, by coinputer sfrulations, with and without linearising B

the amplitude decay.

A single dipole source at the earth’s surface was used as a synthetic model to test the -

validity of the reduction processes that are tested or implemented in this study. The dipole
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was chosen because it descrises a three-dimensional anomaly field. Figure 4.5 illustrateg
the dynamic spatial and smplitude® range of the anorﬁa.l.v field, for & dipole source (in mid
latitudes).viewed fr_a.m 2 fixed 1000 by 1000 km window et various satellite alt_i_tudes.. Figure
4.6 shows the decay of anomaly amplitude with respect ta altitude for selected points in the
far-field and near-field of the dipole. Clearly., the.assumpt.iou of linear decay is erroneous.
The horizontal gradwnts (acalar gradient) over the chpole field for typical satellite altltudes

are ﬂlustrated in Figure 4.8.
4.2.2 Least squares solutlon usmg su:gular value decomposxtxon

_ 'Thc_a least squares solution of & qua.dr_ainc functmn isa set. of ten cpefﬁclents. Depen_dmg on
the cell size, rejection criteria and i:he latitude of the eell, the nurber of dats points may be
Jess than but in general will be greater than the number of coefficients. Thus the problem
under. coﬁsideration is that of an overdetermined (or rarely underdetermined) set of linear
. equ.ations..' Also, for the routine application of the réduction algorithm, it ig necessary that
the algorithm be robust. The $ingu1ar value decompesition is a robust mei.hod o sﬁlve'linear
least squares problems of this kind,

The problem may be formuiated as o set of s_imultaner;us equations
| Az=b _ (4.9
where z is the éﬁlutidr_l vector, The genei-al. lemtﬁduarés solutinn.'ig
s [ATA AT b o o (4.10)

. Singular value Jecomposition may be defined 2s. sny M x N matrix A whose number
of rows M iz greater than or equal to its number o{‘ columns N, and can be expressed as
the product of an M x N column-art,hogonal matnx {7, a2 N x N diagonal matrix W with

positive or zero elements and the transpose of an N x N ofthogonal matrix V
A=U.-w.V7T : (4.11)

where U/ and V are engenvector matrices,

3For the con* '~ jence of operating with the varisus graphic facilities and for general presemtation purposes
the dipole mﬂmenl. was chosen 5o as to exagerate typical satellite anomaly amp‘htudrs by » factor of 10, -
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~ The decompositiou of equatio'n 4.11 can always be made no matter how singular the matrix -

is (Press et aI., 1988), The robl‘stness of the method is further exploited by the al:nhty te

diagnose zmd rectify xll—condxmamg or smgnlanty of the rnatm For an underdetemuned
get of linear equations the matnx..d is simply augmented with zer_oq. -

The inverse of the matrix A is

A=V Idiag.(—wlr)]-ﬁr - A1)

‘i'ﬁus the least sqﬁareé solutiﬁn ;rectﬁr ? is.given Iby. : . |
z = ATA]—I AT b= V - [dag. (W —=}]- UT b .. 3 _ (4,13)
where W} are the squares of the eigenvnlues of {[ATA) (3 ackson, 1972). |
4.2.3 Results of the quadratic regresswn

In order {o test the respunse of 't.he niethod with & fairly complex field morphology it {\fas

first tested over an area {2000 by 1000 km) covering & dipole source at the earth’s surface

with a range of altitudes &g indicated by Figure 4.5. Depending on the results the method
wonld then be extended to the scale of implementation, that is, one to four degree cells,

In order to approximate the problems" of variable altitude a set of some 45 data points of

random altitude (range, 200-600 kin) were selected randomly aver the dipole source (Fig. 4.9

). The quadratic regression algorithm was then s.pplied.to that d.ta and ﬁsed_ ta interpolate
the dipole field for specific altitudes (300, 400 and 500 km) above the dipale source.

Figure 4.10 shows the results of the altitude reduction using the quadratic regression for
s’ome.45 data points covering the dipole souree (cf, ._Fign 4.9). Théaié results are unsatisfactory.

The method shows a close prediction of anomaly amplitudes in the central region for the mean

altitude of 400 km only.(Magsa.t's mean altitude). The function does not, however, make

a fair attémpt to follow the topolog;f of the field, In c_omparisénl. a cubic function was also

- tested on the same data. The results of that ﬁrial which are not included here.'shdwed that
the interpolation was far too susceptlble to sampling. The mterpolated field morpholgy was
strongly ‘controlied by the dmt.nbut:on of the sample pomts

Although the results of the above experiment were not satisfsctory, the next phase of

implementation was nevertheless attempted, i.e. simulating the 17 by 1° cells. This was
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undertéken on another synthetic data set. Here the area over the dipole source (1600 by
1000 km) was pridded on 20 km centreé. The amplitude of the a.noxhal)_f_ field is given by a
randomly generated altitude (in the rrmée ﬁUU km to ._600 km}) (f‘ig. 411y ’I'hr_e _quédratic
fegressicm algorithm was then ai:pliecl to a moving cell whose di:_nension (ﬁi_ndow) is larger
than the increments. The cell’s midp_oiﬁt is interpolated to the required alf.'itudg datum. The
resiitant grid represents the altitude corrected dipole field. - | | |

'_ HESulta of this work are disappointing. Several at_t'empté were made using vatious window
- sizes and iﬁcrerrwnts with insignificant i.mpm'vemgnts_. Figure 4.12 is an ':.example of the

altitude reduction (400 km) for a 120 by 120 km moving \'".'indow. with 'GO km inerements.
| Clearly these results are una.ccei:ta.ble. By excluding t.he linéar_isation protedure (i.e, by not
taking _f.he logarithm) of altitude decay from the a.léorithm ite inﬁu;enc;e was assessed. This had
a marginal effect. The above tests serve to illustrate the inadequacy of quadratic regression.
They do, however, suggest. that the answer to an effective altitude reduction algorithm may

lie in the statistical modelling process rather than in manipulating the independent variables.
4.2.4 Median linear regression

Having established that the modelling by least équm‘es may be the reason in part* for the
poor results obtained with the linearised-decay surface quadrati;: function, an slternative
- robust mb.delling method was a.tteinpt-ed. For_experimentéi date that éanunt. be gnaranteed
free from ‘ﬂyeg:s_‘, mo_délling in the Jy norm provic_les auperio;- results .than from those obtained
by the traditional least-squares method (Barrodale, 1968). |

 ‘The horizontal gradients within the area in whiéh the reduction is io hé mai_le are assumed
linear and the amplitude decay with altitnde is lnearised. The. problem is thus simﬁliﬁed .
from & surface qﬁﬂratic function to 2 simple sliraight line regression. The approximation to
. a st.raight line lends to efficient corﬁputation‘ |

- The problem may be expressed as
gk matbh | AT

where the amplitude of the anomaly field y(4) is given by the altitude,

Fitting of the line is achieved by minimising the Z, norm '

s recoguised th_a.l. the source function used may alse In part be responsible for the poor results,
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| Figure 4.10: Altitude reduction using the quadratic regression method over the dipole anﬁrce. '
. From Jeft to right. columns illustrate the original dipole anomaly field, the interpolated field
and residual, respectively. The rows indicate the appropriate altitudes of interpalation. '
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Figure 4.11: Simulated variable altitude effect of the dipole anomaly field. The data are on &
20 km grid spacing. Amplitudes are given by the altitude, in the range 200-600 km, (lontour
interval is 25 nT. The anomaly field is far foo noisy to annotate contours, - _
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The simplification of the merit fun uon with respect to the least squares method is based _

on the median. The median Gy of a set of m:mbers €y is also that value which minimises
" the sum of the absolute devistions - '
Z IC; — CM' ' o ' (4.16)

For a ﬁmd slope &, the value which minimises 4. la s

. a = median{y; - bxs} L a

The local M-esiimate for parameter b is

0= E:ﬁgszgn(y;—a—bz.) @y

: L im
chlacmg a by the implied function a{b) of 4.17 then 4 18 is an equat.:on ina smgle vanable

which may be solved by bracketing and bisection (Press et al., 1988; Sadovski, 1974).
4.2.5 Results of the median linear regression

The linear regressron assumes that cont.r:bunons of the anomal) field with respec!; to the
horizontal gradients are hnear and that any vanat:on in amplitude Is controlied by the alti-
tude at which the observation wes made. Thus the smaller the cell's window on which the

algorithm is applied, the better the;‘épprdximation. The mediaa linear regression reduction

was tested on the same synthetic data ss that used for the surface quadratic function, that

© is, figure 4.9,

Results for & 160 by 160 km wmdow moved in 60 km mcrements are given in figure 4.13.
_ .The results are prowded for several mt,erpola.ted. altitudes and shows remarkable recovery
of the original dipole field, both épatially as well as in amplitude. The reduction algorithm
was lested with various window sizes and increménté, There are mérghgl improvements

in the statistics (least squares per cent fits and r.ms.) with the increase in window size,

which incidently, cannot be discerned qualitatively. The marginally improved statistics with -

63

b
F

L



P =i

60 260 460 . 660 860

L 860
660
] 460

260

Coo=i

60

60 . 260 460 660 | .

~ Pigure 4.12: Results of the altitude reduct;on using the quadratic regression method. A
- window of 120 by 120 km was employed and moved in 60 km increments, _
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window size may be attributed to the increase in the déta points rather than in the process,

: Intuit.ivel}; ihé_iﬂcrease in window size should have an opposite effect because of the failing -
aSsump't.ion af linearity of the horizontal gardients. The effect of increased window size is
obunter';;;edl'by an increase it data and thus maiﬁtain_s a constant staiistical réspbnse.
The .a.boﬁ exampiv tests t.he.ability of the algorithm to recover the rﬁndomly sampléd .
(altitude) s’ouﬁ:e field in a noise free environment. In order to'_te_st. the-_al_go:ithrﬁfs_ noise
'rgj_ectioﬁ capabilities gero-mean 'wh.ite no‘;s; is added to the same data set. A_p_é#k to .j:eak .
~ noise amplitude of 100 nT and 200 nT is used; th_es'e:. amplitudes represent, respectively,
appraximately 100 per cent and 200 per cent of the dipole field value at an a_ﬂﬁt.ﬁele of 400
km, Results are given in ﬁgures 4.14 and 4.15 and, illustrﬁte the remarkable recovery of the
dipole source field even with extreme signal ;o;‘rﬁption.- : _ __ |
These results demonétrate the ability of the median. linear regression ﬁechnique_ to réduce
& variably sampled (i .space) dataset to any sele_cted datum accurately. Inherent in the
techinique is also an effective noise rejection capability. It is thus poseible to apply the methed
3 immediately after the core and'.riilg current correétipns‘ at the preprocessing stage of the
. equivalent source techuiqueé,'for example. The application of the algorithm also results in &
R gridded dat,_aéet. The med:an linear regreasinﬁ technique'encaﬁsulatés the following desirable
' - properties, viz.: {1} the modelling is implicit, .i.e. no & priori inf&ﬁnation of magnetisation is -
" required, (2) effective noise rejection, (8} simplicity of use and (4) computational efficiency.
An immediate extension of the median linear regression methﬁd would be to develop tl;é
altitude-dependent surface quadratic, which was unsucceasfully implemented here, usi.ng L1 _

norms.&
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Figure 4.13: Altitude reduction for several reference datums using the median linear regres-
sion algorithm on the variable altitude data set of figure 4.10. A cell size of 180 by 160 km
was used and moved in 60 km increments. The left hand column presents the expected dipole

field for the respective altitudes while the right hand column is the recovered dipole fleld.
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Flguré 4.14: Altitude reduction to 400 ki (a) recovered from varisble altitude data with -
zerc-mean noise (peak to peak 100 nT) (c) A residual analysis of the recovered dipole with =
respect to the expected field (b) results in = least squares per cent fit of 86% and an r.m.s.

of 13 nT (peak fo peak anomaly amplitude iz 150 nT'.
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Figure 4.15: Altitude reduction to 400 km (a) recovered from vatiable altitude data with
zero-mean noise (peak to peak 200 nT) {¢). A residual analysis of the recovered dipole with
respect to the expected field (b) results in a least squares per cent fit of 75% and an r.m.e of
91 T (pesk to peak anomaly amplitude is 150 nT). R
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| Cha;p:-i{ar. 5
"Ion_c})sphe_ric field correction

The removal of ionospheric field con_tributiuns {rom the t'ot'a't'magnctic field as measured by

a near-earth satellite magnetometer is not stanuardised and varies widely amongst investiga-
tors. With the exception of the work of Yanagisawa and Kono (1985} the effects of the varions

1onosphenc current systems are removed subjertively, Magsat's wwilight, sun—synchronous,

' -polar orb:t was designed to minimise and posslbly exclude effects of the Sq current, system.

Sugiura and Hagan (1979) anticipated that strong 1onosphenc_ field effects would be present

in Magsat data and that due consideration should be given to correct for these effects. It

soon became clear that the effects weze present at both dawn and dusk meridians (see e:g.

