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Abstract

To simplify the complex total magnetic field intensity anomaliéd$ ) on datasets obtained from
locations close to the geomagnetic Equator (inclinati@ris< 20°) such datasets are routinely
reduced-to-equator (RTE), since they cannot be stably reducedl¢dRTP). RTE anomalies tend
to have small amplitudes and exhibit azimuth-based anisotropy, unlike RTiRaéies. Anisotropy
describes the dependence of the amplitude and shape of an RTE anonthly stnke direc-
tion of its source. For example, an East-West striking contact/fault will igé@e strong RTE
anomaly response whereas a North-South striking equivalent will noer&Vldjacent sources
occur, anisotropy causes interference between anomalies, displacin@lées relative to their
sources. This makes using magnetic data to map structures in regions ttlatarn® the geomag-
netic equator difficult or potentially of limited value. This thesis develops a gydteinterpret
RTE datasets and applies it to determine the basement structure in NE Nigera|ah< 8°.
This area has-50% of the basement concealed beneath Cretaceous and Quatediasnsg of
the Benue Trough and Chad basin, respectively. The aim of the studysisuttiurally map the
basement underlying the Benue and Chad rifted basins in NE Nigeria,diygrand determining
the depths of basement faults and associated structures.

The first-order derivative-based "Tilt-Depth" method has been ewsdua determine its effec-
tiveness when applied to RTE datasets to determine the location and depthobdirets. The
method was tested first using RTE and RTP equivalents of synthétidatasets obtained from
profiles across East-West striking, 2D contacts at various depths,atichis of effective mag-
netisation ), and dips ¢). RTP datasets were used throughout as reference models. Errors in
“Tilt-Depth” method estimates were invariant to changes in depth, but sengitighanges ip
andd of sources. At error limits of 0-20%, the method effectively estimates locaaod depths

of 2D contacts when dip is within the % d° < 105 range, inclination of remanent magnetisa-
tion relative to induced magnetisation is within the 18%° < 205 range (magnetisations are
collinear), and Koenigsberger ratio (Q) of remanent to induced magtietisamplitudes< 1.
Relationships between @, 3 andg suggests that the simplification of remanence-laden anoma-
lies due to magnetisations being collinear results from deviatiorg fobm a of < 12° when
Q<1. Similar deviations occur betwegnanda, for all 8 values, when €0.2. Hence, remanent
magnetisation is negligible for RTP or RTE datasets wa@niori information suggests €0.2.

The “Tilt-Depth” method was further tested for anisotropy-induced anonmédyference effects
using RTP or RTE of the Complex “Bishop” Model (CBM) and Tanzaniagrithe CBM grid
contains 2D contacts of various strikes and three-dimensional (3Dyesowith non-2D contacts
at various depths (all precisely known), and satisfydhe andQ requirements above. The Tan-
zania grid presented a real dataset from a Karoo rift basin, where rmaadomly striking 2D
contacts occur at unknown depths. For comparison, the second vderoative, analytic sig-
nal amplitude, local wavenumber, and the horizontal gradient magnitddeHGM g)) andAT
(HGM,T)) methods were also tested using these grids. Locations estimated from alhtbés
ods show that{1) Sources of all shapes and strikes are correctly imaged on RTP @)déorth-
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South striking 2D contacts are not imaged at all on RTE datasets, but ¢afelyed from linear
alignments of stacked short wavelength East-West striking anom@)ea) contacts with strikes
ranging from N045 to N135are correctly imaged on RTE datasg®) Anomalies from poorly
isolated 2D contacts with 4020 strikes interfere to further complicate RTE datasets, making it
difficult to correctly image these sources; §8) RTE anomalies from 3D sources tend to smear
in an East-West direction, extending such anomalies well past edgesiro$dbieces along this
direction. These North-South striking non-2D edges are not imaged athalst their East-West
striking non-2D (Northern and Southern) edges are correctly imaged.

Depths estimated for 2D and non-2D contacts with strikes ranging from 4535, from RTP
and RTE of the CBM grids, using the local wavenumber, analytic signal ardpland 8| = 27°-
based “Tilt-Depth” methods show thdt) “Tilt-Depth” and local wavenumber methods under-
estimate the actual depth of sources, while the analytic signal amplitude methadegr both
severely underestimated and overestimated depths. Thus, “Tilt-Depthdeadvavenumber es-
timates were easier to utilise and interp@j} “Tilt-Depth” and local wavenumber methods un-
derestimate 2D contacts from RTP and RTE grids by up to 25 and 35% of titeal alepths,
respectively(3) “Tilt-Depth” and local wavenumber methods, respectively, underestinegithd
of East-West striking non-2D edges of 3D sources by about 35 a¥df@in the RTP grid; and
(4) "Tilt-Depth" method consistently underestimates non-2D contacts from RIlE by up to
40%.

Using knowledge gained from the above tests, all the methods were applaedE Nigeria

AT (RTE) dataset, to delineate basement structures in the area. The dataseflvkm upward-
continued grid with 1 krmx 1 km cell size, and extended well beyond NE Nigeria into Niger, Chad
and Cameroon Republics. While basement depths were estimated from et datag the "Tilt-
Depth" and local wavenumber methods only, these methods and the sesrtioel\derivative,
analytic signal amplitude, local wavenumber, as well as the horizontalegitatiagnitudes 0@
(HGMg)) andAT (HGM,T)) methods, were used to map source edge locations.

A basement structure map of NE Nigeria was obtained using the above matibétsund not to
be dominated by North-South striking faults. Instead the basement is disseately by near-
vertical, NE-SW trending faults against which NW-SE or E-W trending faidteninate. The
relationship between these inferred faults, basement horsts, volcags; phd basement depres-
sions, and outcrop information suggests that rifting was episodic as the mrilyEast directed
rift propagation direction was occasionally deflected by transcureaitsfto relieve differential
stresses built up from wall rock and/or crustal resistance. Appatezgs relief features include
the Yola basin, flood basalts, Lamurde Anticline and Kaltungo Inlier. A nurobé&olated de-
pocenters, mainly half grabens, with sediment thickness exceeding 1&émmt® occur in NE
Nigeria. Outside these depocenters, basement occur at depthsligesteatiower than 0.5 km,
except where intra-basinal horsts occur, at depths shallower th&m?2 Bhese depths agree well
with well information and seismic data interpretation, and show the SW Chad dggsicenter to
be isolated from adjoining basins in Cameroon, Chad and Niger Republics.
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0.1 Glossary of terms and keywords

AT refers to anomaly in total magnetic field intensity, TMI)(

Additive inverse of a function (e.g., Tilt angles of) refers to the function obtained when the
original function is multiplied by -1 (e.g-+0). It is used mainly to align functions of RTE
anomalies with their RTP equivalents.

Anomaly or geophysical anomalyrefers to "the difference between the observed (measured)
geophysical field or survey value and the value that would be obsatvilet same loca-
tion if the Earth were more uniform that it is( 4 ). Anomalies in gravity and
magnetic field measurements used in this study ardBtheyuer anomaly (BAiandtotal
magnetic field intensity (TMI) anomaly (AT), respectively.

Azimuth refers to angular measurements, relative to the North direction, of thetairam of
an oblong object (structure) on tkxey (horizontal) plane. The North direction may refer
to the Earth’s geographic or magnetic field coordinate system. Most nefes¢o azimuth
connotes the latter usage in this study .

Anisotropy refers to variations in the shape and amplitude (spectral characteridtit3) as a
consequence of the azimuth of a magnetic structure.

Basement or magnetic basementocks refers to basic and mafic crystalline igneous and/or meta-
morphic rocks that are rich in naturally-occurring magnetic minerals (Seztior).

CBM and SBM refers to complex “Bishop mode&T grid (Section ) and simple “Bishop
model” AT grid (Section ), respectively.

Cutoff wavelength (A) or Cutoff wavenumber (k) refers to a user-specified wavelength or spa-
tial frequency (wavenumber) value, which marks the boundary betweselengths or
wavenumbers that any chosen filter must allow to pass or ategmdk are related by the
expressionk = ";\—” According to ( ), cutoff A are usually defined to be at points
where the amplitude of the signal is reduced to 70.7% (for analog filterd)aaywhere
between the range 50-99% for digital filters. The cufofior GETgridM is at 50% of the
amplitude response.

Depth refers to the vertical locatiof0, 0,z) of edges of 2D and/or 3D structures.

Error quantifies the difference between the estimated and actual value of eitHecalien or
depth of a magnetic edge (Sectior.?).

Absolute error (Errpg) refers to the absolute difference between the actual and estimated
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quantity. It isErr(abs)Xo in terms of the horizontal locatiorx{) of magnetic edges, and

Errapg, in terms of the depthzf of magnetic edges.

Relative error Err ) refersto the ratio of the absolute err&ir( 4ng) to the actual (model)
depth.Err(reDXo in reference to the location of magnetic edges, bt , in refer-
ence to the depth of magnetic edges.

Percentage error €17 q,)) expresses relative errde (r(re,)xo) in percent.

Faults refer to “elongated zones of concentrated shearing, parallel to whjakent rocks have
been offset” ( . ) p. 101). Faults typically have lengths that are many orders
of magnitude larger than their widths. The closest approximation to a fault isahie
dimensional (2D) magnetic contact/steyodel ( I )

GETECH refers to GETECH Group Plc., UK.

GETgrid ™ is GETECH's fully licensed Gravity and Magnetics software.

Grid or gridded describe data presented in three-dimensiongl £) format.
Location refers to the horizontal locatiofx, y, 0) of edges of magnetic structures.

International Geomagnetic Reference Field (IGRF)is a global spherical harmonic model which
describes the smooth, but time-varying, main Earth’s core-sourced campaof the dipolar
geomagnetic field and its annual rate of change or secular variation ($ectid).

Koenigsberger ratio, Q is the ratio between the magnitudes of remanent and induced compo-
nents of magnetisation. It reflects the relative importance of each compimnemy mag-
netic rock volume (Section.?.3).

Magnetisation, J refers to magnetic momenta per unit volume of magnetic material, in the
direction of the axis of an inducing source (Sectioh..

Pole or magnetic polerefers interchangeably to the North or South magnetic poles of the Earth,
points at which the TMIT) is perpendicular to the Earth’s surface. These poles are different
from geomagnetic polegs.e., locations at which the axis of the dipolar geomagnetic field
intersects the Earth’s surface.

Profile or theprincipal profile( ) ) refers to a geophysical traverse defined such that it
is perpendicular to the regional strike of an oblong or linear structure.

Profile direction (A°) refers to the orientation of a survey profile relative to the magnetic North
pole. It ranges from Q for North-South profiles, tat90°, for West-East profiles (Fig-
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ure ).

RTE (Reduction-to-equator) refers to transformation a&T datasets to their equivalents at the
magnetic equator.

RTP (Reduction-to-pole) refers to transformation &T datasets to their equivalents at the mag-
netic pole.

Semi-automatic methodsare inverse techniques for determining parameters like the location,
depth, dip and/or susceptibility contrast of magnetic source edges. Subhbdsenclude
the “Tilt-Depth”, second vertical derivative (SVD), analytic signal ampléuASA), lo-
cal wavenumber (LW), and horizontal gradient magnitude (HGMJ ¢HGM q)) andAT
(HGM,7)) methods.

SLAR refers toSide L ooking AirborneRadar.
SRTM refers toShuttle RadarT opographyMission.

Strike, strike direction or azimuth () of edges of oblong magnetic sources describes their an-
gular orientation on the horizontal planey) relative to the magnetic North (N) direction
(Section ). n was kept perpendicular to profile azimuth or orientatiédi-igure2.10),
and ranges from 0 to 360with subsets described as follows throughout this study:

(i) n=N000, N360 or N180(North-South, N-S);
(i) n=N+20° (Near-North-South, Near-N-S);
(i) n=NO021 to N044 (NorthNorthEast-SouthSouthWest, NNE-SSW);
(iv) n=NO045 to NO89 (NorthEast-SouthWest, NE-SW);
(v) n=NO090 or N270 (West-East, W-E);
(vi) n=NO091 to N135 (NorthWest-SouthEast, NW-SE); and

(vii) n=N136 to N159 (NorthNorthWest-SouthSouthEast, NNW-SSE).
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Chapter 1

Introduction

1.1 Background

A magnetic survey reflects lateral variations in magnetic field strength or itterfshe rocks
underlying its area of coverage. Since the 1940s, it has been routise &calar magnetometers
which measure the total magnetic field intensities (TMITQrfor these surveys\ |
, ) ).* Magnetic surveys may be acquired on land, from the air (us-

ing aircraft, e.g., fixed-wing planes, or spacecraft like satellites) ohipssirrespective of the
mode of acquisition, responses from sedimentary rocks are extremely iwglitude compared
with those from basement rocks. This is becalisalso reflects the magnetisation of naturally-
occurring magnetic minerals, which are ubiquitous in basic and mafic crystglfineus or meta-

morphosed rocks{ | , ).~ Sedimentary rocks are effectively considered to be
non-magnetic, where magnetic basement rocks occur, so that magnetioses are attributed to
the magnetic basemeriti¢ ) , i ). ° T datasets are thus, effective in mapping

lineaments (discontinuities) or contrasts in the magnetic basement, for example.

Major advantages of aeromagnetic survey data over other geophyatadahclude its lower cost,
rapid speed of acquisition and aerial coverage, as well as easysaocetherwise inaccessible
geographic terrainsiy ) 1 ) and ; ). Such data are

’

routinely used to: (1) map locations and depths of faults in the baserfenild ,

j , ; , ) | : : ); (2) aid
seismic resolution of basement depth, where salt tectonism and/or intreldaasalts diffract
seismic energyH \ } ); (3) map cultural magnetic sources/( ,

); as well as (4) detect unexploded ordnances, UXMIEr, ). ( )
and ( ) have also used high-resolution aeromagnetic datasets to map the distri-

bution of intra-sedimentary magnetic faults.

1T is the vectorial sum of both the local magnetic field perturbations due to etigggearing rocks and the main
geomagnetic field intensity3( \ ).

2A detailed discussion of these concepts is presented in chapter

SUnless otherwise indicated, basement will be used where the magnetindmatsis implied.
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The assumption in obtaining theSemeasurements is that both the directions of rock magneti-
sation and the inducing main field are verticals ; ). Departures from this
fundamental assumption introduces phase shifts to the measured anoAiBjie<Consequently,
such anomalies are laterally displaced relative to the location of their spamedave shapes
that are different to anomalies for which magnetisation directions are \etiiGa |

) | andLi, ).

1.2 The research problem and motivation

To simplify and center anomalies over their sources, magnetic survey daiddcations where
the Earth’s geomagnetic field inclination is outside the0° range are usually reduced-to-pole,
i.e., RTP { y : | ). On the other hand, data obtained from localities
with inclination within this range are usually reduced-to-equator, RTE( ). RTP and RTE
anomalies are therefore symmetric and centred above their sourcesvdiowdike RTP anoma-
lies which have constant shapes irrespective of orientation (strikeofgburces, the shape of
RTE anomalies change with orientation. Hence, RTE anomalies exhibit apgara gener-
ally show no simple correlation with their sourcesa( | i ;

andLi, ). Locations from whichAT data are potentially affected by RTE-induced anisotropy
include: (1) the Northern part60%) of Southern America; (2) all of Western Africa and most
of Central and Eastern Africa>60%) of continental Africa; (3) most of the Arabian Sea; (4) all
of SouthEast Asia; as well as (5) the large swathes of ocean bordbdaag lands (Appendixk,
figure A.1). This belt includes some of the world’s major fossil fuel provincgs, (2012).

Forecasts of our world’s unsustainable energy consumptiof, ( ; BP, ) show that this
primarily tropical belt is increasingly a prime target for increased locatiorenéwable energy
projects and for fossil fuels prospecting. Therefore, the needtfmlies aimed at facilitating a
better understanding of the gross geology, shape, and configurdtiba basement underlying
this belt cannot be over-emphasized. For this reason, much effoltdeas and continues to be,
expended to develop algorithms for minimising anisotropy of simplified (RYEpatasets from
regions with geomagnetic field inclinations within th@0° range. Such algorithms include those
by (1989, (1989, (1999, (1999,

( ), ( ) and ( ). Li ( ) evaluated some of these algorithms,
showing them to be incapable of minimising anisotropy effects and strongigeatlagainst their
use in quantitative interpretation of data from locations with low geomagnetidfielidation.