Meaeda et al., 1082). .
Tonospheric field corrections are made after the main field and the external ring current

and induction redurtwns have been apphed The effect of the lonosphenc fields has been

- noted mamly as a path-to-path inconsistency. The correction comprises fitting and removing

an arbitracy 1ow-order I’unctlon from each pass (trend rem val) whick is commonly refered to
as the path;to-path correctic.m' (e.g. Mayhgw,.m?g; -Si_ngh.et al., '-'1.986; Kithn and Zaaiman,
1586), . - .

- The first attempt towards a mors rigorous procedure for éorrect.ing ioﬁns;ﬁh_exic field effects
on dawn and dusk data for the purpose of gener.ating anonialy ‘maps is that of Yanagisawa_.

(1983_). He attempts to model the ionospheric field for dawn and dusk meridians z_md then nses

this model as a cotrection (the mean jonospheric field correction, MIFC), In this Chapter

& brief review is made of the f;wan jonospheric field correction. This is followed with the

introduction of a new data adaptive filter as a means of improving ihe derivation of the
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ionospheric ﬁeld-(IE‘)' by the methiod-of converging operations (Garner et al., 1956). The IF .

is sepaxated frorn the Sq contaminated lu;hosphenc signal in this process.

8.1 Mean mnospherlc ﬁeld correctmn

The mean ion_ospheric field correction was develbped_ {Yanagisawa, 1983) in order to accom-

modate the mbrphology of the field in an dbjeéti_'.-e manner rather than the more subjective -

approach of the track-to-track corrections. Incorrect application of any of these corrections

wiil result in lithospheric pséudé—anoma.lies or in the distortion of genuine anomalies, mak-
ing quaﬁtiﬁatiﬁe'interpretations highly questionable. Yaﬁagisawa (1983, 1984) demonstrates

~ that the zonal harmonics describing the external ring current.ar.nd inductinﬁ.ﬁelds are in-
dependant of the Dst and Kp disturbance itidicés above the first degree expansion. The

" latitude-dependent perturbations at 0600 and 1800 local times ave therelore present os &
result of persistent elec_tric ctrrents in thé ionosphere,

Assuming, that the io.nospher_ic' fields are zonal, the lithospheric anomaly field is ran-

. domised by stacking meridians (in the longitudinal range ¢ s 30°) for C300 and 1800 local

times as a function of latitude!. The result of this stacking provides a description ofa Mean
.'iono'spheric field (MIF), averaged over the satellite's altitude rahge,_ lengitudes and time, This
MIF is then used to reduce (MIFC) the dawn and dusk data sets to obtain the lithospheric
aﬁomﬂly map. The resnlt#nt dawn and dunsk anoﬁmly maps wese shown by Yanagisaws
-(1984) to h#\'e good correlation and are an improv_emént on the _ot.hér detrending methods,
In Chapter 4 an altitude correction algsrithm (median linear regression) is developed with
an effective, robust method to rgjecf uncorrelated noise. The. primary objective of that alge-
rithm is to cancel, in a.dditioﬁ to the altitude perturbations, uncorrelated nqisé resuliing from
| survey acquisition, system, attitude conirol and disturbance efects. This same algorithns, in
_' the author's opinion, .c_ould be used to correct for the ionoépheric ﬁeld by .processiﬁg randumly.'
:i t’;le) -the_sa:.ellite’ passes over é. selected. geographic region. This approach m comparable -
& procedui'e of randomising the lithospheric field to derive the MIF (Yanagisawa, 1983),

- 'The method of Yaua.g:sawa is adopted in this study because Magsat’s sun-synchronous orbit

JYanagisawa. and Kono [1984) define the MIF in terms of dip Iatitude. However, dip latitudes are anoma-
- lous in the southern Afiican region and prove ta be problematicsl if used as a coordinate system. The
ionospheyic fibld iz neither a simple function of gesgraphie latitude nor dip lotitude but intermediate 4o the
 two systems {Parkineon, 1983; Masda, 1883). Geocentric latitude is used to define the MIF here.
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restricts data to a narrow local time window, resulting in 2+ insufficient data spread needed

to randomise local time, Instead, the median linear regression algorithm is exploited to derive

" the MIF and I_;hgréby--introduce # necessary altitnde correction. Yanagisawa and Kono (1985.

1084) averaged the MIF over the satellite’s g;ltitude range and made no correction for the
altitude variation which was found to be significant. The approach adopted in this srody is

thus felt to be far more robust than any previous attempts at altitude and MIF corrections.

52 A d'ata'adaptivge'ﬁltér approach

The ionosphieric field is indépendeuh. of magnetospheric disturbance effects and has a well

defined ambient morphology (Yanagism, 1983 and 198% Yanagisawa and Kono, 1684 and

- 1985), ‘Satellite magrietic data for & specific geograplnc zegion, after remaval ol‘ core and
magnetospheric ﬁeld effects, may be v:ewed affer separatxon for eJther 0800 or 1800 local-.

times, as a deterministic signal {i.e. the hthosplmmc anomaly field, LF) corrupted by an-

~ other deterministic signal (the ionospheric Sq current systerns, IF); termed the contaminated

ithospheric field (CLF), The IF may be regarded as a single deterministic signal while the

Sq contaminated lithospherie field (CLF) may be viewed s two interfering deterministic sig-

- nals. In addition, both datasets (i.e; the MIF and the CLF) are corrupted by. minor whife

noise. The 1onospher1c sxgnal, is correlated between data sets whereas the lithospheric signal

is uncorrelated The implementation of data adaptxve filters is pariicularly suited to this

- form of signal corruption (Widrow und Stearns, 1985; Hattingh, 1988). By making use of a

~data adaptive filter it is possible to improve on the derivation of a noise free IF by extracting

the correlated signal from two i'ndependantly derived data sets.

5 2. 1 The adapuve least mean square algorlthm N

A data. adaptive filter is one whose structure is adaptable in-such a way that its performance

1mproves with time (or space). The process of adaptation is achlewd by a dynannc filter
whose weights vary with t.lrne in response to the monitored ervor from a reference channel
as depicted schematically in figure 5.1. The output i8 the required response resulting in the
canceltation of incorrelated noise.

‘The principal element of the data adaptive filter is the adaplive linear combiner which
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Figure §.1; "SChematic representatibn of an interference cancalling data adaptive structure.
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is illustrated in figure 5.2 in the form of a single-input tapped delay. line (TDL) phrusture
(Widrow and Stearns, 1985). The signal may be represented by

Epmsdm ' G2 I

* where s is the information component and ny the noise at the £'¢h sampling instant. These

quantities are a_ssumed to be vector valued and the scalar output gy, is generated by

= Eﬂ'mi‘k 1= W,, :\k _ ' o (5.2} -
=0 .
 where
- Wae = [Wor, Wiaa .o Wil _ (48.8)-
is the weighting vector and . _ '
Xp = :".D-klm.lkl il L.{r E . ; | . ) ':5‘4)

* the input vector.
The weighting vector is formed so as to minintise the mean square error between yp and

the scalar reference channel di. The error signal is

_ €x = di — Yi o (6.5}

Substituting 5.2 into 5.5 yields the expresésion
oo ep=di~ WXy o B (5.6)
The mean square error is given by

(=E [52] Ji‘[i:h:]2 ~ 2PTW, + W RW, N (5 ]

where £ is the expectation, P = E[dg.rg] is the 1034 correlatlon and R E [xpx]] is the
' auh;correlat:on matrix. It is tlear from the ahove expmssmn that the mean square error

describes a quadratu: function of the weuiht vector Wi,
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B Tﬁe optimum weight vector W} is obtained by solving the gi-ac[_ient._of 5.7 to find the
global minimum of the performanece surface, '
B P +.2R.W'k:~.0 | - (5.8)
Wy o : o

and the optimum weight vector; sometimes called the Wiener weight vector,is

Wi=RP | B )
This optunum Wiener ﬁlter requires knowledge of the a.utocorrelation matnx R and cross
~correlation vector P. These quantities are seidom known a priori. 'I‘o overcome this diffi-
culty the unknown quantities are estimated from the observed dsta, or through the use of
predetermined test signals. The least riean square (LMS) algorithm is a simple recursive im-
plementation based on searching the performhﬁce surface by the method of stéepest descent

using estimated gradients. The LMS algorithm is expressed as

Wi = Wa + 2 X o - (5.10)

where p is & factor indicating the rate of cnnvergence and sta.blhty (Widrow and Stearns.
1985 Widrow et al., 1976). Once the algorithm has converged the output yk- is the besk

least squaxe estimate of the reference channe!, dy.
5,2.2 Two-dimensional median hybrid adaptive ﬁlter

Adaptwe ﬁlters have desirable pmpertles towards signal extraction, The adaptive filter struc-
ture is such that noise between two channels (one being the reference or desired response)
may be cancelled. Thls noise may e:ther be stochastic or may be & deterndnistic signal. We | _
dwcnbed above how the tofal magne.txc field, after reduction for the main and magneto-
gpheric field effects, may be processed: to apbroximate this condition closely, yielding viz..:
(1) a HIF map by randomising the lithospheric field contzribuﬁion and {2) an. iohosphefic
field map conta.mmated by the hthosphenc anomaly feld (CLF) Because the lithospheric
anotnaly ﬁeld is nof. zonal it is necessary to conSlder unplement.ation of the data adaptive

filter in two-dunenmons
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_ The pseudo two—dimensional.ndaptive median hybrid (2DAMH) ﬁltér presented here is
the end prcduct of numerous trials of various adaptive filter st.ructures The choice of the
most. appmpnate a.lgonthm was ba.sed principally on the best mgnal recmrery frorn synthehc
data sets: The cenbral algorithm of the various adaptive filter structures tested js the LMS
:mplemented in the form of a smgle-mput TDL stencture {see Fig. 5. 2) _

In order to implement an adapiive ﬁlter structure in two—dunensmns array structures
were first considere (see e. g Monmngo and Miller, 1980; Hudson, 1981; Justice et al., 1985) -
wh:ch generated poor tesults A pseudo rwo-dimensionai structure (as'discussed helow)
was then atlempted with improved resuits. The pseude. two-dimensional aspect i a simple
implementation of the smgle-mput hnear combmer where first the rows of the grid are filtered
~ followed by a second pass on the orthogonal columns. Outputs from this filter had some -
undesired .’herring: bone’, To resolve this ﬁroblem another 'a].:iproath was developed where the
rows and columns are filtered altern#tely. _ | .

'Nie&ﬁnen et al, (1987) introduce an adap.ive median hybrid. (AMHj) filter wliere the
advantageous p.roperties of median-type filters {makes fbr a mﬁre robust ﬁltef) are combined |
with the also advantageous properties of the adaptive filter structure. This strueture is more
- suited for filtering signalé with rapidly varying chu’f@éteristics. ‘The TDL filter can. be usad

either as a forward adaptive predictor (FA) s illustrated in figure 5.2 or for backward pre-'
 diction (BA). This median hybrid structure is exploited in the Z2DAMH filter. The algorithm
uses the FA predictor twice, i.2, in tne forward direction and then i the reverse directidn
Jfor the BA predictor, Both FA and BA predictor outputs are stored. The.median is-then
obtained from the two FA and BA predictions and the original signal values.