Nigeria, with geomagnetic field inclination in the rangi@0°, lies within this belt (Appendix,
figure A.1). The Nigerian Government has acquired country-wide aeromagndtisala since

4Magnetic anomalies/T) are local departures from the Earth’s main (regional) magnetic fidldeseor the
projection of local magnetic field intensities induced in source bodies alanglithction of the regional magnetic
field ( ] ). More on this concept is presented in chapter
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1964 ( g ), most of which have been integrated into the African Magnetic Mapping
Project (AMMP) compilation!(LIS, ), extending the dataset well beyond Nigeria into the ad-
joining basement and sedimentary outcrops of northern Cameroon athesoNiger Republics.
However, perhaps owing to low geomagnetic field inclination-related compkexted the lack

of simple correlations between the dataset and outcrop and/or sub@iogygenly a handful of
studies exist that have used slivers of the Nigerian aeromagnetic ddtasgtinclude: (i) quali-
tative studies 4 , ) ) ); (ii) quantitative profile data interpretations

( | ) ) ) using spectral analysis method{ ) );

and (iii) the only regional qualitative and quantitative interpretation, integnatth Side-looking
airborne radar (SLAR) images and seismic datar , ). ( )'s
depths were determined usifgtery )'s half-slope method.

Neither ( ) and ( ) nor ( ) transformed their
data to their RTE equivalents prior to the application of the spectral or ligdésnethods, re-
spectively. This is a significant flaw, since these methods extract deptimiafion from anomaly
shapes'( | ), which are severely altered by the low inclination in Nigeria. The
methods also require the removal of the regional field, which is poorly etkiim a profile-by-
profile basis. In fact; ( ) assumed a horizontal regional field. New approaches
for removing the regional field from gridded datasets exist (&gv; ( )). Also, these
Nigerian studies disregarded the near-verticab(*) to vertical (90) magnetic field inclinations
required for these methods to work. Consequently, the subsurfaembatsgeology of Nigeria is
unknown ( | ).

This study was conceived to develop an interpretation strategyTatatasets from regions with
low geomagnetic field inclinations-20°), using grid-based semi-automatic methods of magnetic
data interpretatiori.This strategy will then be applied to map the generally unknown configuration
of, and structures in, the northeastern (NE) Nigeria basement, wharefegpn structural trends
mapped from outcrops of basement rocks, the basement is conceakeatb€retaceous and
Quaternary sediments.

1.3 Aims and objectives

A key obijective of this research is to determine how much structural informatioretrievably
lost to anisotropy on RTE anomaly datasets relative to their RTP equivalérssobjective will

be achieved by comparing: (1) RTE with RTP of model profile and griddedyell as real\T
datasets; (2) derivatives (enhanced equivalents or functions@ed thatasets; and (3) location and
depths estimated from thedd datasets, using the “Tilt-Depth'S¢ | ) and other
semi-automatic magnetic interpretation methods, which have been applied mainly taelEets

5Grid-based methods afford the interpreter the two-dimensional spatttibutes of the dataset, compared with the
one-dimensional access provided along profiles.
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from around the globe. Results from these comparisons will be integratdelvedop a robust
strategy for interpreting RTE datasets.

The resulting strategy will be applied to an aeromagnetic grid from NE Nigkridetermine
the: (1) location, trend and depth of basement structures (Faults, ,hgnatens and/or volcanic
plugs); (2) gross composition; and (3) shape/configuration, of thenliast underlying the area.
These constitute essential information for mapping subcrop basemenggewid structure of
NE Nigeria, basic ingredients for fossil fuel and mineral exploration aqudlogation planning,
seismic hazard forecasting, and palaeogeographic history recdimstruc

Determining the basement structure, its tectonic imprints and their relationshipgbavgadimentary-
fill of the area constitute the main objectives of this study. The significantteesé structural and
compositional inferences will be discussed, with limited speculations on ppssitienal defor-
mation of basin-fill (e.g., basin inversion).

1.4 Structure of thesis

This section describes how subsequent contents of this thesis arésedyarhe concepts, theo-
ries, research problems, choice of geometric model and methodologieddop this study are
discussed in chaptér This chapter also introduces the semi-automatic methods used in this study.
Chapter3 presents a detailed discussion of the “Tilt-Depth” method, introduces thethlgar
generation of profiles oAT datasets from variously delimited versions of the geometric model
chosen in chapter, and presents the contextual meaning of the term ’error’, its ramifications
and how they are applied throughout this thesis. Chaptdso presents tests of the “Tilt-Depth”
method, using RTP and RTE equivalents of the prdfiledatasets, as well as the results obtained
from these tests.

Chapter4 introduces gridded mod@T datasets, and presents the methods used to test the “Tilt-
Depth” method with RTP and RTE equivalents of these datasets, as well esstlies obtained
from these tests. Chaptérpresents tests of other semi-automatic methods with RTP and RTE
equivalents of gridded mod@&T datasets introduced in chaptérand also reports the results
obtained from these tests. Results obtained from testing the “Tilt-Depth” el methods in
chapters3to 5 are applied to RTE of NE NigeriAT dataset in chaptet. Finally, the main results
obtained from this study, and a synopsis of the inferred sequenceaafieevents in NE Nigeria,

are discussed in chaptér The main conclusions drawn from this study are also presented in this
chapter.
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Chapter 2

Introducing geomagnetic field concepts, research problems
and methodology adopted for interpreting TMI anomaly
datasets

2.1 The geomagnetic field and its sources

The geomagnetic field can be described as the space through which tlemdeflaf an Earth-
centred magnet is exerted{erif, ). Also calledgeomagnetic field inductiorB}, it is the
magnetic flux density per unit area!{ g } ) ) and has a scalar potentigl,
(Equation £.1.7)).

B=-0y (2.1.2)

wherell is the grad operator, angi is the scalar magnetic potential of a source redipmt a
distancer.

Only geomagnetic field data acquired by Low Earth Orbiting (LEO) satellitetagothe spec-
tral information required to fully describe long wavelength constituentsr¢esi of geomagnetic
field measurements on Earth. LEO satellites like POGO (1965-1971), MaA§§&t-1980), POGS
(1990-1993), Oersted (1999-), SAC-C (2000-) and CHAMP (2pB&ve acquired high resolution
(vector and scalar) geomagnetic datasets with global coverage=( !

). The high-accuracy instrumentation and long life at low orbital altitude8-@&® km) of the
CHAMP satellite enables the generation of accurate maps of large-scsafal enagnetic anoma-
lies ( , ) and ionospheric fields{ , ).

Satellite-acquired geomagnetic field measurements obtained over the Eddistanepresented by
an infinite sum otpherical surface harmonic functiorie., weighted orthogonal sinusoidal func-
tions and associated Legendre polynomials with fundamental peri¢d2 , ) y

). The surface integral of the square of coefficients of normalizedrggi harmonic func-
tions of vector magnetic fields reflects thedative poweror contributionof each term in the har-
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monic function. The Lowes-Mauersberger radial average power spectifigure 2.1) displays
the average poweRY), i.e., the mean-square magnitude of each term in surface harmonic func-
tions of the magnetic field over a sphere produced by harmonics of degfebe field ( )

; | ; , ; , ; | ).

10"
109]'\
10° 1
10" 7
10° 7
10° 7
10"
10° 1
10%
10’

R,(nT?)

T “‘» I T T T T 1
o 10/ 20 30 40 5 60 70
n=15 Harmonic degree (n)

Figure 2.1: A sketch of the radial average powd®,} of models of the geomagnetic field obtained from
the low-Earth orbiting (LEO) satellite: MAGSAT, as a furani of spherical harmoniaj. The red dashed
lines indicate linear fits to 2 n < 15 andn > 15, believed to indicate the two main sources of the Earth’s
magnetic field. Modified from( \ ) \ and ; ).

Since power R,) decreases with increasing harmonic degree, and can be approxinyatieel b
two red dashed lines with distinct straight slopes in figarg this figure is often employed to
discriminate between the various sources of the geomagnetic field. Théystkggng segment

(2 < n <= 15) of figure2.1 is dominated by long wavelength core-derived sources, while the
flat segmentr{ > 15) is dominated by crustal and/or lithospheric sources (typically of shorte
wavelengths). Consequently, the point of intersection between the twmglbpes fic,R,.) is
believed to represent the cross-over from one source to the othkas increased historically
from ~ 8 ( S ) to ~ 15 ( , ) | ) as data acquisition and
processing techniques have improveus( | ). The geomagnetic field comprises three
major sources (Equatior (1.9, Figure2.1), each of which is introduced below.

Bobs = Bcore + Berust + Bexternal (2.1.2)

where Bops is measured/observeBHield; Beore represents core-derived fielBg s represents
local perturbations oB due to the presence of anomalous crustal and/or lithospheric magnetic
sources, anBeyierna represents atmospheric, ionospheric and magnetospheric contrib@ams (
sidered to benoisein studies of the crust or core). The Sl unit®fis the Tesla, i.e., Weber per
metre squared (Wb nt). Geomagnetic field measurements are usually on the order of tens of
thousands of nanoTeslas, nT (Figure, where 1 nT= 1y in CGS unit).

INormalisation is achieved usif§chmidt's functiong s ), a process referred to &hmidt's quasi-
normalisation( , ).
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2.1.1 The core-derived or main field (Bore) and its dipolar constituent (Bgipole)

The steeply-sloping line fit to harmonic degreesi2 < 15 of the geomagnetic power spec-
trum (Figure2.1) and then = 1 harmonic that lies above this line, correspond to geomagnetic
field sources with the longest wavelengths, and with origins in the Earthés(Ca : )

| ). Then = 1 describes an essentially geocenttipole (main) field which
accounts for well over 90% of core-derived sources, while the reénmid < n < 15 describe
non-dipolarcomponents of the core-fiel&| i ). The dipole field accounts for over 95%
(95%, , ) 98%, | ] or 99%, : ) of
the geomagnetic field observed at the Earth’s surface. Thereforgatties geomagnetic field is
essentially dipolar.

Temperatures in the Earth’s core 4000°C) and mantle ¥ 1400°C) far exceed the Curie tem-
peratures of magnetic mineralsSo, magnetism in the core can only be attributed to loops of
electric currents, believed to be sustained by a self-exciting dynamo wasthts from non-
uniform motion of conductive Fe-Ni fluids at yet unknown depths belactire-mantle boundary,
CMB ( 3 ), i.e., within the outer core of the Eart|( | ) |

).

Modelling of satellite-derived datasets show the dipolar geomagnetic fiigof) to be best
approximated by a dipole with its centre displaced 400 km North of the centbedfarth, and
with its axis inclined 11 from the Earth’s axis of rotation( g y p-169)” The dipolar
field, which represents the longest wavelength component of magnetiddielcdacquired by Low
Earth Orbiting (LEO) satellites, can thus be expressed in terms of its scalaretiagotential
(Equations?.1. ) and ¢.1.9 of s ).

Ho [ M-t

==/ — 2.1.
LI_I 411 JR |r‘3 ( 38.)
m .
Bdipole = %(SCOS&J —m) (2.1.3b)
m
 Bipole = Q‘Lms(scﬁ 6 +1)°° (2.1.3c)

where:( is the scalar magnetic potential of a geocentric dipole (Equafion); r is the vector
directed from the centre of the source to the observation pgints the permeability of vac-
uum (1.257x10 % Hm~1); dipole momentm=(pr)f (Wb m): pis the strength of a unit magnetic
charge or monopole (in Wb)n is dipole moment magnitudé; and m are unit vectors in the
directions ofr andm, respectively;6g (magnetic colatitudeis the angle betweenandrm; Ge-
omagnetic latitude90—6g ; dv refers to an infinitesimal volume of the magnetic material; and
Budipole is the magnitude oBgipole-

2The Curie temperature is the temperature at which ferromagnetic milikeatsagnetite lose their ability to retain
magnetism.
3The dipole field is thus also called, teecentric dipole field
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The elements of this major component of the inducing main magnetic Bglg(e) that are sig-
nificant to this study are: its (1) magnitudey; e (Equation ¢ )), which varies only along
magnetic meridianés (Equation ¢ )); and (2) its inclination ¢), which can be expressed in
terms of6g (Equation ! ) ).” These elements relate geomagnetic field measure-
ments with both the longitude and colatitude of the observation point.

o = arctar{2 cot6g) (2.1.9)
The 114" Generation International Geomagnetic Reference Field, IGRF( : ) and
the World Magnetic Model (WMM) 2010\( , ) are the standard mathematical mod-

els used to describe the Earth’s core field for the period 2010-201Brighharmonics ¥ n< 13
(wavelengths) > 3000 km) were used for the IGRF, whilskln < 12 (A > 3200 km) were used
for the WMM. The comprehensive models, CM3 and CM4 \ ) use slightly wider
range of harmonics; £ n< 16 (A > 2500 km).

While magnitudes of the 11 Generation IGRFK , ) ranges fromr25,000 nan-
oTesla (nT) at the equator £865,000 nT at the poles (Figure?), its inclination ranges from<0

at its equator te=9(° at its poles (Figuret.1). Its North geomagnetic pole is located at latitude
80.08 and longitude -72.22 while the South geomagnetic pole is located at latitude -8a68
longitude 107.73( y ). The IGRF has wavelengths up to 3083 ki ,

), and is successively revised every five years to define the Defiditreenagnetic Reference

Field (DGRF) for that five-year period3¢ ; : , ). The valid IGRF
for the 1900-2015 period is its $1generation, which is the valid DGRF for the 1945-2005 pe-
riod ( , ).

Slow temporal, but regular yearly changes of between 40 and 100 nddwr i the main field
(IGRF or WMM). These changes termegcular variation( g } ) ),
arise from the westward drift of outer core fluids at an average velo€ity 0.18/year across
low latitudes. This drift correlate well with changes in the angular momentum eoEtirth’s
mantle ( ; ) > ). Secular variation is taken into account by
Definitive Geomagnetic Reference Fields (DGRF), e.g., the 1945 to 20IBFOG ,

).

2.1.2 The crustal or lithospheric geomagnetic field (Bust)

( ) usedcrustal fieldsto describe the non-core, Earth-sourced magnetic field
data acquired on the ground, by aeroplanes or ships, but referezddbrelated fields gleaned
from satellite measurements kthospheric fields These fieldsBcust)) correspond to the nearly
flat segmentrf > 15) of the Lowes-Mauersberger power spectrum (Figui® They are contri-

4a will represent the inclination of the inducing field.
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butions, at or below satellite attitudes, from spontaneous magnetisationomgggnetic mineral
(magnetite, titanomagnetite and/or pyrrhotite)-bearing crustal rocks that ssmperatures below

the Curie point of these mineral& , ) ) ). Crustal magnetic fields may
also be sourced below crustal depths in subduction zones, wheresthafrom the serpentinisa-
tion (hydration) of the uppermost mantlel¢ : i , ).

Ferromagnetic minerals are more characteristic of crustal parts of the litai@sp ,

). For example, Curie temperatures for titanomagnetite and titanoheamatiten®b8@@C,
respectively) may be reached at dept30 km beneath cratons and shields (stable continental
masses), or at depths of 6 to 7 km beneath oceanic regiogs§ , ). These Curie tem-
peratures are significantly higher than ta850°C for most rock-forming minerals( S i

, ). Temperature controlled (spontaneous) magnetisation in ferromagneticataine
bearing rocks is locked in as rocks crystallise through these Curie tempEréremanent or per-
manent magnetisation). Additional magnetisation may also be induced by anagxtergnetic
field in similar, but susceptible, rocks (i.e., induced magnetisation). For ¢ldrége magnetisa-
tions are briefly discussed in sectiarn

Although wavelength contributions froBys: to the observed field may only be 0.1% of the full
signal at satellite altitudes ( | ), global models of the crustal geomagnetic field
are produced by removing the core field from satellite dataggts¢ly, j and y ).
Examples of such models include the: (1) Comprehensive model (CM4¢hwised harmonic
numbers 165 n° < 90 (2500> A (km) > 400) with regularisation for alh > 60° ( \

); (2) NGDC-720 modeli(laus ), which uses spherical harmonic degrees<I® < 720
(2500> A (km) > 56); and (3) MF7 model, which uses ¥6n° < 133, extending the waveband of
the MF6 model | , ) to 2500> A (km) > 300 ( , ). Maps of clearly

defined long wavelength crustal/lithospheric fields aid our understanélargsial structure, com-
position and dynamics.