A further modification to the 2DAMH filter was attempted by inttoduéi:rlg an orthogo-
nalisation scheme, Orthogonalisation of the inputs to L‘lie edaptive welghts can reéult_in a
more rapid adaptation than is poséﬁble' with LMS alone, particularly, when there is a wide
ei_genvalue_ apread of the dats auto-correlation matrix (Naraya_ﬁ a;md_ Peterson, 1981; Widrow
and Stearns, 1986). ‘The orthagonalisation.schemé that was used is based on the discrete
Fourier Transform (DEF'T) of Narayan and Peterson (1981). The implementation is ma;ie

' ...-by introducing on the TDL an FFT (see Fig. 5.3). Used in this manner the FFT may be

considered as & bank of .bandnpass filters uniformly spaced in frequency between zeto and
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Figure 5.2: Structure of the adaptive tapped delay line (TDL) filter (also known a8 the
adaptive transversal filter). ' '
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the Nyquist. The FFT outputs are compiex diserete functions of the sampl'ing index, k, and

are a.pprmuma.tely uncorrelated mth each other, being i m different frequency bands. These
are wa:ghted with complex adaptwe weights to produce ys which is a]so cornplex The refer—
‘ence channel of the adaptive filter is treated as a xeal complex value and the resull:ant errot .

|  is complex. Although Yt is complex 1t.s 1magma.ry part w11i be small in geneml since the

reference . s:gnal s Imaginary part is zero. In the LMS algonthm the welghts are adapted as

- complex welghts*

Results of this wavenumber domain algorithm were virtually identical to the space domain
_ algorithm, There are two main 'disadvéntqges in the implementation of the wavenumber
domain algorithm compared with the space domsin version (adopted in this study), viz.: (1)
' 'compntatlonally mt.ensxve and (2) the filter’s length (L) is constramed to a radlx 2 value o
accomodate the FFT requirements. ' ' '
Although the LMS algorithm is umnerlcally stable and converges to the true minimum
| meax square, this is strongly dependent on the the approptiate choice of the parameter p.
 (Cioffi, 1987), The convergence factor u must be béunded by 0 and ﬁ:_, where Apag is the
. maximum 'eigenvalue_of the input correlation matrix (Kang aﬁdnansen,_ 1987). In the past
1 was chosen emﬁirically; ‘Mikhael et al. (1984) demonstrate that an optimum convergence
factor m. be obtained by

m =025/2d<,,,,,) - (5.11)
This is uged in the present. 2DAMH algorithm. Further stability can be msured by mtroducmg
tap leakage (Long et a.l., 1987) such that 5.10 becomes

| WasWetmeds G
where 0 < & <€ 1; typically, a.*-—-_ 0.997 ~ 0.899,
5;2.3 _ Comp;xtér simulations and discu'séioﬂ
Syﬁ!‘.hetic data representative of t.he MIF a.nd of the IF contﬁug&d lithospherié field (CLF) :

were generated to test the various adaptive filters. The computer simulations were adopted

to approximate as realistically as pogsible the data and processing route. Several forms of
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. Figure 5.3: Structure of the wavenumber domain LMS adeptive filter,
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cormpf.ing signé]s ‘were tested to mscertain f:he filter’s limitations. In all cases the_ MIF is .
-apprmﬁmated by a zonal sinusoidal signal with some random line to line ineonsist.ehcies, viz.:
(1) random phase shifts between lines.'(.sr.hail) é.nd ) r&ndom 'sign.a.l.'amﬁlitude' chianges {up -
to 40%) The hthosphenc ﬁeld was represented by a dlpola.r field. - o
Figure 5.4 is an example of the signal separation that is posalble wit.h the space-domam
ZDAMH filter. A dipolar field & is added to the MIF (see figure 5.4 b). 'I’he MIF is extracted
from the combinied ﬁelds of ﬁgure 5.4 b (see figure 5. 4 c) usmg the MIF of figure 5.4 (a) as .~
the reference mgnal In this, worst cm, example the MIF and the dxpole ﬁdds are made to
- be of almost 1dt=nt.1cal wavelength and are in-phase. The filter may be made to cance] white
 noise (typmalh/ =10 to —15 dB; see e.5. Mikhael and H;ll 1988) froma slgnal if the reference
and sigpal channels are the same (Fig. 5.4 d). o
_ Note that the filter was designed to cope with sxgnajs of varying characteristics such that |
data mtegrlty iz maintained. 'Ihls 1mport.a.nt facet of the filter is exemphﬁed in ﬁgure 5.4
where sharp features of small amplitude of the desired sugna.l are preserved
It was originally hoped that an adaptive filter stracture could be desugned such that the
coherent signal (hthoaphenc) from two separate MIF contaminated lithospheric maps (i‘or ex-
~ ample, from the dawn and dusk meridian maps) could be extracted. This approach c_cmtrasﬁs
with that of Arkani-Hamed ﬁn_d Straﬁgway (1985) where they extract the lithospheric signal
" by averaging band pass filtered dawn and duék datasets. All data adaptive zﬁlte_r _étructures
tested to date have been un&blé fo achieve this goal. The use of the adaptive filter in _deri.v—
ing the MIF meets two abjectives. Although the MIF is already isolated , it is preferable to
extract the lF from two mdependent signal sources (: e. the MIF and CLF); whnch is where
this process dlﬁ‘ers funadmentally from Yanaglsawa (1983). The data sets are derived by a
similar procedure but assume different spatial and statistical definitions. Conclusions made
from evidence from two independent experiments, .i.e, the MIF and the IF contaminated
_ ]ithospheric maps (for speciﬁc local times), is much 1ess Iikeiy to he artifactual or rest on -
faulty assunptions than from one experiment only The adaptive filter a.lso SErves as an
| mdepende:nt. meass to verify the postulate that the IF is present in the Sq contmnmated
lithosplieric maps. ¥f the IF were not present’ then the filter cutput would be corrupt and -

would not approximate the reference slgnal
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Figure 5.4: Results of computer simulations of the space-domain 2DAMH filter: (a) is the
simulated MIF signal with minor white-noise, (b) is a dipolar ficld (400 km reference alti-
tude} contaminated with the MIF and corrupted with minor white-noise, and {¢) is the MIF - .
extracted using the data aptive filter where (b) and (a) are the signal and reference channels,
respectively. (d) serves as an example of noise cancellation on the MIF (a) (i.e. the MIF (a)
is used aa both reference and signal channels), Horizontal axes are in km and contours are -
in oT, - : ' : '
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Chapter 6

Data --proc'eSSing |

‘The southern subcontinent of Africa is selected to test the newly developed data reduction

procedures. The objective, to reiterate, is to produce an anomaly map with the best possible -

resolution and data integrity, Only. then can interpretation be contemplated with respect

to correlations with known tectonic features, Procedures used to reduce the total-ficld mea-

_sur.:emnts of a near-earth satellite for the purpose of genérating.lithosphefic anomaly maps
are not standard as is outlined.in_ Chapter 1, Implemeﬁtation of two new. algorithms in
this stud}, ie. for altitude and ionospheric &on:ections, has led to a gigniﬁcant improvement
on.previougly 'publishe'd lithospheric_ anomaly maps _of the region thus meeﬁng the above
objective. ' | |

In summary, ma_gnetic'observations inade from a near-earth satellite platform will com-

prise a total-field wspoﬁse_from several contributing _aoufces, viz.: {1) the niain fleld, (2)

the e:_l:!_:ema.l ring current and induction fields, {3) the ionospheric field and (4) of particular

interest in this study, the lithospheric field. In addition, the data will suffer from inherent

survey noise. The processing route endeavours to separate the various contributing com-

ponent maguetic fields observed by the satellite magnetometer. This Chapter details the

‘procedures used to generate the Iithé.sphe‘ri'c.a.nd jonospheric maps of séuthern Africa. Two

new techuiques, discussed 1 Chapters 4 and 5, have been introduced in the processing of
satellite magnétométer data. in favour of previously published algoiithms. naimely, the median
linear regression algorithm as an altitude correction and the two-dimensional data adaptive
algorithm for improved signal separation of the lithospheric field from the jonospheric field

or, simply, hoise cancellation from maps,
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. The results are presented as relevant ionospheri. and lithospheric maps and a synopsis

given. .

61 'Data selet:tion '

To begln with, the INV-B tapes were sca.nned for sulta.ble da.ta,. Rejection of sa.telht.e passes '

in the region of interest (UnE to 5{3“ E a.nd 0 S to 00[’ 5) was, based o, namely. { 1) passes

“that had a magnetlc activity mdex Kp > 3. and (2} passes with local tlmes outslcle the
0530-0630 a.nd 1730-1830 mendla.ns Selected passes were stored, tespectively, in da.“n and
dusk files. Data for each half orbit were retained over the latu‘.ude range 60° to 60°8. Ea.ch

~ such half orbit is correc{'.ed for t.he core, ring current and mductlon ﬁelds Therﬂait.er altitude

"and IF corrections are applied.
6.2 Main- field correction
Sepéra.tion of the main field is an unresolved problem as discussed in Chapter 2 Better,

- higher degres and order spherical harmonic models are being developed regularly as in-

cwased computmg ca.pa,blhtws became available (zee eg. Schrnn.z et al., 1989; Cain et al,,

1880b): Howe\rer, the problem is manifest in the spectral 5epara.t10n which to-date remains

unsolved. This problem is beyond the scope of this study. Bince the most prominent Magsat
investig'ntuts use the MGST 4/8-1. {Langel et al., 1981) maciel prnvided with t.he. INV-B t&pe_s
1t see:nxs s«.ns:ble to standardise the present work to that model.
The mzain ﬁeld model values are cbtained frorm a truncated {degree and order 13) gpherical
- harmoni¢ series and subt.racted from t.he tot.al-ﬁeld_response. This correctmt_a is apphed
immediately to all "select;ed ﬁasses Once the select-ed dats are corrected for th~ core field
conmbutlon and ﬁled into their respective dawn and dusk mend:ans, the magnetosphenc
and mducnon field effects are considered on a pass by pass basis.
| 6.3 Ri_ng curreﬁﬁ‘ correction

 The geometry of the disturbana: field rﬁa.y be extpressed by a potential fitniction of the form
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V.= a{E;(-E)-iv !1(—:~) }Pl(cosa?] : ST (6.1}_

where o is the reean earth radius,  is the geocentric distance from the earth, # is the magnetic
colatitude and Py{rosf) is the first degree Legendre polynomial { Laugel and Sweeney, 1971),
The t:oefuclents Eand I relate to the external and mterna} {induetive) compouents of the
field, respectively. Maguet.xc ﬁeld intensity can be expressed as the gradient of the scaiar.-

._poteutml such that

AB=-wv (6.2)
- Correction for the disturbing external and induced interual fields is made by fitting (in
a least squares gense) the funchon 6.2 to the data and snbtmetmg this model to ohtam the
residual. The coefficients £ and I in the case of Magsat INV-B data are prmrldf-d I-Iowever,
in the southern Afncan tegion a proble a arises where the model fit § is unacesptable if the
given coefficients are used (Zaammn and Kiibn, 1986). The problem refates to an anomalous
" main field in this region which distorts dip latitudes. Zaaiman and Kihn {1986} demonstrate
that this problem is a_lm_usﬁ entirely reso_l\"ed if equﬁtion 6.2 is modelled using dip latitudes
 defined at an altitude of 3 Ry rather (han at the observation altitude.
Fignres 6.1 and 6.3 {llustrate the poor modal £ia foi dip latitudes caleulated at satellite
~ altitudes compared with those models where dip latitudes were caleulated at equivalent ring
curreht altitudes of 3 Rg ( Figs 6.2 and 6.4). The effect is greatest on the dusk pass 211 (see ..
figures 6.3 and ¢ 4) This hlgher altitude ring current correction is not eutxrely satisfactory
on pass 211 but is an mnprovement ‘%ta also that the 3 Rg model does not differ from the
satellite aititude model other than in the region .of anomalous dip latitudes. .
“T'he abave resulis reaffitim the observations made by Zanimaﬁ and Kiihn (1086). Since the
- 3 Rg ring current model affects the anomalous region only and is an apbarent imprﬁvement
" on the given INV-B model, it was decided to applj this mode) in the processing of the
Magsat data in the southern African region, New E and I coefficients were calculated for
thcf selected passen, The coefficients of the INV-B ring current mpdel were calculated fc;r :

‘the mid dip latitude range 0° to 45° to avoid effects from field-aligned currents in the polar -
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regions. Extr‘#polating the model t.o. higher latitudes results in divergences. Bec_auae the area
_of inf:efest extends beyoﬁd the 45% la_titudés the 3 Rg modgl was derived to 60°.

Having rembved the magnetospheric and related induction disturbance effects, ﬁhe resid-
val that reinains represents the fleld responses from sources in the jonosphere and the li_thd
sphere aﬁd, related altitude effects, The altitude effects are reméved bjr applying the mediaﬁ

- linear regression algorithm with diﬂ'erent parameters in oi;de'r. to define: (1) a mean r'ono-

spherlc field (MIF) and {2) an mnrkphenc contantinated lithospheric ﬁeld (C‘LF) The tWD o

ﬁelda (e mnosphenc ancl hthnsphenc) are then separa.ted
6.4 Mean ionospheric ,ﬁeld and altltude reduction’

The mean mnosphenc field correction (MIFC) reqmres that a mean 1onospher1c field (MIF)
' be derived and separated from the combmed 1onosphere-ht.hosphere resldua.l after the core, .
magnetosphere and mducmoq field effects are removed. In Chapter 5 & means to derive the
* roean ionasbheric field is develope.d from the work of Yanagisawa .(1983). The MIF derivéd
here differs from that work in that an altitude correction has been hac.orpo_rat'ed by making use
of thé ihedihn linear reg.r_ession algorithm of Chapter 4. A MIF is derived by randomising the
Iithosphéric.ﬁeld component, This was achieved by stacking data for given local times 0600
"~ and 1800 £0030 in_ ladtude and Jongitude cells of 2% by 607, respectively. 'I‘heée ove'rlapping.
_b'ins.s.ué moved in 0,5% increments io produce an equirectangular projection grid of half
degree centres. _ _ | | | '

.Dip latitudes are commonly employed a3 a coordinate system in ionospheric studies. In the
southern African region dip .la,tit.udes_are anonialous_ (dip latitudes asymptote 1o 65%), Using
‘these as a coordin-ﬁte system becomes péohlématic, i not unusable, because of extreme shape '
distortion of anomalies in the sou_tl{\irest indian Gcean, All maps produced by Yﬁna_gisawa and
.~ Kono (1984) exclude data in this region probably for this resson. The coordingte systen for
- the ionosphéric field is neither geomagnetic nor geocentric* but intermediate. Consequently,
ggeocentric'latitude, longitude coordinate system was used to derive the MIF. |

The structure of the S!» field not cnly varies with respect to Jocal e, but also shows

1Maueda (1853) from a detailed spherical harmonie analysis of the $, field introduced a new coordinate
system that appeated to be more suitable for the 5, field, this being somewhat intermediste between the:
geomagnetic and geacentric systems.
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seasonal vﬁi_a_t-iaﬁ. The ionospheric current systent is not. fixed relative to the ecliptic but
moves .s]jght]}.' north and sm..li:h' in response to the tilt of the earth’s rotatioﬁal axis with resi)ect '
_ to the ecliptic. Consequently, it was l.héﬂgh_t prudent to derive MIFs on a sea;sqn_al basls,
Magsat data covers :a _period of seven months which spans the southern hemispherg"s sununer
_ éolstice and auturnn eq'uinox. The data Wefe .proc_:esse;d over two periods of approximately _

" three months duratiosn.

6 5 Contammated hthosphenc ﬁeld and altltude reduc-
t!OD.

Stacking data into small longitude-latitude bins (i.e. for a fixed geographical position) for 2 -
" specific Iocél e will yielci a lithospheric field value contaminated by the'S, field, tbgether :
mth altitude variation effects and inherent survey noise. The median linear regression al-
goﬁthm is used to obtain an altitede corrected value, Because of the small periods used to
derive the fields it was necessary to increase tﬁe bin size tﬁ 49 by 49 in order to obtain &
sufficient number of da.té. points for reliable.result.s. These 4° by 40. overlapping bins were
| moved in 0,57 increments to broduc'e 2 half degree equirectangular grid compatible with' that
of the MIF. The process is the same as that applied for the MIF‘ and dll’fvrs in the statistical
and physical definitions discussed in section 6.4. _ _
Both the MIF and the coutaminated hthosphenc fleld (C’LF] were derwed for two three—. |
month periods for their respective 0600 and 1800 local times. The MIF and the C'LF are used
to obtain an 1mproved 1onosphenc field separation with the use the adaptive filter discussed

~ in Chapter 5.
6.6 Ionospheric and lithospheric field separation

In Chapter 4 an improved ionospheric field separation was motivated by' the method of
canvérgin_g operations using data adaptive filters. Figure 6.5 illustrates tﬁé adapiive filter
structure éﬁlployed to derive the jonospheric 'ﬁeld {IFj for the diﬁ‘eront seasons and .local
times, | ' '

The IFs are separated from the CLFs to derive the mspecfii;e lithospheric signals. These

signals are free from the jonospheric field components but contain white noise which differs for
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Flgure 6.5: achematlc illustration of the adaptwe filter structure used to separate the iono-
spheric fleld from the contaminated lithospheric field maps.
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AT

énch map produced Adapt.iire noise cancellat.ion from the two lithospheric maps is achieved

by the method of converging operations. The ﬁnal seasonal ht.hospherlc maps weie prod' wd

) mth the ada.ptwe filter structure sketched in ﬁg;ure 6.6.

6.7 Resul_ts and discussion

Figure 6.7 suliently summacises the data seduction route and procedures, Results of maps for

. ‘the varioua processing steps after th.e tore, 'magnetosphem and induction field components

ha.ve been removed are given in detail for the ﬁrst. season (ie. summer). Thercafter, the

relevant lonoaphenc and llthosphenc field maps are presented for the a.nt.uml; season The
MIT* and CLF for the stammer solstlcﬂ ~ eriod at t.he respectwe loca.l t.u'nes (dawu and dusk) '

“are prel...nt.ed as figures 6. 8 and 6.9.

Figures 6.10(a) and (b) are the dawn and dusk 1onospherlc fields extracted using the

: adaptwe filter structure of ﬁgure 6.5. 'I'he MIFG of figures 6.8 and 6.9 have had noise cancel-

lation apphed for preaentatlon purpeses., It is encouraging to note that the reSpect.we MIFs

. and IFs are nea.rly 1dent1cal (see figures 6.8, 6.9, 6 10). This temforces the original postu-

late of Yanagisawa (1983) thas the IF is present as a contaminant within the contaminated -

lithospheric signal (CLF) as defined here,

The ionospheric field maps are interesting in several respects, viz.:
» There js evidence for some non-zonal structure within these maps,

& More structure is presert in the'dm.sk map than in the equivalém: dawn map.

s The ambient amphtude of the dawn map is substant:ally higher (by appro\lmately 3

nT) than that of the uusk map.
o Several almost identical responses are present in both dawn and dusk maps,

These aspects will be discussed below in the synopsis. The iohospheric fields of figure
6.10 are aeparaued from the CLFs of ﬂgures 6.8 and 6 9 to produce the Tlithospheric maps of

ﬁgure 8.11, These two, are in turn, used to produce l:he final lithospheric map of ﬁgum 6 12

usmg ‘the ada.ptwe filter stmctu:e deplcted in ﬁgure 6 6.
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Flgure 6.6: Sketch of adaptive filier structure by method of énverging operatmnu toobtain’ - -

seasonal lithospheric anomaly map.
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Figure 6.7: Flow chart summarising the data reduction route.
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"Figure 8.10; Separhted dawn (a) and dusk (b) ionospheric fleld maps after adaptive filtoring.

08
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Figore 6.12; Lithospheric fisld map produced

© summer solstice,

by the method of converging operations for the
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' Both dawn and dusk ionospheric field maps for the autumn equinox are presented in

%gure 6.13. It is interesting to note that the topology of these Sq magnetic field maps is
~ almest identical, The Iithoephetic map for this season (Fig. 6.14) is, as required, a close

appro;tumatlon to the summer versicn (F;g 6.12).

6 7 1 Synopms of the mnosphenc ﬁelds '

_- 'Resul_ts of ionospheric field maps for dawn and dusk meridians for both seasons are cafn-
" pelling. Both the surimer soist:ice and autufnn equinox, have produced véry similar jono-

spheric field maps for the respective local times. The ionospherie fields however, differ in -
. tegard to local time., In detail, there is some strong correlation of features between thé davi_’n

and clusk maps, partacula:ly, in the south.

- These long-wavelength correlating ionospheric ﬁeld mgnatures jua the da.vm and dusk maps

are suggestive of a non-ionospheric contributing source. If we assume that the method of

deriving the MIF does effectively- randomise the lithospheric field component then these

correlating features represent residuals from the ring current model, The process of deriving

the MIF is primarily based on the zonal behaviour of the IF and so is the ring.current. The

ring eurrent model is inadequate in the high_latitndes (> _45“) where the effects of the polar -

field a]igned current system are present (see e.g. Figs 6.1, 6.2; 6.3 and 8.4). That these

 signatures represent, residuals from the ring current correction is supported by the fact that

the st.rongest effects are mostly mauifested in the high southern latitudes. Although these
ring current residuals ave m!.rimental to Sq field analysis, their inc orporatwn in the MIF
provides & useful means of axf::lgctmg these from the targel lithospheric field maps.

E\'om. the sbové arguments it seems reasonable to assume that the MIF preserves, in

addition to the ring current residuals, residuals from the :_ﬁore field sep&ration. Thus, in

Jprinciple, the anomaly maps presented here are free from residuals from inaccuracies of the

sing current and core field models.
6.7.2 Synopsls of the llthospherlc auomaly field

The lithospheric anomaly maps of figures 6.12 and 6.14 are afmost 1denucal and differ only in

minor contour details. These two mavs can be used as a meagure of experimental precision.
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Figure 6.18: Dawn (a) and dusk (b) ionospheric field mﬂpq for the autumn equinox.
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Figure 6.14 Lithosheric field map for the autumn equinox. S -
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The r.m.#: between the two maps is 0, 94 nT whmh is substantxally smaller than the system’s
data accuracy of 5.8 nT (Langel et al., 1982). _ '
The most dominant feature of the anoma.ly map. i.» ..hﬂ um:theast. trendmg "high® with a

contiztous {to the northwest) Jow’ in the sontheast qua.drgnt of the map. This anomaly (the

Agulhas anomaly) is the focus of  detailed interpretation in Chapter 7. Another prominent
feature js the isolated *high’ situated in the northwest quadrant. This high coincides with the

Walvis Ridge .4 has recently been uged as ev1dence for remanent magnetlsatlon in Magsat
data (Fullerton et al., 1989a). ' _ ' o

_ An ot amplitudes (i.e. the Walvis Ridge and't.h_e Agulhas) are sormewhat reduced from
_other published mé.ps (e.g- Langel et al,, 1982; Cullerton et al., 1980a; Latter, 1989), The

amplitude reduction is of the order of 3 n'T" with respect to Lotter (1989) and Langel et al

(1982) maps. These dlscxepencws are possibly related to processmg residuals removed w1t.h _

the IF correction.
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Cha'pter 7

'_-Anomaly map of southern
| Afrlca |

A long-term objecti.ve of this study is to compile satellite sltitude magnetic anomaly data .
for large continental reconsituctions such a5 Gondwana. An important consideration in the
magnetlc palaeo—reconstrnctlon is whether or not magnet.:c tesponses should be mcorparaf»ed

in that reconstruction. Since some magnetlc anomalies are conslderably }mmger than others

and are of oceanic origin. The southern African region was selected for the purpose of =

asssssing the new processing techniques and for interpretation, for two T6280NS, Viz.: 1j it
isa ._focal poiot in & Gondwana reconstruction abd (2) it is"bordered by.oc_eanié satellite-
- altitude magnetic anomalies, such as the'Walvis'Ridge (Fullerton et ol., 1989a), and the
‘Agulhas Plateau (Fullerton et al., 1989b; Antoine, 1989).
. Magnetic sigpatures of cont.lm'utal southern Africa have been studied on several occasions
with differing results. For example, Lotter (1989) de:wed a crustal magnetlsat.mn model
from the total-field satellite anomaly measurements, This magnetisation map wag compared
with the subcontinental geology and in particular with tectonic provinces. A high degree
of correlation was noted, altﬁcugh this was not ubiquitous, Where disag‘reement'occured,
it was attributed to an effective .change in the magnet-isatibn model due to variation in the
depth of the Curie isbt.herm. \vhiqh was assumed constant in the mu'_:lél;. Arnott {1989}. )
compared the total-field satellite anomaly mé.p with the heat flow regimé deduced from
silicate geothérrxiométry. Correla't__ion'b'etme.n the " wat flow data for southernt Africa {Wllich

is presumed to be an indirect measuie of the Curie isotherm; Mayhew, 1985; Johnson et al.,
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1986) end the Magsat anomaly map Is not definitive. The most notable correlation between
_dat.asets was no*ed between the heat flow data and a geanticlinal structure identified as
the Vredefort axis; whicn jtself ig fnferred "mm regional a.eromagnetm data (Corner et al,
1990). It is thus appareni that agreement bﬁtween previously prccessed Magsat anomaly
dafaz, geology and other geophysical parameters such as heat flow distribution are tenuous in
* detail. | | ' "
The most, prominent oceanic anomalies bordenng southem Africa are the Walvis Rldge
: .and Agulhas anomalies. The Walvis Ridge anomaly has been studied through t‘orward mod- -
elling by Fullerton et al, (1989a). This anomaly is explained by the presence of substan-
 tial therma! remanent magnetisation (3 '.JIL/m_)'in a :_:nist thickened dui-in.g' Cretaceons Quiet'
Times. Fullerton et al. .(19895) in studyil.xg. the Agulhas anomaly and its geomorphic con~
© jugate, the Maud Rise (situq.tgd_in the South Atlantfic), propose that they are both oceanic
. atructures and correlate .well with the areal exteﬁt of _Cret#ceous Quiet Zone o;:ean' ﬂoﬁf.
Antoine (1_989) interprated the positive Agulhés anomaly to be the result of a reversely mag-
netised oceanic source because of the strong contiguous low situated to the north; the two
anomalies were int-efpteted ﬁo orié;_in_ate from a single body gﬁing rige to ai-feversed_ polarity
pair. In order to explain the size of the éourcé- and the distinctive palaebmagaetic signa- -
ture & model was postulated in which a largé vdlume of melt is generated in a geologically
éhort fime span. Partial rneltiﬁg by _decomﬁression due to passive upwelling of hotier than
_n_or_mal aéthenoaphare in a_rifted'continent.al lit-huspheré was postulaited as an appropriate -

“mechanism,
71 _The data set

_The data reduction muﬁe and procedures are considered in the preceeding’ Chapters. The
sumnmer solstice total-field dataset (Fig. 6.12) was selected for the iziierprétation. To obtain

maximum benefit from the dataset, it is &isplayed aud enhanced using an I°S image processor.
Bathymetry and Seasat data were co-registered with the Magsas data, Figures 7.1, 7.2, 7.3
and 74 reﬁresen;t the Magsat, bathymetry and :Seasa.t data, respectively. - To enhance the
short-wavelength sspects of the image the horisontal gradients are sun-shaded to create &

shadowgram which, in turn, js coded as the intensity of the image while the hues of the image
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represent field amplitude (see e.g. Antoine et al. ,.' "i'QQ@-). Figures 7.1 and 7.2 differ in that the

'tot_al-ﬁeld values of figure 7.1 are coded lineaﬂy whereas throse & figure 7.2 are coded ua_i'ng

-a stretched histogram.