2.1.3 The external geomagnetic field (&terna)

Contributions to the geomagnetic field, which are external to the E8ihefna), arise from
the Earth’s ionosphere and magnetosphere (altitudes ranging front Abouo ~1000 km).
Externally-sourced magnetic fields result from the complex interaction amgliog between the
ionised plasma-laden solar wind, rotating Earth, tidal forces and therfeatsf g }

, ). Bexternal Varies with time in two significant ways: (i) Regular changes on
time-scales of one day and on the ordes@0 to 30 nT per daydjurnal variation); and (ii) Irreg-
ular and transient changes due to magnetic storms, which results fromoexhsunspot activity.
Such activity can produce anomalies up to 1000 nT in amplit&de<¢|y, ). External fields
(Bexterna) contribute short wavelength noise to marine and aeromagnetic datisets ¢t al,

). Since, crustal and external field sources have similar amplitudes éFignir |
), these disturbances cannot be removed only on the basis of amplitudemd)netic data
9 of
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acquisition platforms (on land, aircraft or ships) move relatively slowlymd¢mmpared with rapid
changes that characterize strong external field. Hekhice) ( ) used an along-track
derivative threshold value to filter off all data with higher rates of change

Although the two segments in figurel indicate the dominance of core and lithospheric or crustal
geomagnetic field sources over sources external to the Earth (ShoiMoige” in figure 2.1),
core and lithospheric (crustal) geomagnetic fields interferer( : ) , ).
Hence, short wavelengths from core sources are masked by lomjength lithospheric (crustal)
geomagnetic fields. Similarly, long wavelengths from lithospheric (crustafces are masked by
short wavelength core-sourced geomagnetic fields. These wavetangttbutions can usually be
separated using the wavenumhbg(Figure2.1). However, where wavelengths of crustal and main
field contributions overlap, it is difficult to separate crustal and coredigsihg only differences in
wavelength ; ). Such overlapping wavelengths may only be separated using differ-
ences between forward models of the total magnetisation of the Earth’sicdrerust ( 5

). Also, due to geometric attenuation, long-wavelength crustal magnetic éiesrage not
reliably presented in regional airborne and/or marine magnetic datasetse Ting wavelengths
can be extracted from crustal field models. For instance, if crustal fieldsCM4 are to be used:
(1) all wavelengths exceeding 400 km (the minimum wavelength of the CM4)owillemoved
from a dataset; and then (2) wavelength&00 km from the CM4 are added to the aeromagnetic
or marine dataset.

Combined models define all the long wavelength (core) fields, as well anaktields that must
be subtracted from magnetic field observations, to obtain crustal magnetitaéies. The CM4
version of the comprehensive mod&ls( \ ) provides the best representation of the
core and external geomagnetic field$( : ). A global long wavelength Earth Mag-
netic Anomaly Grid, EMAG2 grid has been compiled from satellite, ship, aneéaigbmagnetic
measurements/(. , ).

2.2 Magnetisation (J,), Total magnetic field intensity (TMI), mag-
netic susceptibility (k)

2.2.1 Volume magnetisation (y)

MagnetisationJy, Equation £.2.7)) is a vector defined as the dipole momen) per unit volume
(V) of magnetic rock £ g ) | ).

m
Jy= v (2.2.1)

Equation £.2.7) describesrolume magnetisatigrwhich is commonly explained in terms either

of the distribution of: (i) magnetic moments; (ii) atomic electric currents associaitideach
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magnetic moment; or (iii) volume and surface magnetostatic chargjesg(y, ). Assuming
that net volume magnetostatic charge is zero, the distribution of surfaceetoataiic charges
will be more frequently used to explain magnetic responses of structuggtiout this study.
Components o3, are described in sectich

2.2.2 Magnetic field strength or intensity (TMI)

Magnetic field intensity or strengti i/l or T ) represents local magnetic field perturbations su-
perimposed orBgps Where magnetite-bearing crustal media occur (Equation. ).
( ) relatesBgps (Equation £.1.2) to the scalar magnitude af using equationd ).

Bobs= Ho(T +Jv) (2.2.2a)
T Boos_ g (2.2.2b)
Ho

whereBgpsis measured/observ@ifield; o is the permeability of vacuum (Equation. {.3); and
Jy is volume magnetisation. LikBgpsthe Sl unit ofT is nanoTeslas (nT).

WhereasBqps represents the cumulative magnetic response of all magnetisation (midmecop
volume, and macroscopic or surface) currefitsepresents magnetic fields produced only in re-
sponse to macroscopic magnetisation currents on the surface of anomelguostic media in

the subsurface \ ). Consequently, using equation.?.2f), scalar magnetometers ob-
tain scalar magnitudes ¢dtal magnetic field intensitf TMI or T) from the scalar magnitude of
Bobs (Bobs) Without regard to its vector componentsr¢ I i i ). Equa-

tion ( ) presents the TMIT) equivalent of equation’(1.2), provided that all vector fields are
parallel.
Tobs= Tcore+ Terust + Texternal (2.2.3)

whereTgps is the measured, Teore represents the core-derived field;us; represents local pertur-
bations of T due to the presence of anomalous crustal magnetic source3eahgh represents
atmospheric contributions (Noise).

Total magnetic field intensity (TMI) anomalyAT (Equation £.2.4) describes the difference

between the observed and theoretical TMI values for each locatiamns(<y, ), assuming that
external contributions have been removadiiely, )
AT = Tcrust = Tobs_ (Tcore+ Texternal) (2-2-4)

where the variables are as declared for equation ) and are all parallel, anfT is the contribu-
tion of magnetic crustal rocks in the direction of the main dipolar figld.§ sinceTeore is more
than two orders of magnitude greater thigps; ( : ) ; ).
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2.2.3 Induced and remanent magnetisations (&nd J;), magnetic susceptibility )
and Koenigsberger ratio (Q)

Volume magnetisation), (Section ) consists of two parts; (i) induced magnetisation, and (ii)
remanent or permanent magnetisation.

(A) Induced and remanent magnetisations (Jand J;), magnetic susceptibility k) and effec-
tive magnetisation (J,)

The main geomagnetic field {qre) induces secondary magnetic fieldg) (n crustal magnetic
minerals via its magnetisation. This component of volume magnetisakjpodlledinduced mag-
netisation J; (Equation £.2.9), is observed in rocks that contain ferrimagnetic minerals like mag-
netite, pyrrhotite and/or maghemite (Sectiofi.4) in the presence of inducing (ambient) magnetic
fields.

Ji =kT (2.2.5)

wherek is a dimensionless constant callsthgnetic susceptibilitywhich is positive when the
induced magnetisationi) is in the same direction as the inducing magnetic fidld{, Equa-

tion ( )).

The other component af,, calledremanent magnetisatiod,) also observed in ferrimagnetic
materials occurs when there is no inducing magnetic fiéld,d]. Remanent magnetisation is
the permanent record of magnetisations acquired by a rock over its h{&fory S ).
Although J; may not always be present, when present, it may be neither co-axiggoalt in
magnitude withJ; ( i ) ; ). Hence, equation?(2.1)
may also be written as3@ith, } . } | ) )
) 51997):

Jv=JitJ (2.2.6)

wheredJ; andJ, represent, respectively, the induced and remanent magnetisatjaagffective

(net) magnetisation

I will use a to represent inclination of induced magnetisatidy), (3 to represent inclination of
remanent magnetisatiod,§, andg to represent inclination of effective magnetisatidy) (When
remanent magnetisation is absent, therefare;, .

(B) Koenigsberger ratio (Q).

TheKoenigsberger ratipQ (Equation £.2.7)) is the ratio of the magnitude of remanent magneti-
sation () to that of induced magnetisatiod X, Therefore, Q expresses the relative dominance of
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remanent magnetisation in a rock sampler@sni; ; | ).

Q=" (2.2.7)

( ) show from satellites-derived TMI anomalfT) datasets (at=400 km alti-

tude) that the continents are dominated by induced magnetisat)ofvi( ( ) con-
siders terrains in which 0.5 to be dominated by induced magnetisation, whifg
( ) indicate that Q« 1 for continental regions. However] ( ) show that

some continental terrains are dominated by remanent magnetisation, with €liexgc20.

2.2.4 Initial conclusions

(A) Dependence of TMI magnitude () on latitude and magnetisation.

The following conclusions were derived from equations.(3), ( ), ( ) and ( ).

(1) TMI magnitude T) depends on: (i) the distance from the centre of the soujc&le inverse-

cubed dependence ®fonr means that it decreases rapidly with increasing distance from the

centre of the source); (ii) latitude, wherelatitude’=90-63 and 6z is magnetic colatitude.
The codg relationship guarantees thatincreases from its minimum value whég = 90°
(i.e., at the magnetic equator) to its maximum value wiggr- 0 or 180 (i.e., at the magnetic
North or South pole).

(2) T increases with increasinyj (the magnitude of effective magnetisatid).

(3) The induced magnetisation-only assumption@o« 0.5 ( | ) may not be
valid where large volcanoes occur in continental regionse( | ).

(B) The role of magnetite in crustal rock magnetism.

Equation £.2.5 shows: (1) that the strength and directionJpflepends principally on that of the
main (core) field Tcore), @nd (2) that magnetic susceptibility, Equation £.2.5) is the main bulk
magnetic property of rocks sought in magnetic prospecting. Magnetiestisitity (k) reflects the
magnetic mineralogy, as well as the textural and thermal properties of. leeksmagnetic min-
erals include magnetitd-630,), pyrrhotite Fe;Sg), maghemite yFe,Os) or hematite ¢ Fe>Os).
However, the comparatively large and wide range of magnetic susceptibilftiesgnetite, its
large spontaneous magnetisation and wide occurrence, implpulatock magnetism primarily
reflects magnetite conte(it , ) { i : ).” The mag-

5The spontaneous magnetisation (in Z&w 1) of: magnetite is 90-92; maghemite4s80; pyrrhotite is 20; and
heamatite is 0.4\ , ).

13 of



Chapter 2

netite content of rocks and its Curie temperature exert the most dominanblomm rock mag-
netisation and susceptibility"( , ). Consequently; ( )
recommends caution when inferring bulk basement rock compositiondiatasets.

2.3 Problems with TMI anomaly (AT) datasets obtained at or close
to the geomagnetic equator

This section demonstrates and discusses the problems posed by low ontadriaclinations of

the geomagnetic field | < 20°) usingAT datasets from simple models of dipolar (spherical)
magnetic sources at a depth of 0.5 km, using GETdtidoftware® The software utilizes equa-
tions (2.1.7) and ¢.2.4 to generatdT responses from buried dipolar sources at specific depth and
o. Examples of th&T grids generated are presented in fig2ite Table?.1 presents ther, as well

as the cofz-related geometrical factors used to generate the grids in figireNorth-South (N-

S) and/or East-West (E-W) profiles across the generated grids wilbearsed to highlight some

of the problems that characterid& datasets from regions located at, or close to, the geomagnetic
equator (Sectiof.3.1).

2.3.1 Effects of inclination @) on spectral contents ofAT datasets

Key parameters controlling the amplitude (size) and phase (shagd) stbm magnetic sources
(geophysical structures) include: (1) the magnitude and inclinatigrEquation £.1.4)) of the
ambient geomagnetic field; as well as (2) the depth, relative orientation agdetasuscep-
tibility k of the source [{ ! ) , ). AT wavelengths are depth-
controlled { | ). Hence, the magnetic dipoles used to discuss changAg in
spectral contents below were buried at the same depth (e.g., dipoles anAfigur

Table 2.1: Variation of the geometrical factors &T (Equations ¥ ) and @.2.4) with latitudes and
inclination of the inducing geomagnetic field (Equation £.1.4).

Latitude 90| 47 | 26.6| O

Colatitude €g) 0| 43 |634]|90

Inclination (@) 90| 65| 45 | O

cosBg-based geometrical factorsAT | 2 | 1.6 | 1.3 | 1

mused forAT grids in figure 10| 8 | 65| 5

6GETgrid'™ is GETECH Group Plc., UK's proprietary software.
"cosBg-related geometrical factors on tablel were determined from equations {.30), ( )and ¢.2.9).
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Figure 2.2: Grids showing variations in the size and shapABfof dipolar (spherical) anomalous magnetic
sources with changes in inclinations of induced magnétisatr (Sources at constant depth = 0.5 km).
Dipole moment magnituden = 10 Wb m. HoweverA T varies with inclination by a geometrical factor
which is twice its value wher = 90° compared with whemr = 0° (Table2.1). At the pole (Figure?.29

AT is positive, symmetric and centred directly above its seuft the geomagnetic equator (Figured

AT is symmetric but largely negative, with small positive sidbes North and South of the centre of the
dipolar magnetic anomaly source. Between the magneticspatel equator, the symmetric and centred
positive anomaly is redistributed as shown in figuteshand2.2c South-North (S-N) and East-West (E-
W) profiles are shown, respectively as solid green and pirdslin

(A) Size of AT

When examined together, equatiofsl(39 and (.1.4) show the simple relationship that ampli-
tudes and inclinations of the main geomagnetic field have with latitude (Appéndidso, equa-

tion (2.2.9 shows that large total field strengths,(implying large magnetic dipole moments)
result in large magnetisations. Hence, each grid in figurevaried from the other three in terms
of the inclination of the inducing fieldx) and the co$g-related geometrical factor of the dipole
moment magnitudenf) used to generate it (Table1). Changinga and geometrical factors also
imply changes in magnetisatiah, (Equation £.2.1)), in this case, the induced magnetisatid).(

To examine the effect of changinly on AT amplitudes, | compare South-North (S-N) profiles
extracted fromAT grids generated from dipoles with equivalent inclinati@r?){ but different
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dipole momentsr{) in figure 2.3.° Profiles show thaf\T is at its maximum when inclination is
vertical (a| = 90°, at the poles), and at its weakest when inclination is horizontat 0°, at the
equator). This is because dsrelated geometrical factors of the dipole moment reduced from the
magnetic poles to half their value at the equator (Table Consequently, induced magnetisation
(J) decreased from its maximum strength at the potes-(90°), to half its value at the equator,

a = 0° (Table 2.1). Therefore, amplitudes akT decrease with decreasing inclination, from a
maximum at the geomagnetic North or South pole to a minimum at the geomagneticrequato
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Figure 2.3: Comparisons between South-North (S-N) profiles across ghidwn in figure?.2 and equiv-
alent grids with twice as much dipole moment) (magnitudesa is inclination of induced magnetisation.
Dashed green profiles are from grids with dipole moment niagaifn) twice those of grids from which
the solid green profiles were extracted. South is left, wKibeth is right of the figure.

8South-North (S-N) profiles were preferred becausecth®g variable in equations?(1.39 and @.1.4 predicts
maximumAT amplitudes to occur only along this direction.
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(B) Phase (shape) changes ifnT

AT shapes depend on the relative orientation of the effective magnetisatioat{& ¢.2.9).
Consequently, the shapes of th€ responses of the dipolar sources also changed aviRig-
ure 2.3). At the magnetic pole where is vertical (90), the anomaly is positive, symmetric and
centred directly above the source (Figure€s. Whena is horizontal (0) the anomaly is still
symmetric but largely negative, with small positive side-lobes North and Sdttie centre of the
dipolar source (Figure.3d. However, whert is neither vertical nor horizontal (& a°® < 90),
the symmetric and centred positive anomaly is redistributed into two lobes ahmsentre of
the dipolar source. While a negative anomalous lobe appears to the Nénthsiurce, a positive
lobe appears to its South (Figure3band ). For example, whe = 45° (Figure2.309), the
negative and positive lobes of the anomaly are of unequal amplitudes eatedp respectively,
North and South of the body. Hence, the relative amplitudes and locatidhse ahomalous lobes
reflect the net distribution of magnetic flux induceddpy

The shape (phase) AT generated by some of the dipolar models also changed with the direction
of profiles across the grid, e.g., in figuie?cd -~ The termazimuthal anisotropys used to describe
AT shape changes that result from changes in profile azimuth or directgpnNerth-South, East-
West, etc.). To examine the phenomenon of anisotropy, South-North édNEast-West (E-W)
profiles have been extracted fraki grids that have twice the dipole moment magnitudes of grids
in figure 2.2 (Green and Pink curves, respectively, in figtr€). The location of these S-N and
E-W profiles (Figureg.4a, b, ¢ and d) are similar to those shown on corresponfingrids in
figure 2.2. Comparisons between the profiles (Figir€) show that: (1) irrespective of profile
orientation, anisotropy does not occur, wteers vertical, 90 (Figure2.49; and (2) oncex is not
vertical, i.e.,< 90° (Figures2.4b, ¢ and d), S-N and E-W profiles and, indeed, profiles in other
directions across the sam\d@ grid exhibit anisotropy.

(C) Implications of changes in spectral contents oAT

The magnetisation effects discussed in secficnl assumes the presence only of induced mag-
netisation §;). To ease the interpretation A datasets, common assumptions are mada<¢ly,

} I ). These include the absence of significant remanent magnetisdtjon (
Experimental and laboratory analyses of ferromagnetic rock sampletjaajidate this assump-
tion ( i } | ). Magnetisation is usually also assumed to be uniform
and isotropic throughout magnetised volumes of magnetic rocks.

A magnetic body is said to be uniformly magnetised when its net magnetisationti@u(:a”.9)

9Since remanent magnetisation is absent for dipoles used in this sectidnglthation of induced magnetisation
(a) is essentially the same as inclination of effective magnetisagigSection ).

19profile directions are usually chosen so that they are perpendiculardiiftesof oblong structures. Hence, changes
in profile directions imply changes in strike direction.
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Figure 2.4: A comparison between South-North, S-N (Green-coloured) Bast-West, E-W (Pink-
coloured) profiles acrogsT grids from model dipolar sourceAT profiles show the response of a dipole
model at a depth of 0.5 km amd=20 Wb m whena = 90, 65, 45 and 0. Except when inclination is

vertical (@ = 90°, Figure2.49, AT shapes and sizes vary with the direction of the profile, a pimemon
termedanisotropy South and West are to the left, while North and East are toighe of the figure.

is constant, in magnitude and direction, at all points throughout the boayevéw, the distribution
of magnetisation in the subsurface may be more complex, and if present,aetnaagnetisation
(Jr) may be directed differently frord;. Even in the absence df, anisotropy imAT due to non-
vertical inclination ofJ; (a < 90°) results in two main difficulties: (1) the task of imaging anoma-
lous magnetic structures is complex; (2) interpretation of poorly imaged madgatices is even

more complex and difficult. There is, therefore, a demand for technigoe(seir amalgams with
potential(s) for simplifying/minimizing these complexities.

2.3.2 Retaining the spectral content and simplifying shapeof AT

Spectral contents &T are least complex and most directly related to the location of the causative

or anomalous body whem is vertical (Figures?.?a and2.4a), since the shape and size of these

anomalies were stable and independent of profile direction. This is the sitimtichichAT are
reduced-to-poleRTP ( y ). Other than the RTP situatioAT only appear simplified
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whena is horizontal (Figureg.2c and2.4c). This is thereduced-to-equatqrRTE (Leu, )
case.” However, although a measure of simplification is achieved by the RTE, as figeses
show,AT exhibit anisotropy as their amplitudes and shapes depend on profile digectio

TransformingAT data to their RTP or RTE equivalent simplifies anomaly shapes. Consequently
AT datasets are customarily transformed to their: (1) RTP equivalentsaviy€20’ ( y

; ! : | ); or (2) RTE equivalents whem < 20° ( )

j LI, ). This is because the RTP transformation is not stable, when appled datasets
derived from locations with such low ( ) ).

2.3.3 Problems with RTE-transformedAT

Although the RTE process simplifies anomaly shapes wheh20Q° ( | ), un-
fortunately, the process also presents key problems to interpretatidnp&lems include:

(1) Reduction in amplitudes &T and magnetisation{), since the strength of the magnetic field
is at its weakest at the magnetic equator= 0°, Section );

(2) PositiveAT on RTP datasets become mainly negathfe on their RTE equivalents. These
negative RTEAT can be associated, depending on direction, with low amplitude, positive
AT side-lobes (Compare figuta4dwith ). Changes in sign, from positi&&T on RTP
datasets to negativET on RTE datasets, will be subsequently referred tpaarity reversals
or changes and

(3) Anisotropy reflected by: (i) the direction (azimuth)-dependencesétititional positive side-
lobes of the mainly negative RTE anomalies (Figuiexiand ); and (ii) the preferential
East-West (E-W) extension of RTE anomalies relative to other directiagar@=.20).

Consequently, significant effort has been expended to develop modéisibns of the simpler
RTP filter, for application taAT datasets from regions of low or horizontal geomagnetic field
inclinations. These algorithms produce smooth anomalies, but include termstrettAT am-
plitudes erroneously{ | ) and magnifies noise content and remanent
magnetisation effects/ | ). Li( ) analysed the four existing algorithms used
for transformingAT datasets from regions of low magnetic latitudes to their reduce-to-pole (RTP)
equivalents. He concluded that the methods strAficin the direction perpendicular to the decli-
nation.

Hereafter, most references to the terms “reduced-to-pole” adited-to-equator” will be abbreviated to RTP and
RTE, respectively.
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2.4 Methodology adopted: Choice ofAT model source

Determining the locations, depths and geometry of magnetic anomaly souexti®iiS.3) from
AT dataset is a non-linear inverse problem, since the anomaly is not a linediofunf these
parameters. Linearising this dependence requires the designation ofextc@eology and tec-

tonic framework)-sensitivAT source modelf s ). A simplifying geometric model that
readily approximates geological sources in rifted tectonic zones, wéwglite iominate, is the two-
dimensional (2D) magnetic contac¢t{ ) ‘ ) } ) ).

2.4.1 The two-dimensional (2D) magnetic contact model

The dominant tectonic regime in NorthEastern (NE) Nigeria is crustal exte(Sic |
; ¢ ), as part of the West African rift System, WAS , ;

) ). ( ) and ( ) report that such extensional tec-
tonic settings are characterised by structural blocks, i.e., horsts abdngravhich may be ro-
tated or tilted. ( ), ( ) and ¢ )
observed that these high-angle crustal or basement blocks are bylisttic and planar normal
faults of large extent. Fault-bounded blocks ¢ s ) are typically 10 km wide
and have length-to-width ratios of up to 10« ) ). Faults associated with domino-type
blocks are shallow!( ) ), while boundaries of major tilted crustal blocks or base-

ment are characterised by planar or normal faults which may extend dowatween 10 and 15
km ( , )-

The geometric model that best approximates these basement faultswstdanensional (2D)
magnetic contact or step modelMagnetic geologic bodies are bound by two-dimensional con-
tacts if, according t@ ( ), ( ), ( ), ( ) and

( ), they: (1) have infinite length along their strike directions; (2) are unifprmagnetized;

(3) are bound by planar surfaces, which may be vertical or inclineddiped, < 90°; and (4) their
depth greatly exceeds (is not less than half) their width, essentially depfimiteinrAssuming infi-
nite depth of magnetic anomaly source implies negligible contribution from the bodtoerof the
source. However, boundaries between rocks of different magtietisare frequently gradational,
rather than abrupt/sharp.{ , ).

The 2D contact model (Figurg.5) is a valid geometric approximation for many magnetic geo-
logical bodies bound by planar edges, e.g., basement-involved faultst structures, thin dikes
and slab-like bodies provided the individual faces can be resoivedt(ig ) | L

y , I i X ) ) ). Such boundaries are
characterised by significant magnetic susceptibility contradfs bence generat&T. Although
for ease of computation, these bounding faults are considered to basthobtwo-dimensional
(2D) geometry, fault planes in the Earth’s crystalline basement displayugaattitudes in terms of
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Figure 2.5: A magnetic body (Green-coloured) in different 2D-type emt$ with non-magnetic rocks
(Brown-coloured). Note that the angle between the contaiées(Dashed red line) and profile direction
(Blue line) is usually kept constant at9@a) Contact is acutely dipped (inclined), typical of notrfzaults;
(b) Contact is obtusely dipped, as for reverse faults; ap@ntact is vertical, typical of strike-slip faults.
Note that profiles are directed from magnetic to non-magmetiks, as indicated by arrowheads.

their strikes and dips, respectively, within and relative to the horizontabglaernicke & Burchfie)
1989). Figure 2.5 depicts the different configurations possible for vertical and dippingsar

magnetic two-dimensional (2D) contacts within the crystalline basement. Thieatenagnetic
contact is depicted in figure =c.

2.4.2 Problems due to RTE ofAT responses from 2D magnetic contacts

Approximation by 2D magnetic contact model (Figurg) presents an additional challenge, which
results from interactions between the geometry of the model and the distrilbfiiotiuced mag-
netisation around edges of the model, under the influence of the Nortitextignducing (main)
geomagnetic field. Here, | use schematic magnetic block and dyke modelsahessentially
bound by 2D contacts to discuss this additional problem (Figuie Figure 2.6 presents the
distribution of surface magnetostatic charges around these models (agshatimodels are uni-
formly magnetised, so that net volume magnetostatic charg&€=@¢ly, 1996. The figure shows
magnetic blocks, represented by green rectangular cuboids of infifite detent and polygons
(in plan view), when the inclination of the inducing geomagnetic fiel§li§: (a) 90 (vertical or
RTP, Figure2.69); (b) 45 (Figure2.65); and (c) 0 (horizontal or RTE, Figuré.6q). As portrayed
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in figure 2.6, magnetic anomalies only occur at boundaries at which magnetostatic shaeggen-
erated as a result of intersections between magnetic flux lines inducedrbpgmetisation vector,
and such boundaries. Thus, the top (horizontal) and/or vertical baesdetween the anomalous
polygonal magnetic bodies (Green-coloured) and their non-magneticdus (Transparent) in
figure 2.6 generateAT. Positive (+) surface magnetostatic charges and their negative (vaequ
lents are directed parallel to the direction of induced magnetisalipag shown. Consequently,
only 2D magnetic boundaries along which this condition is satisfied can be inoag&t maps.
Schematics showing the magnetic field lines (flux) for the respeativaues used are also shown

in the lower panels in figure. 7.

PLAN VIEW
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Figure 2.6: Schematic showing changes in the distribution of surfacgnatostastic charges with changes
in the inclination of the inducing geomagnetic fiel°( orange-coloured arrow). Magnetic bodies (green-
coloured) are bound by polygonal 2D edges. Examples are &gynetic block model, North-South and
East-West trending dykes at inclinations of: (aj 9®) 45°; and 0. Red positive symbols (+) depict positive
magnetostatic charges, while yellow negative symbolsdpjiat negative magnetostatic charges. Sketches
of North-South (N-S) and East-West (E-W) profiles across éiseltingAT are presented in Figute?.
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When the inclination of the inducing geomagnetic field is verticalH 90° at the poles or RTP,
Figures?.6aand2.79) the induced flux intersects only the top and/or bottom boundaries (contacts
of the anomalous body. Such boundaries prodiiceand are, therefore, imaged A maps. The
amplitude and shape of such anomalies are equal irrespective of theadttileeboundary, i.e.,
anomalies do not exhibit anisotropy. This is shown in figuréafor East-West (E-W) and North-
South (N-S) profiles across the source in figir@a When inducing magnetisation is oblique, say
a=45 (e.g., figures2.6band?2.7h), the induced magnetic flux always intersects both the top and
vertical contacts (edges) of the anomalous source. Consequentipecteve of their azimuthal
orientation (strike), the 2D edges of such sources proddcand can be imaged. However, the
amplitude and shape of resulting anomalies vary with the strike of the contacniomalies ex-
hibit anisotropy. ThusAT profiles from East-West (E-W) and North-South (N-S) striking contacts
are not the same (Figute7h).
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(a) a=90° (RTP). (b) a=45°. (c) a=0° (RTE).

Figure 2.7: Schematic showing North-South, N-S (Red-coloured) and-B&st, E-W (Blue-coloured)
profiles across North-South (N-S) cross section&Tofesulting from the magnetostatic charge distributions
shown in figure?.6. The green-coloured structure and its magnetic 2D consiigke perpendicularly into

the page.

Once the inducing geomagnetic field (and magnetisation) is horizontal gedaesquator or
RTE), magnetic flux lines are parallel to North-South (N-S) striking 2D sdgentacts) and can-
not intersect both the top and N-S striking edges of the anomalous s&igoeq?.69. Only East-
West (E-W) and other non-N-S trending edges/contacts can be intmtdmcthe flux. Therefore,
N-S striking 2D contacts do not produce any anomalies and cannot,drerbé imaged on RTE
AT maps. On the other hand, anomalies from E-W and other non-N-S trenalirigcts exhibit
anisotropy at RTE. This is illustrated by the E-W and N-S profiles in figure However,

( ) demonstrated that N-S striking 2D magnetic dikes at the equator genetettatheAT
when folded and/or strike-slip faulted. E-W directed en-echelon sttigdaailting of N-S strik-
ing magnetic structures are discontinuities at which an otherwise paralleleddlux intersects
the East-West discontinuities. Since these strike-slip faults are locally diisgous, the intersec-
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tions result in discrete, pearl-like (dipolak) that are localised at such sites (Figur&h). These
anomalies result from positive and negative magnetic poles, which resgpectively, on oppos-
ing (North and South) edges of each faulted piece of the N-S magnetitusg(Eigure?.89).

Hence, these dipolar anomalies increase in size with increasing offsegsfaldis ( J ),
and the distinctive lineastring of pearly dipolegFigure2.8) may be the only indicator of locally
discontinuous North-South (N-S) striking regional basement faults @~ Tmaps. ( )

also showed that significant along-strike variations in the magnetic sustigptibNorth-South
structures produce alternating bands of magnetic anomaly lows (for ndriegh susceptibili-

_l
| 1

RTE

Charges: Monopoles:

= Negative ! @ Negative

) South
(a) Charges. (b) Dipoles.

Figure 2.8: An illustration to show the generation of linear dipof&f (string of pearls) from magnetostatic
charges along East-West (E-W) corners of locally discootiisuor en-echelon North-South (N-S) striking
2D magnetic contacts. The 2D magnetic contacts in this figneethe North-South (N-S) edges of the
green-coloured structure (See also fighre).

ties) and highs (for zones of low susceptibilities). A valid interpretation ofé¢ldeiced-to-equator
version of the NE NigeridT dataset must, therefore, account for the effects of: (1) anomaly am-
plitude reduction due to the minimal magnetisation at the geomagnetic equator iSeéti;

(2) phase changes or anisotropic anomalies (Secfighg and ); (3) anomaly interference
due to its preferential East-West (E-W) elongation; and (4) any psouggoise in the data. Such
an interpretation must also recover the subtle anomalies that are attenuatedymamic range

of anomalies present (Sectian3.3, as well as attempt to account for any North-South striking
2D contacts that may be present on tie grid. The semi-automatic methods and the approach
adopted to achieve these objectives are discussed below.
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2.5 Semi-automatic methods andT data interpretation

Semi-automatic methods are rapid non-linear inverse methods employed in thesiaiges of
magnetic data interpretation to estimate the location, depth, dip, as well astshibtyepontrasts

of edges of magnetic anomaly sources directly from either TMb{ AT datasetst : ).
These methods require thepriori stipulation of a geometric model, e.g., the 2D contact, and are
based on functions of Cartesian derivatived\®f datasets or ratios between these derivatives. A
couple of such methods will be evaluated for application to NE NigkTiadataset. This section
discusses the basis of, and justification for, these methods.

2.5.1 Spatial Cartesian derivatives oAT from 2D magnetic sources

Potential fields, e.g., TMIT) and its anomalies, are spherical solid harmonic functions since
they satisfy both Euler’'s and Laplace’s equatiogskely, ). Harmonic functions and their
spatial derivatives satisfy Laplace’s equation outside the region camaimeir sources, so that
0T = 0. This condition is only satisfied at the inflection point(s) of any functiofihe second
vertical derivative is, therefore, an ultimate measure of the rate of ehahglope of a func-
tion ( g } : ). Inflection points of harmonic functions occur directly over
the edges of vertical magnetic anomaly souréés:( | X ) ). Also,

, . ... aT o , A . .

first vertical derlvatlves{éE):O, while first horizontal derlvatlves?(&) are at their maxima, at
inflection points. Consequently, inflection points are employed for locatiggsdf anomalous
magnetic bodies\{ | , ] ! ! ) . ,

y ) : ). To determine inflection points (or locate edges)

across aAT dataset, spatial derivatives of the datas‘%A—ZTé, %AXT and/oradA;) must first be

obtained.