As an additional interpretation aid, the Magsat data were combined with those of the

‘ ha_ti:ghzietry a)_'d Seasat. Two images were pfc:du_ced in which image intensity is coded with:
: {1} the bathymetry '(Fig. 7.5) and, (2) the Seasat (Fig. 7.6) shadowgrams; while the hues are

_coded with Magsat’s total magnetic field, Several shadowgrams were tested, the best results

were obtained for an illumination azimuth from the north with an elevation of 40°.

| 7..2;.: interpretation -

The principal feat.ufes of ﬁgur'es'-T_.l_ & 7.9 are: (1) ..".he. in_l;énse r;ectang_ulér-sllaped Agﬁlhas
ﬁ.nofnaly off the souf;heastérn' coast of ._Africa, (2) the intense Walvis Ridge anomaly situated
off the west coast of Africa at the 2008 latitude and, (3) ihe northerly trending lower—intensity. N
higﬁ off the southwestern const of Africa. These features are clearly oceanie and will be ﬂ_lé

focus of this interpretation. Several isolated, low intensity responses occur within the south-

~ ern African sub_conf.inent and are also considered. The ﬁaa_.tures.in the extreme north of the |

" image are exrluded because they are outside the area of interest.' The northern most ahomaly

is léc.i}ted ovér the Congo basin and constitutes the southern positive polarity shoulder of
the Bangui anomaly {see Hastiﬁgs, 1982; Frey, 1982). The positive anomaly in the nottheast

occupies the Cdmor‘es-Seychel_les tegion of the Indian oééan. It has not been the focus of -

. #pecific interpretation although its tesponse is used to suppoi‘t. Frey's (1982) generalisation

that positive Magsat oceanic anomalies coincide with oceanie rises or plateaux.

7.2 Modelling

Several profiles were selected fqr forward mod_elﬁng purposes, the resulis of which are given
in figures 7.7a,b and ¢, Because of ‘the 3-D nature r;f the continental magnetic anomalies
the profiles were primarily selected to approximate principal profiles to the most pronﬁnem :
oceanic features, A 2-D program, based on 't._he '].'al_wani algérithr.jl (Talwani, 1965), was.
used for the forward modelling. The shape aﬁd amplitude of the ma_gnetic field may not bé.
perfectly represented by a model that uses a 2-D assumption of a bady of limited strike lengt-lh.
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Figure 7.2: Sunshaded image of Magsat total magnetic anomaly Bzld, Hues are coded vsing
a stretched histogram. The transparent overlay may be used to identify magnetic anomalies
and traverses that were extracted for modelling purposes. Anomalies are annotated as follows: -
Walvis Ridge (WR), Cuanza {C}, Zambezi {2), Mozambique (MZ), Kalahari (K}, Soutitezn
Cape {.:SC)-. Southeast Atlantic (SEA), Agulhas (AG). ' o
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Fipure 7.3: Sunshaded imagg of acean floor bathymetry and continéhatal topography.
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Figure 7.4: Sunshaded image of Seasat gravity field.
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Figure T7.5: Sunshaded tomposite hathymetry-\iagsat image. Image intensity is ihe
bathymetry and topography shadowgram; hues represene Magsat magnetic total—ﬁeld The
transparent overldy outlines ﬁrat order orogenic provinces, :




Figure 7.6: Sunshaded compwlte Seaaat-Magsat 1mat;e. Image intensity is the Seasat grav~ .
ity field shadowgram; hues represent Magsat magnetic total-field, The transparent averlay
delinertes ocean floor gemnorph;c a.nd zeophysical features. :
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. ngetally,_ the amplitudes are the most affected. Amplitudes are sirongly underestimated

with strike lengths below approximately 3 times f.he_ source to sensor séparat,idn; al which

paint the a.mplithde attains a value of 80% of the true amplitude (Nettleton, 1976), For the

- reference datum of 400 km used in this study the 2-D assumption fails for bodies of strike
lengths below 1200 km. The Walvis Ridge anomaly (WR, Fig. 7.7c) has an anomaly halt-

width of approximately 1200 km and js thus reasonably represented using'the 2D assumbtion.

The variable declination and inc]inat.-_ion of the an.ijient. polarising field along the "proﬁle is’

taien into consideration in the models. The inclin'ation over this region (i.e. from the Walvig

Ridge southwards) varies margmally from -56% to ~g4t while the declination varies overs

“vange of some 189, i.e. from ~15° to 30° (see Parkinson, 1983; p72).

Magsa.t ancinaly data cannot. resolve the depth to t.op of causative sources in the range of
typical crustal depths w[ur.,h represents, at a maximum, 10% of the sensor altxtude Smnla,riv,
the depth extent, within this range, is an ‘ambigucus parameter that cannot be resolved from
these data. The most diagnoestic infbrmation'a,vailable from Magsat anomaly data are the -

latiral changes in magnetisation. Al.t.hough attempts have been made to generate magnetic’

crustal t.ype—sect:ons, for both contmental and oceanic crust (e.g. Hahn, et al 1984; Hayling -

- and Harrison, 1986}, the inverse problem remmns amblguous. For th:s reason it was decided

to model the profiles using 10km tabular slabs for both continental and oceanic sources, The

resultant volure-integrated magnetisation may then be interpreted in context with the Jocal

geology; this may require thining the slab with a resultant increase in mﬁgnetisét.ion or vice

versa.

7.2.2 Continental al_l_omalie's

" The continental anomalies, viz.:. the Mozambique (MZ), Zambezi (Zj. Cuanza (C) and the

" Kalshari {K) (Fig. 7.2); are lqca.liséd responses. These ancmalies represent & latera! change in

the total integrated lithospheric magnetisation. This could represent an increas? in magnetic

" mineral assemblages or a variation in thickness of the lithosphere; not necessarily mutually ex-

clusive. As & generalisavion, the continental andmalies appear o be localised within tectonic
provinees (e.g. the Southern Cape, Kalabari, Zumbesl and Mozarabique snomalies), This

correlation may-\ﬁ_e seen by using the transparent overlay, to figure 7.5, on which the orogenic
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_ Figum 7.7: Forward modelifhg of selected profiles A-A'(a), B-B'(b) and C-C'(c). The solid

" line is the modelled field, the dashed line the observed field. The location of the profiles

is shown in figive 7.2 and 7.5, Bracketed values are the apparent magnetisation contrast

(A m~! i & 30000 nT field) and are within the ranges as given by Hayling (enpublished

reprint). All polarisation vectors are parallel to the ambient inducing maghetic field with the

~ exception of the Agulhas anomaly which yields a remanent inclination of ~72° (cf. —64%),

. Magnetic anomilies are annotated as follows: Walvis Ridge (WR), Kalahari (K}, Southern
Cape (SC), Agulhas (AG), Southeast Atlantic (SEA), Zambezi (%), Mozambique (MZ).
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. provinces are delineated. The lacal géoiogy of the continental areas ﬁn_der]:.r ing the satellite

magretic anomalies differ considerably with Tespect to lithological asserhh}agesl'metmmr-
phisin and defarmation. These areas are desmbed in brief, in order o ascertain whether _
or not there is & Jocal or & common source for the apparent. luca.l increase m hthosphenc
magnetmatlon._ ' '

It must be borne in mind, when viewing the. magnetic anomaly images, that these are

. -teprﬁentative of a 400 km reference altitude The spa.tlal mﬂuence of a single magm:tlc '

dipole source at this reference altitude i equwalen{: to an area of 4“ I:y 40, Because of. the

. ‘inherent errors of data acquxst:on a.nd processing, the interpreted anomaly bomdanes shcmld

be \newecl in consequence, as bemg ’fuzzy The best possible spatial resolumon gwen by

Sailor ei, al, (1982) is 260 km (approximately 2° at these nud-ls.txt.udes)..

Southern Cape anomaly

“ln order to model the positive southeastern Agulhas anomaly (proﬁle A-A’ see Figs 7.2 and

T;Ta.) sal‘.l‘smtqrally, two configuous sources were required, i ie. a umt of low magnetisation
contrast in thé"%’fnorth (the Southern Cape anémaly, 5C) and & unit of high apparent mag-
netisation oonf:ast in the south (the Agulhas anomaly, AG). The hi;:;h contrast source (AG)

required a polarisation vector ivith & remanent inlination of approximately —72° whereas

all other sources could be modelled for normal inducing field inclinations. An acceptable fit

could be obtained, in the Imodelling of the intense positive Agulhas anomalous signature, only
by incorporating the lower-contrast induced fnagnetisatioh immediately to the north [SC).

Becanse the s:gnature of f.he anomaly is manifesied as a change of the northern gradicnt of

. the intense positive Agulhas tesponse, it is not possible to discern I:hls responsa on the images

and therefore indeterminable other than throngh modelling along the profile. This modellmg
i in contrast to earlier preliminary interpretations of Antoiﬁa (1989), where remﬁnence was
used to model both the positive and the horthern coniiguoua negative response as an anc-nlaly
_pair, ; | o _ |
The Sdi_xf}.hexn Cape ancmaly occurs in the eastern region of the Cape f‘olt_i Belt and .t.he o

¥The uncertainties inherent in the anomaly map {see section 6.7 .2) make alternative models possible
althaugh the author is of the opmmn that the remsanent inclination required by the modelli.ng is evident, to
a first order, In the data.
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Namaqua-Natal Belt. The_NamaquapNata‘_l__Belt borders the south and southwestern Kéap-

vaal Craton. Moat of the southern erntral portion of this tectonic province is overlain by

" Kareo sediments, It is exposed in the northwest and in the east. Basement rocks consist of

gnelsses, schists and gramto:ds of amphlbonte to granuhte facles metarporphism. Contigu-
ous to, and south of the Namaqua . ia,t.al Delt is the Pan-Afncan Da.mata-Ga-lep-Malmesbury
Belt which is associated with the Cape Fold Belt (a highly folded sequence of supraecruatal'
mcks) {De Beer and Meyer, 1984) The b&scment rocks comprlse metasedlments metavol- '
. ca.mcs and gramites of low metamorphjc grade. '

A_lthougl_i_ the boundary of the Namaqua-Natal Belt is mostly ynexposed it is mapped by
_means of a distinct gravity signature (De Beer aﬁd Meyer, 1984){' This tectonic prcviﬁcé is
* distinguished by an anomalous electrical conductivity belt (Southern Cape .Cori.duc'tiw: Belt)
aﬁd'by a strong regional magnetic anoimly (Beattie anomaly). De Beer and Meyer (1984)
interpreted several radial gravity p’rdﬁles from the Kaai)va#i Craton across the Namagqua-
Natal Belt and consistently. dérivéd a thicker, -de_nser. et for the tectonic province wilh

respect to the adjacent Kaapvaal Craton.

Mozamblque anomaly

The Mozamblque a.noma.l'y extends ir a noxt,hwesterly direction from the eastern end of the
oceanic Agulhas anomaly. It overlies Mozambique and terminates within Zimbabwe at the
northern domain of the Lxmpopo Belt. The anomaly appears to be strongest in the north over
the mobile belt. The contribution to thus source may be two fold, that i i {1} & contnbutlon '
from the- speculatlve Cretaceous Oceanic crust underlying Mozambiqus (3.D. Fairhead pers.
comm.) and {2} an origin w:thm the Limpopo Belt. | ' _

The Limpopo Belt separates the I\aapvaal and Zunhabwa Cratons. 'Three zones are '
recognised. The central zone containg lerge scale folding and jnterference structures and
cousists of medium- to high-grade gneiasés, metasedime_ni;s and mta.vo_lcahics. The ﬁorthern
and southern zones of the iimpopo Belt are cliaracterissd by high-grade, granulite facies,
- reetamorphism of similar lithologies and by a consistent alignment of foliation of the gneisses
(Hunter ahd Pretoriug, '1981)' The structure of the belt is asymmetri¢ and has a large (400 .

£ isostatic gravity anomaly over the southern marginal zone {Coward and Fairhead, 1980; _
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~ De Beer and Stettler, 1885), Geoelectrical and gravity modelling by De Beer and Stettler

.(1988) show t.hat this isostatic anomaly is caused bj( dense middle- to lower-crustal material

in the upper 10 km of the crust. o | '
Results of refraction and reflection seismic surveys, aud gravity modelling by Barker (pers

corom.) of a traverse from the Kaapyaal Craton across the Limpopo Mobile Belt suggests

tha,t. the data ave consistent w1t-h a Moho depth of 45 km

The western border of Mozembique has a dlstmctwe, 700 km notth—scuth trendmg Vol

¢anic belt (Leb_ombo line) which is a.ssocmted _mth X pronouncad lsost-a.txc gravity an-egmaly.'

Darracott and Kleywegt (1974) interpreted gravity profiles across the 'Lebombq.irolcanic line
into Mozambique, In their interpretation ihey show that only p'art_ of the anomaly can be
aceounted for by the basal basalts of the Lebombo monocline, and the remainder of the signat

- to the easi_:_mu:t be a crustal effect.

Kalahari anomaly

- Another region of elevated apparent, mag;netlsatmn occurs at the intersection of Lhe Irumide
and Namaqua-Natal orogenic belts.. The anomaly is termed Kalahari because it is sxpuat.ed at
 the edge of the Kalahari basin which extends eastwards into Botswana. In detail, the anomaly

is located a$ a complex intersection of several subprovinces, namely: Gordonia, Richtersveid

and Kheis (Stowe, 1986). The region comprises low metamorphic grade, metasediments and _

meta\rolcanics._' No geophysical studies of regiphal signiﬁcance hé.ve been undertaken over this
anomaly. One of the radial gravity profiles studied ‘by De Beer i_md Meyer (1084) intersects
this region. This p;dﬂle shows no apparent change of the regional Namaqua-Natal Belt
signature. " ' '

Zambezi anomaly

Bordering the western edgé of the Z-i;iiﬁabv&e Craton, the Zambezi anomaly parallels the

Lomagondi Province and extends northward into the Zambezi Belt (at the intersection with

the Irumide} and into the Lu_ﬁliéh arc (Cahén et al.,, 1084), Thé assemblagy of rocks com-

priaing the Zambeszi tectuuic Belt are broadly descri'hed by Cahen et al. (1084} as high grade

metamorphites, Within the Lufilian até a sequence of strongly folded sedime_nts become pro-

11_8



greséively metamorphosed and intruded by granib s southward. This palaco-thermal increase-
s reflected in northern Zimbabwe (Clifford, 1970). This region ‘bears the imprints of several

late Precambrian tectono—thermal events.

Cuanza anomaly

: The mast prominent of the southern Aﬁ‘ican cont.ineﬁtal #nomalies is the Cuanza anomaly
in north Angola. Thls ano'na.ly is located over the sout..em extension of hhe West Gongolum _
Belt. The Cuanza anomaly oceurs over & gra.uuht.e facms rnetamorphm terrain comprising
e_nderbn_t.es, charnockll:gs, kinzingites and gram_ll;te gneisses pregerved in younger granite-

gneissic rocks {Cahen et al., 1984).

Damara anomaly

Nor.th: of fhe Kalahari anomaly, partially ove;lying the Dﬁmaﬁa Belt, and bordering the

Namibian west éoast isa reg'icu of eleval‘.ed magnetisation contrast. The Damara Belt is a -

complex orogenic umt comprising a cuastal and an mtracratomc branch. The coastal branch

is described as the Koakoveld orogen by Cahen et al (1 984), which extends a,ong the coa.st.

' " of northwest Namibia into Angola. The central zone of the nox_‘th_eaaterl_y ._rend:ng__xntraa.:a~ -
tonic belt is .t.h'e site of high-temperature medium piessure metamor‘phisnl;_ Qaniﬁsatiﬁn and
anatexis (Coward, 1983; Hartmann et al, 1983). The Lithojogies within the Damara and
Kaokoveld orogens consist mostly of metasediments and metavoleanics, Metamorphism in
the east of t.he I{a.okoveld orogen is Iéw-grade and increases v-_‘esterward'towards the coaat
‘Where it is hlgh—grade o | .

Selsmsc refraction proﬁles indicate that 1'.hp Damara orogen shows local crustal t}ucl‘emng.

“up to app;oxlmat.ely 50 km (Green, 1983). Aeromagnet:c data over the central zone record
strong elevated magnetic responses from near surface sup_facrusi,al sources {Corner, 1983).
Electrical sounding studies in the area have confirmed observations of an earlier magneto-ne-

- fer aira,y study that a prominent conductive structure coincides withi the Damara Belt. This .

. conductwe stracture has a probable n‘nnmmm thickness ol' 20 km and oceurs a.t a dept.h of

apprmnma.tely 10 km {Van Zijl and De Beer, 1983).
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7.2.3 A 'tent_ativ'e model for the continental anomalies B

' _The_broad picture that emerges from the above observations is that the positive Magsat

lithospheric apparent magnetisation contrasts are localised to orogenic belts. In detail the

. individual areas are quite diverée in local Iithological.assemblages, tectonic history and strue-

tute, Their metéino_fphic grades are, in general, high.

Because the _magnetisation contrast as observed by Magsat is fepresen_taﬁ_ive'of the total .

' volumme-integrated magnetisation, any model for increased magnetisation_mﬁst.: reflect 'eit.he_ﬁr
an increase in the thickness of a uniformaly magnetic crust, or an:incrgase in the concentra-
tion of magnetic mineral assemblages, or both. Since the modelling required neither excéqsive

magnetisations for the causative sources nor large regional contributions, it can be argued

that these results are congruent with the postulate of Wasilewski (1987), that the magnetic .'
‘and seisrnic Mohos are equivalent, other than in regions where the Curie isotherm is shal-

lower. Further, 1t follows that an incresse in crustal thickness and in magnetisation may be |

responsible for the observed continental Magsat-'ano_rna.lies for the reasons given below.

Generally, the crustal thickness of young orogenic belts is consiﬂerabiy greater than that

of old Cratons (sué e.g. Green and Duerheim, in press; Green, 1983; De Beer and Meyer,
': 1684; Reaves, 1945: Tannér and Gibb, 1876). For example, the avéra_.ge Moho depths are
in t.he. order of 32 km for the Kaapvaal Craton and 42 km for the sm‘roundi.ng mobﬂe belts
(Durtheim, 1990). In addition to thg increa;ied crﬁstal thickness, these tectonic belts have

a higher heat flow than the Cratons, the ambient valyes being around 60 and 40 m Wm~?,

respectively (M.Q.W. Jones pers. comm.; Jones, 1988 and 1987). It can be .hi-pothaised .

that there is a direct correlation between heat fiow (crustal temperature gradient), crustal

thickness and crustal magnetisation through the Hopkinson effect?. This relaﬁoﬁship is

illustrated in figure 7.8. Several typical geotherms from the Namaqua-Natal Belt and from
the If:éap\raal Craton (Jones, 10571 are tepresented, As indicated in the figure the maximum

Hb'p}i_inson effect oceurs in the 100° C broad region below the Curie isotherm. Moho depths

for the craton and for the mobile belts are also indicated; they serve to define an effective

2The effect of temperature on rock magnetisnt is bo increase the magnetic susceptibility. With increasing

- temperatuve the magnetic susceptibilty incresses, reaches a maximum (Hopkinson peak, approximately 50° —

100°C below the Curie isotherm) and falls off rapidly just before the Cuxie Lemperature is attained. The

width and shape of the peak is velated to the blocking temperature spectrum of the magnetic minerals. A
modest enhancement of susceptibility by a factor of 2 for crustal rocks is entirely [easible {Dunlop, 1974},
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increased magnetisation window as & result of the Hopkinson effect.

In addition to the postulated Hc.-pkinsou.eﬂ'ect as a poésible s:ontiibution.tc.) crustal mag;

- netisation of t_ecto_nié belts there may be an additional cont._ribﬁtioh from serpentinisation of o
- the crust; whicﬁ may be ﬁ;ut&_all_y_ exclusive. Some mobile belts hav_fe _middlé— to lower-crust
electrical CDnducti\ri.ty anomalies {De Beer 'and_ Meyer, :1984;' De Beer and Stettler, 1988;
Miller, 1983; Gougli 1985:‘) | Thése electrical conductivity zones are an indication of an in-
crease, at depth, in water cap’ end w1thm orogemc belts (see eg. I-Iyndma.n and Shearer 1989;

_ Vanyan and Shilovski, 1989) The presence of water may result in serpentmlsatlon and con-
sequently an inctease in magnetite content (Winkler, 1974; Tl_xrner, 1968). Serpent;msatmn_ -
reaction curves from Winkler (.1974) are ind_icé.ted 6& figure ?.8: 'Becauée experiméxit_al data

do not e.xtend into the high pressu-re reginies these curved are extrab'qla‘.ted in the diagram.
7.2 4 Oceamc anomailes

Ocsanic anomalies hordenng sout.hern Africa are the Walvis Rldge {WR), the Sout.heast
Atlantic (SEA) and the Agulhas (AG} anomalies (Fig. 7.6). The Walvis Ridge anomaly is -
three-dlmensmnal in appearance, relatwely intense (4,6 nT in amphtude) and is located gust
off the Namitian coast at latitude 20°S where _the Walvis Rise meets the African continent,
 The Boutheast Atlantic anomaly is loéatecl_ off the west coast of southern Africa, Soﬁtl-_; of
the Walvis Ridge anomaly and although parallels the cc;ast, has a slight, but persistent trend . -
that is some 10%E away from that of .t.he cdntinent{ﬂ margin southwards. Located off and
. -contiguous o the southeast coast of southern Africa, in the Soubtwest Indian Ocean. is an -
intense amr.¥ extensive positive magnetic response, the Agulhas anomaly.
The two profiles of figure 7.7(a) and (b) are an interprei;at.ion of the Agulhas and Southeast
Atlantic anomalies. In the case of the .Agulhas'a.nomaly ﬁtotal magnetisatioq vector with an
inclination of —72% was reqﬂired by the m'odelling.. Assuming an~ ~al induced magnetisation
component of inclination —64° a.i% 04 A/m {Hayling and Harrison, 1986) and a steeper _
resultant vector of magnetisatioﬁ 1.4 A/m (assuming the same _dec.lina,tion for both vectors),
a remanent vector éfinclination ~76° and ~1,0 A/m intensity is est'iﬁlated {for a 10 km thici:
crust in a ~ 30000 u-T fleld). It is not possible tc establish the inclinatior of any remanent

magnetic vectot from the Souiheast Atlantic ansmaly since the profile is _esséntia_,lly magnetic
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Figure 7.8; Graph showing the Hopkinson effect in relation to typical southern African

- geotherms for the Kaapvaal Craton (K,, K3) and Namaqus Mobile Belt (N1, Ny} (ufter
Jones, 1988) and their typical Moho depths. The grey shading, light to dark, reprenents the
relative increase in magnetic susceptibility. Serpentinieation reaction curves are inclt.ced; the
dashed portions of these curves are extra.polated (after Winkler, 19'?4)
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East.—Weat- the presence of remanence can only be ir__;{erred from snomaly amplitudes and
from its location In the ocean floor, ' o

Magnesisation of the oceanic crust differs cons:derdbly from that of the contments ‘Models

- of oceanic crustal magnetisation comprise preclommantly an average induced component of

sonte 0,4 A/m {over the entire 6 km thick crust) and a TRM (which may be ag high 23 6 A/m)
of the 2 km basal plutonic uaits and the top 0,5-1,0 km basalt la;yer {Hayling and Harrison,
1985 Arkam—Hamed 1988; Haylmg, unpublished preprmt. see also Chapter 2) Wlth the -

exception of the Jurassic and Cretaceous normal polarity epochs, the sea floor has recorded

TRM 23 a regular and contmuoua alternation of polanty treversals of the geomagneuc field.

As a working approximation, it may be a.rgued that, the. total TRM contribution of the
total anornaly field for the ma,gnetlcally stnped ocean foor wall be zero at satellite a.lt.:tudes
In contrast, the periods of prolonged normal polarity _nf the geomagnetic field should be |
manifested_ in the satellite tatal field anomaly data (Hayling aud Hurrison, 1986). In this

respect, the southern African continent is bordered by the Cretaceous Quiet Zone (KQZ) on

the west and southeastern coasts. In essence, the three maghetic oceanic anomalies (SEA,

AG and WR) correlate clossly with the KTZ (Cande et al., 1980).

‘The Southeast Atlantic anomaly

In detail, the anomalies differ considerably. The Sousieast Atlantic anomaly has an amplitude '

response that is consistent with a magnetization contrast of 0,4 A/m, This raust either reflect

& thickening (100%, assuming induced magnetisaﬁiou) of the oéea.nic crust or an iucrease in |

remanent maguetlsatmn from the KQZ. The latter optxon geems more ﬁppropnate, smce

" there is no geophys:cal evidence (seistnic or gravity) for crustal l:hlckenmg in this part of the

Atlantic ocean (Chave, 1979; Detrick and Watts, 1679). An aspect of the Southeast Atlantic
anomaly that is enigmatic at present, is th: NNE gross trend. The anomaly, in the exireme

Sauth,:'te_rmina.tes approximately at the Agullas fracture zone; beyond which it appeats to

- hranch.
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' The Walvis Ridge anomaly

The'Walvia_ Ridge anomily has 8 magnetisation-of 1,3 A/m and contrasts strongly with the

Southeast Atlantic anon:{aly. The Walvia Ridge is an aseismic oceanic rise and is composed
mostly of basalts (Detrick and Watts, 1979). It s generally accepted that such ridges (e.&
_ Walvis,. Rio Grande and Ninetyeast) aré formed over hot spots’ centered on or near mido-
cean ridges (Morgan, 1971}, Chave (1979}, _étudi’ed the Hthosphere structure along the Walvis
Ridge and neighbotring G_ape'_basi'n ising Rayleigh wave group _veiocity diSpefsion. He found

that the results for the Wa&ifis Ridge were consistent with a crustal thickening to 12,6 km and .