AT measurements are usually obtained at discrete (sampling) intervals aldihgsptbe general
direction (orientation) of which is chosen such that they are perpendicutlae general direction
of strike (Figure2.5) of major geological features in the survey area§ve; ). Figure

presents a cross-section of a 2D magnetic contact with infinite strike in divection. Observe
that the profile is kept perpendicular to the strike of the contact as edrbeamsin figure

The AT response of a 2D magnetic contact with the attitude and extent shown in figucan
be determined from its scalar magnetic potentalUsing equation.1.7) ( )

12The inflection points of any function are locations at which its curvatureris ze
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Magnetic basement

Figure 2.9: Sketch showing the spatial relationship between the magoettact/step model and the vari-
ables used to derive it8T and spatial Cartesian derivatives. Note that the profilddsgathex-axis, the
contact strike is along thg-axis, and depth is positive downward along thexis. The figure is modified
from Nabighian(1972).

expressed the scalar magnetic potential of a 2D magnetic contact as fdiquestion £.5.1)):
Ho m-r
Vs = 22 / 7o (2.5.1a)

_ Ho / Mx(X1 —%0) +Ma2(20—21)
%27 2n l)s (x—%0)2+ (20— 21)2

oxoz (2.5.1b)

where i, is permeability of vacuumS is the cross section of the 2D source in x-z plane (Fig-
ure 2.9); m is the magnetic dipole moment, with componemgsand m,, respectively, in the
andzdirections;r is the vector directed from the source to the observation point, with magnitude
Ir| = \/T(xl —X0)2+ (20— z1)?}; and &q,20) represents location of observation, whitg,t;) is the
location of the 2D contact.

Where an edge of a geological body can be approximated by a 2D magoetactof infinite
depth extent (Figuré.9), Nabighian(1972) related itsAT response to its physical properties and
geometry (Equation(5.1)) using equationd.5.9:

ATy = r{(Ql — Q) cosw + sinwln%} (2.5.2)
where all trigonometric quantities are in degre@s; is the scalar magnitude of th&T along
the profile directionX-axis); T = 20kFcsind; F is the magnitude of the inducing magnetic field;
c=1-cog(@)sirfA; 5k is the magnetic susceptibility contrastis the dip (measured from the
positivex-axis, Figure?.9); @ is the effective inclination of the magnetisation vectors derived from
o and/orf (See equationZ(2.9); w = 2l —d —90; | is the component of the inducing field in
the plane at right angles to the strike of the contact. This plane containsdfile pirection;A
is the angle between the positive x-axis (of the profile) and the magnetic diogittion (Fig-
ure2.10). Thus,Ais related to the strikey) of the contact (Figuré.10). WhenA = 0° the contact
strike isn = +£90° from the geomagnetic North direction, i.e., contact strikes East-West (E-W)
Consequently, varying the profile direction Byso thatA = A+ { has the effect of automatically
changing the strike of the magnetic contacite { +90°; andzis the depth of the contact model;
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ta . -
tanl = c:)(s(z\); Q1, Q, and other variables are as shown in figure
N N
(Geographic) (Magnetic)
A

A
D

Profile direction

w E

Magnetic contact

Profile direction
—\> Magnetic contact v
Earth’s axis \
(a) Strike of magnetic contact with magnetic (b) East-West (E-W) striking magnetic contact with
declinationD > Q° magnetic declinatio® = 0°

Figure 2.10: Strike (Spatial horizontal orientation) of 2D magnetic tamts relative to the geomagnetic
north (N) pole. NB: For all variations of the contact, the fileodirection is always perpendicular to the
strike of the 2D contact.

Horizontal derivatives of the AT in equation £.5.2) along the Cartesiar or y direction of fig-
ure2.9is defined as followsl\{ ) ):

OATy ZCOSw + XSinw

x T{ Z 1 } (2.5.3a)
OATy [ zcosw + ysinw

y r{ Z 1\ } (2.5.3b)

wherex = X; — Xp, Y = Yo andz = z — zy (Figure 2.9). All other variables and quantities are as
defined for equationZ(5.2). Because 2D magnetic contacts are assumed to be of infinite strike

along they-axisAT varies only along th& andz-axes so thaids—yTx =0, and (7?)'(& > 0.
Also, ( ) defined thevertical derivative (Equation £.5.4)) of the AT in equa-

tion ( ) along the Cartesiandirection of figure2.9 as the Hilbert transform pair of its hori-
zontal derivative in either theor y direction (Equation®.5.9).

OAT XCOoSsw — zsinw
0z

= T (2.5.4)

wherex = X1 — X, Y = Yo andz = z — zy (Figure 2.9). All other variables and quantities are as
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defined in equation5.2).
The central difference scheme®f ( ), which uses the operato%, 0, ZA%X)
whereAx is the sampling interval or grid spacing is a stable means of obtaining h())(riz:tmm-
tives from gridded\T datasetsH : ). ( ) showed the vertical and horizon-
tal derivatives of &\T profile (dSTX anddm—x) to be Hilbert transform pairs. Therefore, for profile
data, vertical derivatives can be computed from their horizontal akdrés. Using this approach
ensures that these derivative pairs are smoothed equilyifs, ) J

). However, for griddedAT datasets, the vertical derivative can only be computed in the
wavenumber (spatial frequency) domain using Fast Fourier transf@rimsips, ). Equa-
tions ( ) and @.5.4) will be used to obtain derivatives for profild datasets using MATLABM
in chapter3."® The same equations will be implemented in GETgtdind Oasis monta) soft-
ware to obtain equivalent derivatives for gridded data in chapgtensd beyond!
( ) show that first and higher-order horizontal derivatives of gritli€ data along any Carte-
sian coordinate axis enhance anomalous features (structures) witts giekgendicular to the

chosen axis.

In summary, semi-automatic methods of magnetic data interpretation depend amhtie
(derivatives) ofAT (Equations £.5.9 and ¢.5.4). Each method assume the presence of only 2D
magnetic contacts, and depends on a “special functieniii(ps, ) whose magnitude is either
zero (inflection point) or a maximum directly above locations of anomalous niagmirces,
e.g., above the point &4, Yo, Z) in figure 2.9. The same function can then be manipulated, either
by direct substitution or in combination with other special functions to estimatthsigmd/or
magnetic susceptibility contrasts at that locatiomxd, z0). Several of these methods have and
continue to be proposed (e.§/, : ) , ; , ).

Excellent reviews of the selected semi-automatic methods, are preserited2n0?);

( ); ( ); ( ); ( ). I am not aware

of any application of these methods to R datasets, particularly, in terms of depth estima-
tion. Therefore, elaborate tests have been designed to examine thivefifless of selected semi-
automatic methods (Chapteiso 5). Observations from these tests will be applied to NE Nigeria
AT dataset in chapte.

Since considerable complexities are expected from the inevitable RTE sttlatehena | < 20°,

and derivatives amplify the noise content of datasets, when presati($2.3.9, semi-automatic
methods to be applied to the Nigerian dataset are carefully selected h¢nedgléhat are based on
first-order derivatives or are independentadéind/or magnetic susceptibility are preferred to those
that depend on second and/or higher-order derivatives. Thisagibedirst-order derivatives do not
significantly amplify noise or processing artefacts in datasets. Based s the methods | have
selected for comparison with the “Tilt-Depth” method include the horizontaligra magnitude

I3MATLAB ™ is The MathWorks Inc., USA's high-level computing language and iotemsoftware environment.

28 of



Chapter 2

of AT (HGM(,ar)), analytic signal amplitude (ASA), local wavenumber (8|, second vertical
derivative (SVD) and horizontal gradient magnitudé®¢HGM g, ). These methods are introduced
below.

2.5.2 The horizontal gradient magnitude ofAT (HGM (1)) method

The horizontal gradient magnitude or the absolute value of the horizoatalatives of AT,

HGMaT) ( ) ) is expressed in equatiofi.(.9.
OAT  [(0AT,\® = [0ATy\? .
H \/( E ) + (o"y) (For grid data on the, y plane) (2.5.5a)
2
daAJX = (%ﬁj) (For profile data along theaxis) (2.5.5b)

wherex = X1 — X, Y = Yo andz = z — zy (Figure 2.9). All other variables and quantities are as
defined for equationZ(5.2). Because 2D magnetic contacts are assumed to be of infinite strike

. . JAT
along they axisAT varies only along th& andz axes so thatW =0.

Peaks (maxima) of the HGy occur directly over edges of magnetic anomaly sources, but can
be displaced slightly when the contact is not vertical. Accordingito ( ),

the limit of effectiveness of the HGMr) method in locating edges of anomalous sources is pre-
scribed by the anomaly interference and noise content of data. HowleeéGM,r) is inclina-

tion dependentH , ). Hence, the method is not suitable for depth estimation from RTE
datasets.

HGM,1) maxima on gridded datasets can be efficiently located and traced using thefittimg
maxima detection technique &f ( ). Throughout this study, this technique
will be employed to trace maxima from other methods, whenever they are @dqtiine method
searches for maxima or peaks in gridded data, by comparing each gridepaapt those on grid
margins, with its eight nearest neighbours in four directions (along thecadumn and diagonals,
containing the grid point). Hence, the algorithm for this method uses<a33moving window
within which it solves for inequalities between each grid point and its eightibeigring points.

The ( ) method solves for four inequalities, one for each of the four di-
rections containing the current grid point, and assigns a counter forieaguality satisfied. This
counter ranges from O (when none of the four inequalities is satisfied)(t¢chdn all four in-
equalities are satisfied) and indicates the quality of the maximum at the centewintthow. In
order to minimise uncertainties and reduce excessive clusters of locatéchamamly location
traces obtained from the minimum counter required to represent obketratds in the dataset
are retained.
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2.5.3 The analytic signal amplitude (ASA) method

The analytic signal amplitude (ASA ¢A|) refers to the amplitude of the complex analytic function
(A), defined as followsl{ ) ):

_OAT, . OATx

A(X,2) = o — i 97 (Complex analytic function along theaxis) (2.5.6a)
= |A(x,2)|€® ( , ) (2.5.6b)
2 2
IA(X,2)| = \/(d{?)'(&) + <d§:’(> (For profile data along theaxis) (2.5.6¢)
IA(X,Y, 2)| = 0BT\ ® + oATy\* L (94T i (For grid data, in the;,y plane) (2.5.6d)
)y7 - ax ay az g 1 7yp b
where LTy OATy and 8T are amplitude derivatives dfT, respectively, along thg andy

ox ' ady 0z
Cartesian directions=+/—1 is the imaginary number, ai®lis the local phasel( ;

).

JdAT, . .
In the 2D case{a—yy =0), [Ax 2| = |Axyzl: and|Ay | is the envelope over all possible values
of a and source types, of both the vertical and horizontal derivatived ofA, , | is thus a signal
that is independent of the direction of magnetisatidai( | ).

In the non-2D caseg@ # 0. Hence,|Axy»)| # [Axz ), the ASA is not the envelope of the

total gradient of gridded datasetsir( , ), especially, wherAT is not at

RTP ( | ). Comparisons between the 3D analytic signal amplitude versions of RTE
and RTP ofAT datasets show that the method is also independent of magnetisation when data
is RTE ( | ). Hence, the analytic signal amplitude provides an effective means
of delineating locally discontinuous North-South (N-S)-striking magnetidama from RTE-

transformed\T datasets, on which they appear as linear "string of pearls" (Settioy).

Like the horizontal gradient magnitude of transforndgd(HGM 7)) method, the ASA method is
also at its peaks or maxima when it is directly over the edges of 2D magnetictofita )

). The analytic signal amplitude method is very useful when dealing &itldatasets from
regions of low or horizontal geomagnetic field inclinatioi&( | ), and when re-
manent magnetisation is preseritfrd ).

Since ASA is a symmetric function with its peak directly located above sourcesedgespec-
tive of magnetisation direction and dilg; ( ) showed that the depthgfsy) may be
determined using equatiofi.(.7).
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1

)

where|Ag| refers to the 2D analytic signal amplitudexat 0 (local maximum ofA|), and|Ay| is
the first-order horizontal derivative Phy|.

(2.5.7)

2.5.4 The local wavenumber, LW or SPIM method

The local wavenumber (LW) method { ; and , ) is based
on spatial horizontal derivatives of the local pha®y ¢f the complex analytic function (Equa-
tion ( ))- Thexandy components of the local wavenumbe) @re denoted as ;) andky ),
respectively. ( ) definedky ) as follows (Equation.5.9).
00 _ _ )
Kixz) = O (For profile alongk axis), where; (2.5.8a)
OAT, O0AT,
. 1 X X
Oy =tan { 97 / X } (2.5.8h)
1 [ 02AT 0AT  G2AT 9AT
T Koa) = A { xdz dx  0x% 0z } ,and (2.5.80)
1 (2.5.8d)

Zuw) = Local maximum ofky ,)

where |A ;| is the analytic signal amplitude. Equivalent equations for gridded) AT data
exist ( : ) J ).

The local wavenumber is independent of magnetisation direction and diptef ,

s , ), and peaks directly above edges of magnetic sources irrespectilieiof
geometry { | ). Depths for 2D sources are estimated using reciprocals of local
wavenumber maxima at those locations (Equatiof.gd). A major drawback of this method is
that it requires second-order derivatives (Equativri . G9) which almost always leads to noise
amplification , ) Li, ) | ). ( ) recommends up-
ward continuation of noise-ladeXT datasets, prior to inversion.

2.5.5 Estimating magnetic susceptibility contrast§k) and dip (d) of 2D sources

Using equation 4 ), ( ) and ( ) related peak amplitudes
of ASA of 2D sources |A(X,2),,,0, their horizontal locationx,) and depth %) to susceptibil-
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ity contrast Ok) at that location. Hence, depths estimated from ASA method (Equation/)),
LW method (Equation {

\

tion ( ), to determinedk.

)) and/or any other method are routinely substituted into equa-

T

|A(X7 Z)|max ﬁ (2.5.93_)
|A(X, z)|2max (zg , sincex, = 0. (2.5.9b)
, IAX.2) o 22
o o0k= SEcsing (2.5.9¢)

wherex, andz refer, respectively, to location and depth of contact; and 20kFcsind is the

amplitude factor. Other variables were introduced in sectién and/or shown in
figure
Oncez and dk are obtained; ( ) showed that apparent dig)(can be determined

(%, Z)’max (x=0),
using equation ).

JATy _ T-coqw)
OX (x=0) z

(2.5.10)

X 60 refers to the value of equatiofi.6.9 atx=0, T = 20kFcsind andw =2l —d —
X=

90 (Equation £.5.9). Other variables were introduced in sectioi and/or shown
in figure 2.9. Observe that the required quanti%y(Equation 2 )) is easily obtained from
equation ¢ ).

2.6 Tiltangles @) of AT and the “Tilt-Depth” method

2.6.1 Tiltangles @) of AT

( ) defined the tangent @ (Equation £.6.7)) as the ratio of the spatial first-
order vertical derivative to the total horizontal derivative of ffie
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6 =tan! 6ATX/0ATX (For profile data along direction) (2.6.1a)
Jdz ' odH
OAT 0AT
=t {az s } (For grid data irx,y plane) (2.6.1b)
wheredm‘X andaﬂ are first-order vertical derivatives @f andT, respectively.ddAF-:-X andaail_-ir

z z
refer to the total horizontal derivatives @f andT (Equation ¢.5.9).
The many merits of transforming R data to thei® equivalent include:

1. 6 of AT (RTP) datasets is positive over vertical magnetic anomaly sources withvpositi
magnetic susceptibilities, but is zero at, or near, the edge of the souroeu? |

L n2006 52006 Salem et a}.2007),

2. First-order Cartesian derivatives are less prone to noise amplificairopared to second
and higher-order derivatives; and

3. Amplitudes of first vertical and total horizontal derivatives deparetty on the amplitude
of the inputAT. However, as a ratio which is also constrained by the arctan fundiion,
. . . , , L
is able to normalise the amplitudes present in the idplutdataset, to range fronCZH to

g (i.e., -90 to 90°). Therefore,0 acts as an unbiased automatic-gain-control (AGC) fil-
ter, equalizing and preserving long and short wavelength anomaliésr( , L

.2004 02009,

Since,AT datasets contain anomalies from both shallow (high frequency/short wgteleand
deep (low frequency/long wavelength) sources and when obtainedrégions characterised by
horizontal and/or low inclinations of the geomagnetic field vector contain a ygamic range of
AT ( | 1 : ! J ) due to anisotropy and in-
terference (Section.4.2), the automatic-gain-control (AGC) filter provided Bys better suited to
evenly resolve both shallow and deep magnetic anomaly sources frordaiasiets!( :

). TransformingAT maps to their@ equivalent enhances important attributes of magnetic
anomaly observations, facilitating the interpretation of the data a8 thaps are simpler to inter-
pret than otheAT derivative mapsH{ ) | | |

).

Also, becausé are ratios of the derivatives &fT they are independent of the magnetic suscep-
tibility contrast k) across the edge of the magnetic anomaly source. This is true irrespafctive
the approximating magnetic model under considerattbis, therefore, a more direct response
to the depths of anomalous magnetic sour¢és« , ) than the other derivatives
(filters), which aredk-dependent. This independencebfrom Jk is a very well sought after
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property in magnetic anomaly data interpretation sii\dedatasets and their spatial derivatives
depend directly on thék between a magnetic anomaly source and its host rddkslatasets and
their derivatives cannot be directly inverted for magnetic anomaly salepth, without recourse
to second and higher-order derivatives of the dataset which aaterthe noise content of data.
The "Tilt-Depth" method & , ) is an easy-to-implement special function designed
to take advantage of the independencé dfom dok. Since the method relies dhderived from
first-order derivatives oAT, it may be the most useful for interpreting low-resoluti®dh data like
those from NE Nigeria.

The total horizontal derivative & or HGM ) method (Equation(6.2); | )
can be used to further image subtle sourceSTirdatasets.
36\ [36)\? _
HGM g = \/<5x> + <5y> (For grid data) (2.6.2)

where@ is Tilt angle,x andy refer to horizontal Cartesian axes.

The total horizontal derivative of (HGMg)) is equivalent to the absolute value of the local
wavenumber\( | ).

2.6.2 The “Tilt-Depth” method

The “Tilt-Depth” method was proposed for application to RTP equivalentstaf magnetic field
intensity (TMI) anomaly obtained from East-West striking, vertical 2D mégrmntact mod-

els ( | ). Since this method is the main subject of investigation of this thesis, chap-
ter 3 presents a more detailed introduction of the method prior to its application to pidfile
datasets.

Semi-automatic methods discussed in this section have been extensivelyesvakiag RTRAT
datasetsK : ) Li, ) J | ] ).  am not aware
of any comparisons of these methods using either profile or gridded¥Tdatasets. Therefore,

I will be evaluating the fidelity between structural edges outlined and the siestimated for
them by these methods from RTP and RTE equivalents of nivfelatasets. The “Tilt-Depth”
method will now be tested using mod&T profile datasets (Chapte), and gridded datasets
(Chapter4). Depth estimates from gridded datasets will be statistically compared to estélglish
relative effectiveness of each method when applieitdRTE) datasets.
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The “Tilt-Depth” method: Tested using profile AT datasets
from 2D magnetic contacts

3.1 The “Tilt-Depth” method

( ) obtained a simple relationship between the location and depth of vertical
two-dimensional (2D) magnetic contacts (e.g., Figire) and Tilt angles @) calculated from
reduced-to-pole (RTRAT responses of such contactsThis method, called “Tilt-Depth" assumes
that contacts are only magnetised by induction in a vertical sense, RTPdim@anent magneti-
sation is absent or negligible) with constant magnetic susceptibility condstiroughout the
entire length of the contact. The method relieBoobtained from first-order horizontal and verti-
cal derivatives oAT (RTP) datasets using equation.19 (For profile datasets) o2 (6.11) (For
gridded datasets§l of RTP datasets present many advantages (Seztiof). Hence, a major ob-
jective of this study is to determine if these advantages can be extend@d(RT E) datasets. By
relying on @ from first-order derivatives AT datasets, known to be less prone to noise amplifi-
cation compared with second and higher-order derivatives, the “TtilDenethod also seems to
offer a stable means of interpreting old archive magnetic datasets, wigidmaecally of low to
medium resolutions and, therefore, potentially noisy.

Two O curves obtained usin§T datasets from profiles across a vertical, East-West striking con-
tact, when remanent magnetisation is zero and the induced magnetigatiengjther vertical
(RTP, i.e., red-coloured curve) or horizontal (RTE, i.e., blue-colourédcurve) are shown in
figure 3.1. The contact in this example is the vertical boundary between the embeddeetica
rocks (green-coloured) and the orange-coloured non-magneticduds (Compare figures
and3.1).” The red-coloured curve (Figures. 1) replicates the curve if ( , Figure

1). ( ) showed that the location of the contact is trace®by 0 (the dashed-green
line in figure 3.1). They also showed that the depth of the contagty) can be estimated using

1The wordcontactwill hereafter refer tawo-dimensional (2D) magnetic contaanless otherwise qualified.
2Tilt angles will henceforth be replaced by the symBolwith unit in degrees?).
3The same contact was used to generate Bathrves using equatior? (5.19.
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Figure 3.1: 6 curves from RTP and RTE &T datasets, obtained from profiles across a laterally extensi
magnetic rock (basement, shown in green) in contact withmagnetic rocks (orange-coloured) at its top
and vertical edges. The solid, red curve is for the RTP dataseem et al.2007), while the blue curve
is for the RTE equivalent. The dashed, red line traces tlileestf the vertical contact. The light-blue line
represents the profile, with arrowhead pointing to the N@xth The direction of the profile is always kept
perpendicular to the strike of the contact (See figuf®. Note that the blue-coloured (RTB)curve is the
additive inverse x — 1 equivalent) of the red-coloured (RTR)urve.

equation 8.1.7) as follows:
h|+|-h
Zest) = —(| | 2’ D (3.1.2)
whereh and—h are determined, from the horizontal distances between locations comdisg to
6 = 0 and, respectivel\ = —45 andB = 45 on the profile, as shown by the dashed brown, green

and black lines in figuré&. 1.

Fairhead et al(2008 show that strike directions of contacts, as well as throw directions scros
these contacts can also be estimated fAOmMRTP) datasets, using the “Tilt-Depth” method. Ap-
parent susceptibility contrastdk) at contact locations can also be derived when, as suggested in
section2.5.5 “Tilt-Depth” method estimates are combined, for example, with those from e an
Iytic signal amplitude method (Sectién5.3. This extended version of the “Tilt-Depth” method is
the “Tilt-Depth-Dip-0k” method. The simplicity, elegance and utility of the “Tilt-Depth” method
are demonstrated, for example, byirhead et al(2011).

The blue-coloured (RTEY curve (Figure3.]) is the additive-inverse(x — 1 equivalent) of the
red-coloured (RTPY curve, and shows that a similarly simple relationship also exists bet@&een
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calculated fromAT (RTE) datasets and the location and depth of vertical contaltss is a very
important and desirable observation in terms of the suitability of the “Tilt-Depththotkto the
interpretation oAT datasets, wherever datasets require RTE transformation. Howevehape
and amplitude oAT are strongly azimuth-dependent at the magnetic equator, RTE (S&ctian
Figure2.70. Therefore, whether this relationship is also true for contacts with strid@éctions
other than East-West (E-W), or not, will be examined using profiles tleaparpendicular to
contact strike. The effect of contact azimuth 8rand “Tilt-Depth” method estimates will be
examined in sectiofi

Magnetic contacts are not always vertical (Figuresaand ) or orientated East-West (E-
W) relative to the direction of the magnetic field. Consequently, prior to théicapipn of the
method to RTE datasets, this chapter investigates “Tilt-Depth” method estimatesla¢ations
and depths of contacts in terms of the following effects: the inclination of iducagnetisation,
a (assuming remanent magnetisation is zero) or effective magnetisat{dmemanent magneti-
sation is present); and the dip and strike direction of contacts. The mairtiebjet chapters
and 4, therefore, will be to determine how deviations from “Tilt-Depth” method’suaisptions
may affect the effectiveness of the method, using profile and griddedatasets, respectively.
The following sections deal with testing the method ugiTgprofile datasets obtained from pro-
files across contacts.

3.2 Methodology adopted for testing the “Tilt-Depth” method

3.2.1 Obtaining profile AT, its derivatives and 8 datasets from contacts

The main objective of this section is to establish the robustness/effectbvehttee method in re-
covering the horizontal locations and depths of contacts of various slegitiudes and magnetic
properties. To achieve this objective th& response, as well as its first-order horizontal and ver-
tical derivatives were generated, respectively, using ( )'s equations?.5.9), ( )

and (.5.9) from contacts, each of which was defined by a unique set of simplegahpsoperties:

its strike (Figure2.10), dip and depth (Figures.5 and2.9), magnetic susceptibility contrashk,
Equation £.2.9) and magnetisation (Sectich2.]). 6 representing each magnetic contact was
then obtained using these derivatives (Equatioa.(.9).

Contacts were kept fixed in space, at 0 km (&, . ,,) shown in figure?.9is at 0 km along all
profiles) as shown in figure.1. Also, profiles were kept perpendicular to the strikes of contacts
(Figure2.10), directed from magnetic to non-magnetic (i.e., higher to lower susceptibilitksto
were centred directly above the contact (at 0 km), and either 60 or 100rigmAT, its horizontal

and vertical derivatives, an@l were computed at 0.01 km intervals. The process | adopted to test

4Additive-inversés used to distinguish this operation from ordinary inverse, which genesadjgests a reciprocal.
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the “Tilt-Depth” method using these profile datasets consist of the followingpste
(a) Obtain spatial Cartesian derivatives of fiie using equationsA(5.39 and ¢.5.9);
(b) Convert derivatives té using equation4 );

(c) Along each profile extract the location(s) corresponding to theatk8ivalues. Where such
6 values occur at more than one location along a given profile, prefdhgmrtdract the oc-
currence closest to the known location of the contact for further aisalys

(d) Determine the horizontal distance betwdgn- 0 and the location(s) corresponding to the
desired+0 values;

(e) Compute depth estimates (Equatier(1)) from the distance(s) betweéh= 0 and the above-
specified+0 values; and

(f) Determine theerror in estimated location and depth of each contact. Sectiar? explains
the term error in the context of this study.

3.2.2 Defining errors in estimates of location and depth of mgnetic geological fea-
tures

Testing the method involved comparing estimates of locatirgiss{) and depthszeg,) of mag-
netic contacts obtained from the method with their precisely known (actualjedefuts,Xo(mog)
andz,.q), respectively. Since these estimates may differ from the actual locatidndegths of
the contacts, | will be use the tererror to report the degree of accuracy (effectiveness) of the
method. The accuracy of magnetic source parameter estimates using the imedpodted in this
study as absolute, relative and/or percentage errors.

(A) Absolute error (Err 4pg) in estimates of location and depth.

This refers to the difference between the estimated location or depth ofitaendional (2D)
magnetic contacts and the actual location or depth of the same contachb$alkite error in
estimated locatiorof contact edgesE(rr(ab%) is expressed mathematically as;

EIT (abg, = Xo(esy — Xo(mod) (3.2.1)

wherexoesy andxomoq) refer, respectively, to the estimated and actual location of the contact. The
absolute error in estimated deptf edges of contactd(r apg ) is expressed as follows:

EIT(aby, = Zesy — Zmod) (3.2.2)
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wherezesy andzmoq refer, respectively, to the estimated depth (Equation ()) and actual depth
of the contact.

(B) Percentage error €1 ey OF EIT(g)) in estimates of location and depth.

Percentage error in location and depth estimates refer to relative exppesssed in percent. So,
percentage error in location estimate(Err(%)&) = Err(reDX0 x 100, whilepercentage error in
depth estimategErr o)) = EIT i), x 100. Results from this study are mainly reported and dis-
cussed as percentage errors. This should enable easier compatisertbresults from this study
and similar studies.

Errqen. (relative error in location estimate) is the ratio of the absolute error in locaiqog-
(rel)x,

Errap
tion ( )) to the actual depth of the contact. That E_S’r(rel)xo = ﬁ; wherez o is
(mod)

9, is negative and vice versa. Simi-
larly, Err ), (relative error in depth estimate) is the ratio of the absolute error in deptaEq
Err(abs)z

the actual depth of the contact. It is negative wikem g,

tion ( )) to the actual depth of the contact. ThatBsy ey, = ; wherez,qq is the

mod)
actual depth of the contact.

(C) Significance of errors in estimates.

The definitions of “error” above show that theagnitude of erroreflects the degree to which the
estimates approach the actual location or depth of model. Smaller magnitudéssareo the ac-

tual than larger magnitudes. Thign of the erroiindicates the following: (i) For location estimates
Location error is zero when the estimated and actual locations are theXsge=€ Xomod): i-€-,
location is accurately estimated. Otherwise, the estimated location is shifted nathe actual
location of the magnetic body; (ii) For depth estimat@spth error is zero when the estimated and

actual depths are equal sy = Zmog), i-€.,accurate depth estimaté&rror is positive only when
estimated depth exceeds the actual depth of the coiagt £ zmoq), i-€.,0verestimated depth
It is negative when depth estimate is less than the actual depth of the rgek(zmoqg), i-€.,
underestimated depth

( ), ( ) and ( ) report accuracy limits of-20% of model
depths for depths estimated from reduced-to-pole (RTP)-transfoAfiedatasets, using other
semi-automatic methods (e.g., local wavenumber and Euler deconvolutiarge@eently, through-
out this studydepth estimates withii:20% of model depth will be considered effectiVais limit
will also apply to location estimates since none has been published.

Because ( ) showed the "Tilt-Depth" method to be effective for vertical, E-W
striking contacts when vertically magnetised (RTP), | will start by examiningtion and depth
estimates from these contacts, when at various depths and inclinationsicéihand/or remanent
magnetisation (Sectiof.3). | begin by testing the method with vertical, E-W striking contacts at
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various depths and inclinations of induced magnetisatigro(ly in sections to , and for
effects of the Koenigsberger ratio (Q) and inclination of effective maga#on, (when remanent
magnetisation is introduced) in sectiérs.4 The method will also be tested using dipping, E-W
striking contacts in sectiof.4. Finally, the method will be tested for the effect of changing strikes
of vertical contacts relative to the magnetic North direction (Figui€) in section3.5. To ensure

that my MATLAB™ scripts and functions worked well, they were first tested to see that the
6 profiles produced were independent of magnetic susceptibility contéds{§ee appendix,
figureB.1).

3.3 Testing the method using vertical, East-West striking contast

3.3.1 Effect of varying inclination of induced magnetisatio (o)

| used 111AT profile datasets and their derivatives from vertical, East-West strilongacts, to
test the method in this section. Profiles were obtained using ( )'s equations (Sec-
tion ), by varying only the depth and inclination of induced magnetisati)} While as-
suming the following constants for each magnetic contacts: (1) Magnetiesilstity contrast
(0k)=0.002 SI units throughout its length and depth; (2) Rip; 9C° (i.e., Vertical); (3) Strike is
kept constant throughout its infinite length (East-West 0°, Figure2.10); (4) Magnetisation is
only by induction §;) with ambient field strengthl; = 65000 nT at the magnetic polesGDC,

); and (5) Remanent magnetisation is abse@bntacts were buried at depths of 3, 4 and
10 km. Spatial orientation of contacts has been discussed (Settiol). With these simple
assumptions] ( )’'s equations correspond to the “Tilt-Depth” method assumptions
of ( ), whena = 9(° (reduced-to-pole, RTP). Th&T response of the contacts
was sampled at 0.01 km intervals along each profile computed. This samplingintdl apply
to all profiles used in this chapter.

Figures and present examples, respectively of vertical and total horizontal Gantes

R AT OAT . : . L
derivatives % andﬁ) obtained from equation£ (5.39 and ¢.5.9) for various inclinations

of induced magnetisatiorm) when contacts are at a depth of 4 kfrobtained from these deriva-

tives using equation?(6.19 are presented in figure 3. These figures demonstrate the effect that
changing a variableg( in this case) in these equations can have on the shapes and amplitudes of
AT and theirf equivalents. For instance, when induced magnetisation is vertically ooheeily
inclined (a =90°, RTP ora = 0°, RTE), the zero value of the vertical derivative (FigGres, the
maximum value of the total horizontal derivative (Figuirél), as well as the zero value of their

6 (Figure3.3), occur directly above the location of the vertical contact. Howevel susimple
correlation does not exist between the location of the contacts and the sanaides once in-
duced magnetisation is not vertically or horizontally inclinedA£ 90° or a = 0°). Consequently,

50 = @ when remanent magnetisation is absent (Seciiart).
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Figure 3.2: Effects of inclination of induced magnetisatioo)(on the shape and amplitude of spatial

. o : . OAT . I T
Cartesian derivatives: (a) Vertical derlvatlve%); and (b) Total horizontal derlvatlve%(%), of AT
from vertical, E-W striking 2D magnetic contacts (depthad)kn the northern geomagnetic hemisphere.
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Figure 3.3: Effects of inclination of the induced magnetisatiar) on the shape and amplitude @fof AT
from vertical, E-W striking contacts (depth=4 km) in the th@rn geomagnetic hemisphere. Note that 0
is centred directly above the contact only whes= 0 or 90°. Also, note certair® values do not exist ol
curves for somex values. For example, there are < —10 whena = 40 or 50.

estimates of the locations and depths of contacts using the "Tilt-Depth" methadsarexpected
to vary with changing inclinations of induced or effective magnetisations&ariations will be
examined further below.