_wi_th.an anomalous upper-mantle low shear-wave velocity (4,25 - 4,35 ki/s to depths of 45

km), The seismi¢ ray path a’djacent_ to the ridge (south) showed no crustal thickening; gone.

porting the above postulate that the SEA results primarily fron: increased KQZ remanence.
Detrick and Watts (1979) suppoft this crustal thickening below the Walvis Ridge foom an

analysis of iscstasy. They also observe a difference in isostasy between the Fast and West

Walvig Ridge. Thé: castern Walvis Ridge is locally compensated by an ovéfthickéning of the.

erust in the order of 15-25 km, The western end of the rise was found to be marphologically

and structurally different having an effective elastic plate thickness of 5-8 km. Fullerton et )
- al, (1908%a) argue that the Walvis Ridge Magsat anomaly is the resolt of TRM (3 A/m, for

the entire layer 8) acquired during Cretaceons Quiet times (KQT), Assuniing that the 0.4
A/m magnetisation of the Southeast Atlantic anomaly (of this dataset) is representative of
KQZ TRM, the Walvis Ridge magnetisation of ~ 1,3 _A}in:{Fig. 7,T¢) is consistent with the

observed crustal thickening of a factor of 2.

| The Agulhas anomaly

The Agulhas anomaly is the largea'!; and 11 .t intense Magsat anomaly within the southern
African region. Tﬁis anonw,l? is delineated by several otean floor _féa,tures, “for examﬁ[e:
(1)' the northern boundary coincides with the Agulhaﬁ Fracture Zone (in _Ehe west), which
.t_'allows the continentai shelf in the east, into the Maputo embayment; {2) tlm eastern spur (of

the almost rectangular-shaped Apulhas anomaly) coincides with a similarly shaped Seasat

depreséion-_whigh is truncated in the extreme east by the Davie Ridge and; (3) the western

and southern perimeters roughly delineate the western and southern limits of the bathymetry '
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and Seasat highs of the Aguihas and Mozambique Plateaux, _
- Qualitatively, the Agulhas anomaly appeats to have internal structure, namely, the eastern

spur is of lower inténs’ity; the truncation of this spur occurs at the Prince Edward Fracture

Zone, Fullerton et al. (1980b) believe that TRM ., acquired during KQT, explains the large -
magnetisation contrast of the Agulhas anomaly. The modelied profile (A-A’ Fig. 7.Ta) -

confirms this postulate. The magnetisation contrast is 1,4 A/m as é_amparéd with 1,0 and -

0,4 A/m for the Walvis Ridge and Southesst Atlantic enomalies, respectively. The Agulhas

mognetisation contrast is of the same order as the Walvis Ridge anomaly. By analogy,

therefore, it can be argued that the Agulhas Magsat anomaly reflects a thickened oceanic -
erust, The lower-intensity spur of the anomaly may reflect, by comparing with the SEA, that -

part of the KQZ ocean floor of norrmal thickness.
An increase in t.hic_kness of. the oeeéﬂic ctust in the Southwest Indian cean is cansistent
- with free-air gravity interpretations along a 91 km traverse by Graham and Hales (1965).over
: the Agulhas Plateau (north-south profile), and alohg a 27-31 km traverse by Doucours and
Bergh (unpublished preprint) over the Mosambique Ridge (east-west profile). Tucholke et al,

(1981) commént,_fmm refraction lines over the Agulﬁas Plateau, that no mantle refractions

- ¢ould be observed from refraction spreads a: large as 72 km. This approximates a depth-of

investigation of 17 km for average oceanic crust and upper-mantle velocities, i.e. 17 km is 4

lower Hmit for the crustal thickness of the Agulh&é'plateau} .
7.2,6 Implications to continental break-up of Gondwana

Although, the diqusi_tioné of the three écganic Magsat anomalies broadly corzelate with the

Cretaceous Quiet Zone, in detail these can be foenssed to correlate with a zone ié_it.hin KQT

that ig older than anomaly 34 (Fig. 7.6) (C‘-.ande et al,, 1989), ‘These magnetisation anomalies _

~ delineate oceanic floor for Aptian-Albian reconstructions (Fig. 7.9) (Unternehr et al,, 1088;

Pabinowits and LaBrecque, 1979). To account for the lack of maguetic anomalies in the KQZ

of the equatorial Atlantic, Hayling and Harrison argue that KQZ would not be observed from -
satellite sltitudes because of the amplitude and inclination of the polarising geomagnetic feld,

This is not valid, because: {1} at the geographic equator inclinations are —259 \ Parkinson,

1983, p72) and (2) the ocearic anomalies terminate abruptly north of the Walvis Ridge.

123

et



| The distribution of magnetic ocegh floor is cons_i‘sf._ent for an Aptian-Albian reconstruetion,
The interpreted remanent magnetisation vector t~76°j for the Ag\ﬂhas-ahomaly would also
.be consgistent for the southerly palaéoiatituﬁés_during KQT (see e.g. Swith et al., 1981;
Weijermars, 1989 Piper, 1688). '
it follows, from: the above. thai these geaanic Magsaf. anomahes arise from a. tlme frame,
between pre-fragmented Gondwana and the end of early Cretaceous recorded 8s a contrast'
in magnetwa.tmn of the ogeanic crust. Th:s contrast in magnetisation is attrlbuted in the .
. fisst mstance, o rema.nent magnetization acqulred during the Cretaceous normal polarlt.y
epoch and, in the second, due to local thickening of the crust.
Tt is opportune to view the Agulha.s anomaly here within the i‘rmnewurk of a reconstruction
of Gondwana (Fig. 7.10). This zeconstruction is based on de Wlt et al. (1988) but is
- cognisant of the controversial nature of such reconstructions. particularly for West Antarctica,
'I'_he configuration of microplates in ﬁgure"‘r‘ .10 is presented as a compromise and is not
intended to imply preferred orientations at this stage. For example, the fit of southern Africa, .
South America and the Agulhas Platean is based upon the model of Martiu and Ilart.t_tady.
(1986), whereas East Antarctica-é.ﬁd southern Africa are juxtaposed in a rha.nuer similar
to tha:t pr_dpused_by Lawver and Scotese (1987). The overlap of western Dronning Maud
Land and the coastal ares. of Mozambique is based o_ﬁ geophysical and geological constraints
(Grantham et al, 1088; Corner, 1989; Hodgkinson, 1990). The position and orientation
- of the Ellsworth-Whitmore Mountaing mlrropla.te is probd.b!y the most contentious issue
currently being addressed in West Antarchca. ant is shoven here as a compromise between
* that proposed by Watts and Bramall (1981} and Siorey et al. (1988a). Hang hunahe._k has
been_ﬁtted in a position similar to that of de Wit et at. (1988}. Jt is based on the geological
: comﬁaljisnn of these rocks with other areas of East Antarctica m'ld its apparent anornalous
~ position within West Antarctica {Storey et al, 1988a), _

In the above reconstruction, the Agulhas anomaly appa-ren{ly undeilies a large p'o_rtion. of
Gondwana, encompassing part of Western Dronning Maud Land, the Falkiands and Agub _
has Plateaux and, the microplates of West Antarctica (South Georgia, Ellsworth-Whitmore -
Mounté:ins, Haay Nunaﬁak; Béﬁkli';r and Filchner plates). Magmatism is widespread in this

region and overlaps widely, in time, with the fragmentation history of Gondwana. For ex-
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Figure 7.0: Palacoreconstruction for the end of the Aptian (~ 100 M), (After Unternehr et
al., 1088). _
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ample, vhe extensive Ka,roo basalts of Sonth Africa spanning a period of 220-130 Ma with a
peak at ca 160-180 Ma (de Wit et a.l 1988) The Dufek htmion (Fig 7. 10)' has been asso-

ciated mth f.he volaminous basaluc rocks of t.he Ferrar Group, wlnch OLOUE thxoughout the .

_ Tra.nsanta.rctic \{ount.mns and are of mlddle Jurassic age (170—-180 Ma) (Fbrd a.nd Kistler,

1980). Mafic magmatism of sumlar age occurs in the Theron Mountmns in C‘-oats Land

-(Brewer and Clarkaon, 1987), and in western Dronning M_aud Land in the Klrwanveggen

(Harris et al,, 1987) and Vestfjella areas (Peters, 1989). In this region the topographically .

defiried Pencksklet is commonly interpreted as a fa.iled rift (Barton et al., in 'preés). Mid-ta
late-Jurassic rift-assoeiated magmatism is also présent in South Georgia, where the Drygalski

Fjord complex has been iﬁterprat.ed to result from continental thinning and the formation

of oceanic-type crust (MacDonald et al., 1987). Granitic rocks in the Elleworth-Whitmore -

Mounitains area have beert dsted at between 180-170 Ma and, have chemical signatures char

" acteristf vithin-plate geanite types (Storey et al.,, 1988b). H_e ‘ascribes these granites to

have an bri‘gih from " large-séale u:idefplat.ing of mafic magma and crustal mielting in response
to thermal disturbance in the Gondwanaland lithosphere related in some way to break-up of

the supercontinent”.

Antoine (1989), from previous Magsat data processed by the stafl of the Hermanus Mag-.
netic Ohaervatory, mterprel;ed the causative source of the Aguthas anomaly as an extensive
slab_of reversely magnetised ocean crust {based on the northern negative, southern positive

anomaly pair). In order to explain the size of the magnetic source, together with its dis--

tinet palaeomagnetsc sngnature, a geologtcal model was requxred to generate a large volume

: af melt in a very short geological time span. The maximum reversed mterval in the warine

palaeomagnet:c record (last 180 Ma and excluding the normal polamy epochs) is around 4 .

Ma (Harrison et al,, 1986). Recent work by White et al. (1987) and White and McKenzie
(1989) has suggested that a mgdel of partial meiting due to decompressic_m during upwelling
of hotter than normsl asthenosphere may provide just such a mechanism. This. model has
been used by White and McKenzie {(1989) to.eﬁplain the occu_rence. of large volumes of rift
associated magmatism extruded over short {pum_:t-uated) hi@e intervals, For examble. the
Decean flood basalts in India and the flood basalts on the flanks of the Nor % Atlantic Ocean.

The above model was favoured by Antoine (1989) as an appropriate mechanjsm in order
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to expiain 4n almost spontaneons geological event required t.o model t,he inferred distinct re- -

versed palaeomagnetlc signature of the causative source. That mterpret.atlon was consistent

‘with lnclependent geological, geomorphological (Cox' unpubllslled prepnnt) and geocheml—

- cal avidenee, - Modellmg in t! . present study contest.s the preﬂousiy postulat.erl reverse}y_

magnetised source of Antome (1989)

An altematwe rﬁmaneut magnetlsatlon vect.or compatible with KQZ mclmatlons is now

modelléd. The Southeast. Atlnntm anoma.ly is a newly recogmsed feature in Magsat anoma.ly
data. An analysis of the mter-relatlonshlp between the magnetlsatlon contrasts of these

oteanic magnetic anomalies suggest that’ t.he Walvis Ridge and Agulhas anomalies may be

ascribed to thickening of ocehni_c crust. The postu]#te that the Walvis Ridge was _cr.eat.ed'

by a hot spot or_plumé is gevierally accepted (nee e,g'. Morgan, 1971). The eastern Walvis _

Ridge is isostatically compensated at depth with a body of almost 2050 kg m~¥, possibly
layer 3 (Goslin and Sibuet, 1975). Detrick and Watts (1979) believe that the presence of
the Airy-type compensation (wit.h similar observations made on the Ninetyeast R.idge) are a

consequence of their formation on # lithosphere mth little oy no long-term bending strength

on a hot spot, for example The stmilarities between the Walvis Rldge and the Agulhas '

Magsat anomalies suggest a common genesm

It follows that the Agulhas Mageal anomaly may be the remnant ’scar’ of an extensive re-
glon of the hthosphere with 'hotter’ than normal asthenosphere, which inttiated the bteak-up
of Gondwana in this r_eglon‘__ Tt seems rather fortuitous that the anomaly on 2 reconstruction

of Gondwana, undérﬁe_s the most frégmented- région at the triple junction of the South Amer-

ica, Africa and Antarctica plates. A model based on partial melting by decomipression due to

. passive upwelling of hotter t.han normal asthenosphere in & rifted continental lithosphere is
still favoured by the author as an appropnate methanism, Such a model can account {or; (1)

the basaltic origin of the oceanward dipping reflectors off the continental margin of Queen