The "Tilt-Depth" method require@ = 0 and+ 45 to determine the location and depth of contacts,

respectively. So, | begin by examining the specific effect that amplitufiegrtical and total

horizontal derivativesj% and%) have on these and oth8rvalues, using equatior2 (5.19

(Section ). Equation ¢ ) predicts that: (1P = 0 only when vertical derivative is zero; (2)

0 = +90 only if total horizontal derivative is zero; and (8) = 45 only occurs where thereisa 1:1
equivalence between non-zees Q) magnitudes of both vertical and total horizontal derivatives.
However, as figuré.3shows, the range @& predicted by equatior?(6.19 are only always present
whena = 0 or 90 (RTE or RTP). More importantly, the figure also shows that&he 45 and

6 = —45 values required for estimating contact depths from the "Tilt-Depth" methtdoccur

41 of



Chapter 3

whena > 70°. For instancef = 0 occurs once whilé® = 45 occurs twice along profiles for
a = 40 and 50, but 8 = —45 does not exist for these curves becaflse —10 (Figure3.5).
Therefore AT datasets need to be RTP or RTE-transformed before computingteginivalents,
to ensure that th@ values required for depth estimation exist for the dataset.

These observations influenced the Matftprograms that | wrote for the extraction of estimated
locations and depths of contacts from eAdhprofile used. For example, whele= 45,0 = —45

or other required values occur more than once along a profile, my programs were designed to
extract only the occurrence closeste- 0 for depth analyses. This special consideration will not
be necessary on&eT datasets are RTP or RTE-transformed.

In summary, the range d required for un-biased implementations of the “Tilt-Depth” method
are only present in RTP or RTE-transform&d datasets. The effect of various inclinations of
induced magnetisation and the absence of some of theakies on estimates of the locations and
depths of vertical, East-West striking contacts is examined below.

(A) Error in location estimates

Here | useB curves for vertical, East-West striking contacts presented in figuiend their
equivalents at depths of 3 and 10 km to examine the effectiveness of thedria estimating
their locations. The absolute and percentage errafs=0 estimates of locations of vertical, E-W
striking magnetic contacts buried at depths()=3, 4 and 10 km below the profiles are presented,
respectively, in figures.4aand . These figures show that "Tilt-Depth" method estimates of

25 100

——z=3km
-==-z=4km
o z=10km

——2z=3km
2251 ——z=4km
z=10km

©
o

N
o
T

80r

701

-
N
4]

=
ol
T

601

501

40

=
o
T

N
3]
T

30F

Error in location of contact (km)
P
N
a

o
T

201

Percentage error in location estimate (%)

N
4}
T

10f

—%0—80—70—60—50—40—30—20—10 0 10 20 30 40 50 60 70 80 90 f%&8&7&6(}5(}4(r3(}2(}10 0 10 20 30 40 50 60 70 80 90
Inclination of induced magnetisation, o (°) Inclination of induced magnetisation, o (°)
(a) Absolute error in location estimate. (b) Percentage erroE(rr(%)Xo).

Figure 3.4: Effects of depth and inclination of induced magnetisatimhdn "Tilt-Depth" method estimates
of the location of edges of vertical, East-West striking, @htacts. Only error ranging from 0 to 100% is
shown. Remanent magnetisation is absent. Note that errdogation estimates are invariant with depth
(Figure3.4h).

location are only accurate (0% error) wh&h data from vertical, E-W striking magnetic contacts
are correctly reduced-to-pole (RTP) or reduced-to-equator (RIEE)when the inducing magneti-
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sation is vertical or horizontal, respectively. Error in location estimatesezk0%, but arel 20%
when the inclination of induced magnetisation is withinof the vertical (RTP) or horizontal
(RTE). Errors exceed 20% when inclination of induced magnetisatioredscg of the vertical or
horizontal. Also, “Tilt-Depth” method estimates of the location of edges of \adytie-W striking
contacts are invariant/constant with changing depths (Figure.

(B) Error in depth estimates

Depths of vertical, East-West striking contacts were estimated using eqyatiofy. These as
well as percentage errors in the estimates are presented in figuighe absolute errors in these
estimates are presented in figlires. Figure shows that the method accurately estimates the
depths for contacts when the inclinatiam)(is either horizontal (9 i.e., correctly reduced-to-the-
equator, RTE) or vertical (90or —90°, i.e., correctly reduced-to-the-pole, RTP). However, when
inclination (a) is neither vertical nor horizontal the method consistently overestimates piiesde
of contacts.
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Figure 3.5: Effects of depth and inclination of induced magnetisatimhdn "Tilt-Depth" method estimates
of depths of East-West striking, vertical, 2D contacts.yOpgrcentage error ranging from 0 to 100% is
shown. Note that errors in depth estimates are invariait eépth (Figures.5h).

For inclinations of induced magnetisatiam)(within 7° of the vertical (RTP) or horizontal (RTE),
the method overestimated the depths of contacts by up to 20% (Figuife Errors in depth
estimates were-20% once the inclination exceeded ffom the vertical or horizontal. These
errors appear to be imposed by those for location estimates (FgQrérrors in depth estimates
are invariant with changing depths of burial of the contacts (Figuis). Similar depth-invariance
was observed for location estimates (Figute&). These results seem to indicate that estimates
of depth of vertical, E-W contacts using "Tilt-Depth" method are more infledriy changing
inclinations of induced magnetisation compared with the depths of sourciesmiplies that the
method is effective for determining the location and depth of edges of batloshand deep
anomalous magnetic two-dimensional (2D) sources.
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In summary, the range @ required to implement the “Tilt-Depth” method may only be present
in RTP or RTE-transformed datasets. The constancy (invariance) pétieentage errors in "Tilt-
Depth" method estimates of location and depth with changing depth of contaetarago show
the dominant influence of changing inclination of induced magnetisation relagidepths of
contacts. "Tilt-Depth" method estimates of the locations and depths of vertidl,cBntacts
are accurate (0% error) when induced magnetisation is either RTP orBREKEerrors are only

> 0 but < 20% when the inclination of induced magnetisation is withtnof the vertical or
horizontal.

3.3.2 Reducing the effects of magnetic anomaly interfereecon errors in "Tilt-
Depth" method estimates

Magnetic anomalies do not occur in isolation since their geological sourediie and inter-
connected in space. Magnetic anomalies from adjacent sources ava tminterfere with each
other, thereby, masking and/or distorting the shape and slope of obdsmgealies. The length
of arc (range) oB used by ( ) and in sectiori to implement the "Tilt-Depth"
method is presented in figufiz6a(See also figure.1). It appears that implementing the "Tilt-
Depth" method using shorter arcs@fi.e.,|8| < 45 (Figure3.61) might offer a means for reduc-
ing the effect of interference between adjacent and/or interferingpalies. Consequently, in this
section | tested the "Tilt-Depth" method for its errors in depth estimates usimmugaianges of
0 values. (Figures.6h). Thesef values are designateld. | used 37AT profile datasets obtained
from vertical, E-W striking magnetic contacts with varying inclinations of inducggnetisation
(a, at B intervals) at a constant depth of 4 km, to test this approach. | assumekthanbent
magnetisation was absent.

(2]

0 Ran es of &

|

-30 to 30°

-45 to 45°
-90 to 90°

<+ 90°
(a) Blue 6 range used by (2007). (b) Non-blacké range examined.

Figure 3.6: Length of arc (Ranges) @& (6s) used in testing the “Tilt depth” method. Black-colouredtses
on thed range-defined semicircle were not tested.

-90%> 90°

Half the total horizontal distance betweénr= 0 and the respective 6; and+ 65 values shown in
figure will be shorter than the equivalent distance betw8en—45 andf = 45 (Figures

and3.1). Therefore, before applying the method using this approach, initidhdegtimates from
the range of in figure required a correction, to convert them to true depth estimatgs (
For this purpose, | used depth scaterfversion factors,zF (Equation ¢ )) which | derived
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from equation?.6.1) using equations.3.19. Depth conversion factors fé used in this study are
presented in table. 1. The fraction fF) of the physical distance betweén= —45 and 45, which
was used for computing the depth estimates when using the shorter rarthasedd|so presented
on table

||
Zest= — g (3.3.1a)
tan(%gg")
2F = ’zﬁ (3.3.1b)
S

Where\hs\ _ (H—hSD + (‘_hS’)

, |hs| and|—hg| are determined from the horizontal distances be-
tweenf = 0 and, respectivelyt6s and—68s. The subscripsindicates shorth|, as opposed to full

|h| that is determined from the horizontal distance betw@en0 and|6| = 45 (Equation £.1.7)

and figures.1).

Table 3.1: Depth conversion factorgF for distances between the location@f 0 and different magni-
tudes of6 (|6]) used to implement “Tilt depth” method.

-6 +0 | 18| | zF | Factorof |h|, hF =1 /¢
—45 45 | 45 1 1
-30 30 | 30| 17 0.6
—26.6 | 26.6 | 27 2 0.5
—-15 15 | 15| 3.7 0.3
-10 10 | 10| 5.7 0.2
-5 5 5 | 114 0.1

Since the location 0 = 0 remains unchanged, location estimates remain as shown in figlre
Results obtained from implementing “Tilt-Depth” method with varid@$ < 45 are presented
in figure 1 The difference between errors in depths estimated yéihg: 45 and those from
|6] < 30 appear to be significant, especially, since interest is in keeping depthwethin the

< 20% range. Implementing the "Tilt-Depth" method usify = 45 provided depth estimates
below 20% error ot When RTP or RTE transformations are in erroro¥° of the inclination
of induced magnetisatiom(, while implementations usin@| < 30 provided depth estimates (at
the imposed 0-20% error limit) when RTP or RTE transformations are in efrgy to ~ +10° of

o (Figure3.79.

No significant difference existed between implementations of the "Tilt-Depthtiodaising 8| <

27 and|6| < 30 (Figure3.7h). Interestingly,|8| = 26.6 (=~ 27) happens to correspond alf the
physical distance betweeh= 0 and |6| = 45 (SeehF for || = 27 in table3.1). Implementing
"Tilt-Depth" method in two or more modes for comparison, e.g., ugg- 10,|6| =27 and 6| =

45, might help identify locations on&T grid at which interference effects are significant. This
approach will be tested further on noise and anomaly interferenc@beaiddedAT datasets in
chapters.
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Figure 3.7: Percentage error E(rr(%>z) in depth estimates using "Tilt-Depth" method from

|6]=45, 30, 26.6, 15, 10 and 5: Effects of induced magnetisation and magnetic afyimterference on
vertical, East-West contacts. Note that error exceeds 209 £ +45 and6 = +£27 at 7 and 19 respec-
tively, from the vertical or horizontal direction of magisettion.

In summaryAT datasets need to be transformed to their RTP or RTE equivalents prior tp-the a
plication of the “Tilt-Depth” method. Errors in depth estimates from the metho& Yems when
implemented usingf| < 30 than when the method was implemented us#g= 45. Depth er-
rors exceed the 20% error limit when inclination exceeds 7 afidfithe vertical or horizontal
magnetisation (i.e., RTP or RTE) when the method is implemented, respectivaty,|@s= 45
and|6| < 30 range. Implementations of the method usifg< 27 ranges only seem to provide
marginal benefits (Figuré.7t). Hence, theg8| = 27 range, which uses onlyalf the physical
distance betweefi = 0 and |6| = 45 appears to be & range for examinind\T grids for inter-
ference effects. Therefore, standard applications of the "Tilt-Depthihadeto gridded datasets
should compare results from two modes (usifig= 27 and 45) or more, for the identification of
locations on a\T grid at which interference effects are significant.

3.3.3 Estimates based either on the horizontal distanceh or —h

The shapes d curves on figur&.3indicate that the distancesh and—h vary with the inclination

of induced magnetisatioro( since remanence is absentrigure 3.3, for instance, shows that
whena=40 or 50, there are no intercepts for estimatimfrom 8 = —45, sincef > —10. Hence,
the distancelk and—h are not always equal. Since these variationtsamd—h depend on changes
in inclination of induced magnetisation’), the objective of this section is to examine the extent to
which these variations df and—h affect estimates of depths of vertical, E-W striking, magnetic
contacts. Attention will be paid to when the inclination of effective magnetisatssnraed for
RTP or RTE transformation &T data differs from the actual value. Hereh = +hg refers to the
horizontal distance betwedh= 0 and specific- 8 values, while—h = —hg refers to the horizontal
distance betweef@l = 0 and equivalent-0 values (Tables. 1).

6examples of-h and+h, respectively, foB = 45 and® = —45 were shown in figuré.1. —h = —hgs and+h = +hs
for distances less thanh and—h (Section ).
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Equation requires the distancesh and —h (or —hg and+hg) to compute depth estimates
from the “Tilt-Depth” method. To independently evaluate errors in depttisiated from-+h or

—h (or —hs and +hg), | decomposed depth estimates obtained from 37 of the 111 profile
datasets in figuré.5 (For depth = 4 km) into ith and—h (or —hg and+hg) constituents. Results

are presented in figuf8a Figure presents percentage errors in depth estimates using various
+6 values, while figure presents percentage errors in depth estimates using equivaent
values.
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(a) Estimates from-h and—hs. (b) Estimates fromt-h andhs.

Figure 3.8: Percentage erroE(r ) in depth estimates frovT data from either-6 (—hor — hs) or —6
(+hor + hg) values for vertical, E-W contactg:h or + hg is distance betweef = 0 and— 6 values, while
—hor — hgis distance betweefi = 0 and+6 values.

Depths estimated using the distaneeor — hs (Figure3.89) are mirrored by those obtained from
hor + hs (Figure3.85). These figures show that when inclination of induced magnetisatr®®

(RTP) ora=0" (RTE), this approach accurately estimated the depth of the cofitagt{ = 0).
However, whena is neither vertical (RTP) nor horizontal (RTE), it provided both ovénegted

and underestimated depth#or specific ranges af . —h provided only overestimated depths in the
southern geomagnetic hemisphere, but provided both overestimatedderéstimated depths in

the northern geomagnetic hemisphere (Figugg). On the other handi-h provided only overesti-
mated depths in the northern geomagnetic hemisphere, but both overestinthtediarestimated
depths in the southern geomagnetic hemisphere (Figarg. The figures show thath and+h

are unstable both in the northern and southern geomagnetic hemisplespestively. On the
contrary,—h and+h are most stable both in the northern and southern geomagnetic hemispheres,
when estimated usin§ = 5 and@ = —5, respectively. Usin@ = +5 provides depth estimates
with < 20% errors when RTP or RTE transformations are in errof 4£°. However, this< 10°
inclination error from RTP or RTE was also achieved by usthg< 30 (Figure3.79. Hence, the
stability of || = 5 both in the northern and southern geomagnetic hemispheres affordslino a
tional advantage, unless where anomalies interfere. Howg@jes 5 involves only 0.1h|, i.e.,

10% of the@ anomaly hence, its use may lead to the loss of 90% of the anomaly. Conseguently

"Positive errorsErr g, ) represent overestimates, while negative erreiSif o) represent underestimates.
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more reliable and stable depth estimates should be obtained from RTP or RIEdafta using,

for example, thé® = £27 range-based “Tilt-Depth" method. Therefore, when applied to gilidde
AT data, in which noise is usually present, it is beneficial to implement the “Tilt-Depé#thod

in two modes, e.g., using botf| = 27 and|6| = 45. The more accurate depth estimates will be
those obtained usingf| = 27, but any differences between these estimates and those obtained
from | 6| = 45 will be indicative of interference from adjacent anomalies.