Ma.t_td Land (Hinz and Krause, 1982), (2) the abundance of mafic and felsic magmatism (de

Wit et al., 1988}, (3) anatexis of continental crust (Storey et al., 1988b), (4) uplift in this
region (unpublished apatite fission track ages 140-100 Ma from Dronning Maud Land and
southern Africa, R.L. Brown and A.B. Moyes pers. comm.), (9) presence oi’ continental frag-

ments such as the southern Agulhas Plateau (Tucholke et al., 1981) aud the Mozambique
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Ridge (Doueoure a.nd Bergh 1890) and, (6) the thlckenmg of the oceanic cmst [Alry—type. :

compensaidon)

A.lthough the age of the Agulhas a.noma.ly cannof be establlshed dlrectly, it has been

shown !«o represent early Cretaceous oceamc crust. Rifting began at apprwclmat.ely 120«130-

M \-e.g‘ --Gande et al., 1989; Mertm and Harinady, 1986; Rabinowitz and LaBrecque, 1979;

Norton and Sclater, 1979) possibly as a consequence of uplift from a hotter than normal

) asthen@here disturbing continental Iithesphere at e:qund-.l’m Ma, which is expressed as a

major phaee of magtnathm, ie this re'gion; at t.haﬁ time, Smith a.nd Drewry (1.984) infer from

' fission track date that crustal uphﬂ: attains a ma.xmnm'l, 50 Ma after a thermnl dlsturbance

This delaa'ed res'ponse is consxstent wlbh the peak phase of ma.gmat.lsm in the region ati calf0

- Ma and the begining of- the separation of Gondwana at ca 120 Ma. It has also been shown in

section 7.2.3 thal: the perimeters of the anomaly approxunate an age of ~ 100 Me. a period -
_just before the eaatern'ti_p of the Falkland Platean passed beyond southern Africa: Tbis

postulated-tha_ﬁ the Southwest Indian Ocean floor was created, from iﬁitia_l fragmentation to
approximately 100 Ma, froin a ma.nt.le that had litt.le to no elastic strengt-h a.nd in conséqueece
underwent Airy-type compensa.tlon z’after ~ 100 Ma the Southwest In dian’ oceamc ¢rust e
longer thickens and appears to mamtam elastic strength.

The trend of the Southeast Atlantic anomaly may have some implications of relative

motion between the South American and African plates dunng the early Cretaceous It is

' proposed that the slight NNE trend of this anomaly, and the lack ol‘ a magnetlc anomaly to
 the notth of the Walvis Ridge anomaly. is consistent with a scissor-like opening of the South
Atlantic fulerumed on the Walvis ridge {Fig.7.9). Tlns motion terrmna.ted at the end of the

Albian {98 Ma) and aseurnecl the present poles of rotation (see e.g. Norton and Sclater,

1979) A ridge jurnp is postulated by Barker (1879} at that time. Also, the Walvis Rldge'
shows its ﬁzst dlscentmulty at approximately that. perlod (Goslin and Slbuet 19:5} anditis

corgruent vath the age of t.he perimeter of the Agzﬂhas anomaly.
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Chapter 8
‘Conclusions

The principal ohjectives of this thesis are (1) to research the processing of satellite mag :
netometer data towards extracthlg an improved lithospheric signal and, (2) o interpret the -

 derived lithospheric anomaly map for Lhé sbuthérn African region and sﬁrmuuding oceans. To

azhieve the first {:o_bjECtivé, two aspects of the data reduction that have traditionally strongly

compromised dé.i_a qualit.y.are considered, viz.: (1) the variable altitude of the sensor and, (2)
extracting the jonospheric field effects, The new methods are developed on synthetic data.

 and Jater tested on Magsat dats. The southern African region was selected for this purpose,

and the resultant anomaly map interpreted in order to achieve the second objective.

Processing

" Removal of the main and ring current field components of Magsat data is almost standard

amongsﬁ investigators, Although these aré not entirely satisfactory, thvy are adopted with

some modification while attention is focussed on the more subjective aspects of the data -

reduction.

The main field component was removed using the truncated sphei-ical harmonic model

MGST 4/81 (Langel et al., 1981) pravided with the INY-B tapes. The reduction adopted

for the ring current effect was a first degree zonal spherical harmonic function (Langel and

Sweeney, 1871) but modified (after Zaaiman and Kiihn, 1986} by using dip latitudes calﬁu—-

lated for altitudes of 3R rather than at the satellite’s altitude. This approach was necessary

to improve the model in the southern Africdn tegion where dip latitudes asympiote to 659,

The 3Rg model was an improvement: but could be further improved, Coefficients for thé
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) nng currenf, model are based on a least squares so[utmn ‘Solving for the ring current coeffi-

cients using a robu % technique would, in the writer® s opinion, lmprove the model and should

ccnstitate a basis for future r_esea.rch. _
A ﬁolutic_:n has been found for the problem of the yarié;ble altitude and ionospheric field

reductions. A ptocedure based on a robusi lineai;'regressiou (medmn lingar fégreséibn) of

amplitude versus altitude is developed (linearisation of the decay is achieved by taking the -
_logant.hm of an assumed exponentlal clecay) The method asgumes data. redundaucy for

"a given geographical location. This is . achieved by consldetmg a fairly large cell mthm .

~ which it is assnmed that the horizontal gradients are.neghglble. At satelhte_altu.udes t._h_:;

'approxim.xt.ion'is reasonable and is exploifed. Computer simulations show that the algorithm

is able recover the drgin_a.l é.ignal in a large 'va.riablt_: altitude range of 400 km (i.e. 200 - 600 -

km) even with additional severe signal corruption. This algorthim is utilised twice in data

reduction procedﬁi—.'.s. using different latitudinal and longit.udinzﬂ. filter constraints. The two
resultant maps are then used to remove ionospheric ﬁeld effects using a two-dimensional data
.ada.pt.ive filtering iechnique. The method is bé;se& on the mean ionospheric field correction of
’fa.nagisawa (1983) and'. is now exty -4 to incorporate an altitude correction. Because the
_ 10nospher1c field is tlme dependent it i& deﬁned by using a time corxstrmnt. in data selectlon
The data are selected -1 two specific local times (0600 and 1800 hours). -The lithosphere

signal in comparison is defined geographically, -Thus two sets of maps are generated, viz.:

s An ionosphére—contmninated lithospherie field. Achieved by applying the median linear

Tegression algonthm for a specific geographlcal locat.lon and local time,

. A mean wnosphenc field. Obta.med by wsing the medxan hnear regression algonthm

for a specific local time without & geographical constraint, The pro_cedure essentially

:zanc_lomises the lithosphere signal.

A new two-dimensiona} data adaptive filter is developed to extract the dawn or dusk

lithosphere signals. The ionesphere-contaminated lithosphere and the icnosphere signals are

input {» the data adaptive filter.  To optimise noise rejpﬁtion the resultant two lithospheric.

fidld maps (ie. dawn and dusk maps) are input fo a data ndaptwe filter structure which

results by a met.hod of converging operatmns, in a final htbosphenc map.
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The resultant dswn and dusk ionospheric field maps show unexpected correlation. This
 correlaticn is of long-wavelength features end is interpreted to represent residuals from an

. incomplete ving current correction An added gain of the adopted processing procedures is'

that the lnadequacms of the ring current. correction become mamfesl’.ed in the ionospheric |

field map and are thus also removed from t.he contamlnated llthosphere signal. The resuitant

lithospheric. slgnal is techmcally improved from prewous product.s in that; (1) the dats are

corrected to a common alutude datum bya pmcedure that makes no u pnon agsumptions of
.magnetxsatlon, (2) the ionospheric field correction is objective, repeatable and, in addition,
rEmoves inadeqﬁaci‘u_:ts_ of the ring current correction and, {3) greater structural detail and

‘new nbr_t.h-south trending features are now evident. Also, an added gain is thaf. the MIF

' preserves residuals from the core field senapation, therefore, a.llé_)wing rernoval of partially

uncorrected core field effects, The '.reaéon'fdr t.he lack of north-south structures in previously
published sate]ht.e altm.d# mague!nc anomaly maps may be linked o the arbxtmry track-to-

. r.ra.ck corrections.

Interpretation

Soutkern Africa is surrounded by océans and is 2 focal point in any reconst_mctiqn of Gcn&-
wana. For these réasons, this region was selected f.or.analysis of the new procéséing technique;a
- and for inter.pretation. The interpretation of the southern African continental Magsat anoma-
lies shows a éf.rbng coincidence between these and tectonic provinees. The coramon geological

factors of the tectonic provinces that could account for an increase in the volume-integrated

crustal magnetisation, with rcspect to the Cratons, are: {1} an increase in crustal thickness .

' (typically 32 to 42 km) and, (2) an increase in heat dow. Because the magnetic anomalies

could be modelled without necessitating excessive crustal magnetisation contrasts at depth,

being more consistent with expected values, the portulate of Wasilewski (1987), that the '

seismic Moho is also zippro:cimtély' the magnetic Molio other than where the C‘-urie't:emper—
atute is shallower, was adopted. The increase in crustal magnetisation by crustal thickening

is insufficient fo aceount for the observed magnetisation increase. However, crustal thicken-

ing coupled with & high heat flow places a large portion of the Jower-crust into an effective

window of magnetisation increase by the Hopkingon effect. Furthermore, these 'continenta_l
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tectonic provinces typically have --deep-g:rustsl electrical conductivity belts possibly due to
deep crustal fluids. These fluids sze likely to invoke serpentinisation of the mafic crustal
racks, hence an increase in magnetite. '

" The oceanic anomalies have provided an 'insi.ght into the fragmentation history of Gond-

wana. To date there has been no evidence for an‘ocean to continent crussal magnétic contrast

it the sonthwestern African coast where, because of the presence of KQZ ocean floar, it woﬁld

be expected This has been an artifact of past processing, The present anomaly map is now
a.ble o mnﬁrm the presence of such a ma.gnensdtmn contrast. which coincides with the early

Cretaceous ocean floor. The Walvis Ridge and the Agulhas anomahes are interpreted to rep-

resent remanent magnetisation of a thickened cceanic crust (20—30 km) assuming Airy-type

: compenSat.inn. Itis proposed that the A.gulhas anomét}y is the remnant ‘sca.r’ of the process

t.hat led to the fragmentaion of Gondwm:la A model of con.ment.al rifting in response to an
_ upwellmg of hotter than norma.l asthenosphere is consistent with the geophysical, geologlcal
and geochemical evidence.

Lastly, the ‘trend of the Southeast Atla.n..lc anomaly is believed to reﬂect a scissor-like

opening of the South Atlantie, fulcrumed on the Walvis Rxdge a.nomaly, which ended at

~100 Ma at which time poles of rotatlon between the South American and Afncan plates

R _ changed abmptly

Recommﬁdations .

The outcome >f any résearch is; all too often, more work. Although, the .pro'cessing of near-

earth satellite data to extract the hthosphenc siznal has heen 1111prcwe:o:lq further 1mprovements

are poss:ble, for example

e An alm.ude correctton using & medm.n qiradraiic s rfa.ce t.echmque shoudd improve ihe

meti od furl:her

s Modelling of the ring current could be further 1mpruved by usmg an alterns.twe to the

 least squares method.

More work is needed towards the problem of extracting the ioﬁosphgré_ signal. This can be

achieved with an improved ring current model and by further work with data adaptive filters.
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-1t st be emphakised that this studf has focused on the scalar data and that some Signiﬁcant
" information is contained within the vector ccmponent. data whlch could be exploited by data
" adaptive ﬁlter structures.. . o .

Further geophyalcal ‘investigations of the Agulhas and Soutbeast Anlantnc anomalies, in
the form of sutface wave dispersion and isostasy ‘analyses {using lopg-mwelength filtering of
Sea.sa.t <data), is recommended. This information s necsary to test the:poatualt_e_ that a
. hotter than normal.-asthenqsphgre, cent:ed on ﬂ:e "Aéulhas anomaly is r&'spaﬁsib_le' for the
. fragmentation of Gondwanﬁ. ' | . I

'.Ir. conclusion, the results of this thesis have made a small but importaht. coﬁtrihutibn :
both to the procea;sing of nier-earth satellite magnetometer data and towards understanding
. ;I:.rusf.a.l magnetisation in the southern African region from such data. It _rmis't be refterated |

that the ieéglution of magnetic data is & direct funct.iou-df the source to sensor altitude.
* Magnat has been .an entirely suc.ceasful mission .for hoth th& .liquki- and solid-earth geophysi-
cists and hes provided significant new input into thé ﬁnderstanding of erustal magnetization,
guological processes and geodynamics. A decade has pa.qi wince Mageat was _launched. The
detail hat could be achieved by & lower altitude Magsat would revolutionise the geological
sciences in terms of an understanding of geodynannc processen Mntivatmns for another lower

altitude Magsat must continue unabated
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