In summary, results show thAT datasets should be transformed to RTP or RTE equivalents before
applying the “Tilt-Depth” method. The most staljig| value both in the northern and southern
geomagnetic hemispheres wi# = 5. It provided depth estimates &t20% when inclination

of magnetisation i< 10° from RTP or RTE.|8] < 27 provided similar results, and is preferred
since|6| = 5 involves only 0.1h|, i.e., 10% of eact® anomaly. Standard implementation of the
“Tilt-Depth” method griddedAT data should use botl®| = 27 and|6| = 45. Depth estimates
from |8] = 27 are more accurate than those fro# = 45, but differences are due to anomaly
interference.

3.3.4 Effect of varying remanent magnetisation on estimateBom RTP or RTE
datasets

In this section | examine the effect that changing magnitudes and inclinatfansiuced and
remanent magnetisationd; @ndJ;) have on “Tilt-Depth” method estimates of the location and
depth of vertical, East-West contacts when the inclination of induced maagtetigx) is either
vertical (RTP) or horizontal (RTE).

The simplifications provided by the RTP or RTE process (Sectiohs, and ) applied only
when remanent magnetisation is absdmt0 (Sections to ). Neither the RTP nor RTE
process is able to simplify the complexity I datasets that result from the presencelof
Hence, anomalies on RTP or RTE of such datasets have little or no spatihtion with their
sources \ : : ). Since the objective of this section is to ex-
amine the effect of such remanence-sourced complexities on “Tilt-Depthiadesstimates, in
this sectionl use RTP or RTE to refer, respectively, to vertically or horizontally inclinethaed
magnetisationd = 90or 0°) in the presence of remanent magnetisatid) 6f various inclina-
tions (B) and magnitudedrigure 3.9 presents the directions of induced and remanent magneti-
sation at RTP and RTE. The figure also shows how | yafyom O to 360, in an anticlockwise
sense relative tar. J; andJ; were assigned various magnitudes at RTP and RTE, with magni-
tudes ofJ; at RTP twice their equivalents at RTE (Takle) in consonance with equatiofi.(..39

and section . The inclination of remanent magnetisatigs) (vas varied from 0 to 360at
intervals of 5. Constants used for computing theS€ datasets include deptlzyoq = 4 km),

o0k = 0.002 SI Units andh = 0°. 1752 profile datasets were obtained, using methods described in

83, andJ; were introduced in sectioh

48 of



Chapter 3
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(a) a of J;=9C° (b) a of Jj=0°

Figure 3.9: Spatial relationship between induced, remanent and efée@tet) magnetisationdi( J; and

Jy) at the: (a) North pole (RTP); or (b) equator (RTE). The meéamagnitude (length) of, andJ; is
expressed by the Koenigsberger ratio (Q). Magnetisatiatove are shown in cross-section through an
appropriately oriented, section of a magnetic rock unieygroloured) at the Earth’s surface.

Table 3.2:Magnitudes of induced and remanent magnetisation usecadoniaing the effects of remanence

at RTP and RTE.

Magnitudes & 10° nT) of | Magnitudes & 10° nT) of .

- o Koenigsberger
magnetisations (RTP) magnetisations (RTE)

Induced Remanent | Induced Remanent ratio (Q)
50 5 25 25 0.1
50 10 25 5 0.2
50 15 25 7.5 0.3
50 20 25 10 0.4
50 25 25 12.5 0.5
50 30 25 15 0.6
50 35 25 17.5 0.7
50 40 25 20 0.8
50 45 25 22.5 0.9
50 50 25 25 1
40 50 20 25 1.25
5 50 2.5 25 10

section

for contacts at RTE.

. Of these, 876 profiles were for contacts at RTP, while the remaininggwofiere

The Koenigsberger ratio (Q) imposed by the magnitudel ahdJ; used for these computations
ranged from 0.1 to 10 (Table.?), thus covering the range of Q values encountered in induced
magnetisation-dominated geological terrains, i.es; @5 ( | ) ,
), as well as remanence-dominated terrains, i.2.0® ( | ). These values
of Q were used to compute the effective (net) magnetisatiprwhen the contacts are either at
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RTP or RTE? Jy is fully described by its inclinationp (Figures and ) and magnitude
(Figures and ).~ Figure presents variations in the angle between the inclination
of inducing magnetisationa() and inclination of effective magnetisatiop)( with respect to the
direction of the inducing field (See figure9for the angles referred to).

(A) Relationships between effective and remanent magnetisatisrat RTP or RTE

The inclinations of induced and effective magnetisatiomsatd ¢) can be exactly determined

if B is known ( ; ). For most magnetic surveys, howevgrjs usually
not known. Consequently is also not usually known, hence, remanent magnetisation is usually
assumed to absent, for simplicity (e.ga , ; , ). For this reason, | aim to ex-

tract generic information, which may be useful for further simplifying maigrdata interpretation
whena =90° (RTP) ora = 0° (RTE), by examining the relationship betwg&no, Koenigsberger
ratio (Q) andg. Consequently, analyses and discussions in this section will be basdhioges
in B rather tharo, which is always known. This way, amypriori information onf can be easily
integrated into the RTP or RTE and interpretation processes. Figurésand present the
inclination of effective magnetisatiomf when Q,a andf are all known. Angular relations be-
tweena andp for various values of Q are presented in figugeslaand ) For clarity, plots
for some Q values have been omitted from these figures.

The magnitudes of effective magnetisation, for all values of Q and at RRFB, increased from
their minima when the inclination of remanent magnetisation is anti-parglel 0 or 360) to
induced magnetisation (FiguréslOaand ). Maximum and minimum magnitudes of effec-
tive magnetisation occurred when remanence was directed pafaHell80°) and anti-parallel
(B =0 or 360) to induced magnetisation, respectively (FigutesDaand ). These figures
confirm that effective magnetisatiod, ~ |J| = |J;| when 8 is within +£25° of a ( , )

92009.

For all Q values at RTP or RTE, figureslOcand show, that the inclination of effective
magnetisationg):

(1) is the same ag whenevera is coaxial with3, so that), is directed parallel or anti-parallel
(B =0o0r 180) from J;;

(2) is greater thaa, whenf3 < 180;

(3) is less thammr whenf > 18C°; and

93y and Q were introduced in section.{.9
10q £ @ when both induced and remanent magnetisation are present (Riguaad sectior?.2.7). Magnitudes of
Jv were obtained using thepsine rulefor angley, while inclinations ofly were obtained using th&ne rulefor angle

Y (Figure3.9).
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Figure 3.10: Relationship between magnitudes and inclinations of gffeanagnetisation and selected
Koenigsberger ratio (Q) values. Induced magnetisatioritieeat RTP or RTE and various magnitudes.
Only plots for selected Q values are shown, for clarity. Magtes of remanent magnetisation were at half
their RTP equivalents and varied, while their inclinatioasged from 0 to 36Q at intervals of 2.5. For both
RTP and RTE, when inclination of remanent magnetisatiomaialfel or anti-parallel = 0 or 180) to that

of induced magnetisation, the inclinations of effectivd amduced magnetisations are equal. The magnitude
of effective magnetisation is the sum of the magnitudes df bize induced and remanent magnetisations.
This relationship changes when induced and remanent magtets are not coaxial, i.3,# 0 or 180.

(4) increased rapidly, for Q>0.5 wh¢h=10 to 120 or 240 to 359 and

(5) is zero,when Q=1 an8 =0 or 360. @ is undefined, since it involves equal and opposing mag-
netisations (division by zero). FiguréslOaand show that the magnitude of effective
magnetisation is zero for this case.

Along with figures and | these figures highlight the undesirable consequences and
complexities introduced by the presence of remanent magnetisation. Faplexdigure

shows thatp for RTP datasets can approach the horizontal (O of 1®bBen Q>0.5 an¢B ranges
from 10 to 120 or 240 to 350 ConsequentlyAT and 8 anomalies on such datasets become
different and more complex from their simple and symmetric equivalents whare Yocated
directly above their sources when remanence was absent@djiproaching the horizontal, these
RTP anomalies are translated to look more like those encountered near #ierdqu at RTE)
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Figure 3.11: Angular difference between the inclination of the inducmggnetisationd) and that of the
effective inclination ) for selected Koenigsberger ratios (Q). Deviation is witspect to the direction

of the inducing field.a is either at RTP or RTE and various magnitudes. Only plotsébected Q val-
ues are shown, for clarity. Magnitudes of remanent magmiis were at half their RTP equivalents and
varied, while their inclinations ranged from 0 to 360’he inclinations and magnitudes of the effective
magnetisation obtained from these configurations of remzaned induced magnetisations were presented
in figure

when remanent magnetisation is absent.

The complex nature d anomalies (and, by extensioli]) resulting from deviations g8 from
a (RTP or RTE) are demonstrated for vertical, East-West contacts in figlireRemanent mag-
netisations with various Q values (0.1, 0.2, 0.3, 0.4, 0.5, 0.8, 1, 1.25 anget8)directed 0, 30,
90 and 180 from the inducing RTP or RTE field (Figuf&9).

The directions (inclinations) of remanent and induced magnetisatipas\d o) are considered
collinear when they are within 25f each otherEath, { p. 140). This collinearity condi-
tion (negligible remanent magnetisation direction) is assumed, usually for RERals, by all
semi-automatic methods of magnetic data interpretation. This assumption is geoenadtt for
RTP or RTE datasets, wher<Ql and remanent magnetisation is parallel or near-parflediig-
ing from 155 to 209) to the induced magnetisation direction (Figtuiré.1). This represents a
deviation of about-12° betweena and @. However, wher is RTP or RTE, and neither paral-
lel nor near-parallel tg@3, wider deviations occur between effective and induced magnetisations
(lo— a| > 12°), especially, when Q0.2 (Figure3.11). Hence, the simplification of remanence-
laden anomalies due to collinear induced and remanent magnetisations nesulthis < 12°
deviation ofg from a.

The range of deviation betweenandg decreased from:12° as Q decreased from 1 (Figuie. ).
Consequently, the range Bffor which | — a| < 12° increased as Q decreased. Ultimately, when
Q<0.2 the deviation betweem and ¢ is < 12°, for all possible values g8 (Figure ). Con-
sequently, the effect of remanent magnetisation on RTP or RTE of dafasetich a priori
information suggests Q<0.2 can be treated as negligible, though not colliinese Qa, 3 and

@ relationships show that the collinearity condition&zfth ( ) only applies when €1.
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Figure 3.12: 8-transformed\T curves obtained from vertical, West-East striking corgadten at RTP or
RTE, and characterised by remanent magnetisations ofusa€oand inclinations=0, 30, 90 and 180.
Note that anomalies are only simplified wh@r0, 90 or 180.
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(B) Location and depth estimates

The distribution of remanent magnetisatidp)(directions 3) at which percentage errors in esti-
mates of the location and depth of remanence-laden, but vertically or htaigoinduced (RTP
or RTE), East-West striking contacts are within the 0-20% error limit arevehio figure

The figure shows, for each Q value, that location and depth estimate®nlgngithin the 0-20%
error limit for ranges of3 for which the deviation betweem andg is < 12° (Figure3.11). When
0.1<Q<0.2 estimates are within the 0-20% error limit for@Nalues. However, as Q increases
from about 0.15 to 1, this error limit is only achieved for narrow rangeg.of his range off3
increased as Q decreased from 1 towards 0.1 (Figur®.
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Figure 3.13: The 0-20% error distribution of “Tilt-Depth” method estitea of locations and depths of
remanence-laden East-West striking contacts at RTP and RdBtacts are characterised by variously-
sized induced and remanent magnetisatidnsiid J;) and Koenigsberger ratios, Q. Note that estimates
were only within the error limit wherd; is either parallel, near-parallel or anti-parallel 3o and that
the corresponding ranges @fincreased as Q decreased from 1 towards 0.1. Tableand figure
respectively, presented the full range of magnetisatiognitades and their spatial relationships.

3.4 Testing the “Tilt-Depth" method using dipping, East-West strik-
ing contacts

This section examines the dependence of location and depth estimates fliebBefith" method
on the dip of E-W striking, magnetic contacts (Figuré) when they are either vertically magne-
tised (at RTP) or horizontally magnetised (at RTE). Contacts at RTP onvRTBe used because

the method has been shown (Sectiof) to provide accurate (0% error) estimates for these direc-
tions of effective magnetisation.

The occurrence and orientation of fault planes, in isotropic rocksiraialy controlled by the
spatial distribution of the principal normal stressis (id|, ). Continental rifted terranes like
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NorthEastern (NE) Nigeria result froaxial extensior{ : ) or triaxial exten-
sion( ¢ ), where the fracture angle is typicaby 30° ( : ; ¢

).~* In such stress regimes, faults and/or fracture planes are usually tetnt®0° away
from oy ( > , p- 166). However) ( ) and ( ) p.

45) show that fracture angles can occur withid5° of g; in basement terrains where surface-
reaching faults require; to be contained in the vertical plane. These geometries correspond to
faults/fractures with dips of 30 and 4%Also, ( ) showed that fracture an-
gles: (i) remained constant for faults/fractures resulting from extensitneases; but (ii) increased
monotonically with confining pressure for hybrid and shear fractiir€onsequently, the dips of
contacts used in this section were allowed to vary from 0 t¢ B8ntervals of 8. Thus contacts
represent: (1yertical faults when dip is verticald = 90°); (2) normal faults when dip is acute
(d < 90°); and (3)reverse faultswhen dip is obtused(> 90°). Assuming that remanent mag-
netisation was absent, constants included the depf$y = 4 km), ok = 0.002 S| Units, A = 0°,

Ji = 65000 nT for RTP profiles, an#i = 25000 nT for RTE profiles. In all, 7AT profile datasets
obtained from dipping, E-W striking contacts were used to test the “Tilt-Dap#thod. While 37

of these profiles were at RTP, the other 37 were at RTE.

3.4.1 Estimates of locations

The absolute and percentage errors in "Tilt-Depth" method location estimztesed from RTP

or RTE equivalents of thAT datasets derived from profiles across dipping, E-W striking con-
tacts are, respectively, presented in figusesiaand ) The method accurately located these
contacts when RTP or RTE transformation is accurate and contacts éicalvéfigure 3.14).
However, error in location estimates were within the 0-20% limit when contastrdipge from
about 75 to 105 (Figure )

3.4.2 Estimates of depths

“Tilt-Depth" method estimates of depths were obtained from RTP or RTA&Toflatasets derived
from profiles across dipping, E-W striking contacts in two modes. The metlasdmplemented
using the distances betwe8n= +-27 and 45 values, for comparison. The estimated depths, as well
as the percentage and absolute errors associated with these estimatesemteg, respectively,

in figures and ) and appendix

Error in “Tilt-Depth" method estimates of contact depths from RTP and RT&sdés using the
6 = +45 range are within the 0-20% error limit when contact dip is within the range 195

UEracture angle is the angle between the normal to the resulting fractugegpidrihe direction of the principal axis
of stressp;.

12Confining pressure refers to the pressure of fluids in the vicinity of éogeml structure, and includes pore fluids
pressure.
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Figure 3.14:Effect of dips ¢l) of East-West striking contacts on their location estirma@nly error ranging
from 0 to 100% is shown.
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Figure 3.15: “Tilt-depth” method estimates of depths of dipping, Eastsi\striking magnetic contacts at
RTP and RTE, usin@ = £27, or 45 range. Only error ranging from 0 to 100% is shown in figiiresh
Absolute error is presented in figures.

(Solid red and dashed-blue curves in figGrésh). Estimates from RTP and RTE datasets using
the 8 = £27 range are within the error limit when contact dip is within the range 70 t6 (Sdlid

red and dashed-blue curves in figuré 5h). High angle dips such as these range of dips of fault
planes are typical of basin/block-bounding faults.

Thus far, discussions have centred on East-West striking contacts.|d&amine the effective-
ness of the “Tilt-Depth” method when strike directions of magnetic contacys var

3.5 Testing the “Tilt-Depth" method using vertical contacts with var-
lous strike directions

Here, the “Tilt-Depth” method is tested using RTP and RTE datasets fromalectiatacts that
strike in various directions. The objective here is to examine the effeetroiagh-induced anisotropy
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(variations inAT shapes, i.e., amplitudes and phases, due to changes in contact strike paimuth
the effectiveness of the method in estimating the location and depth of varionishtated con-
tacts. Using equations’ (5.2, ( ) and ¢.5.9), 114 AT profile datasets were obtained from
vertical contacts with various strikes and depths. Profile direction wasdvetom North-South,
N-S (A = 0°) to East-West, E-WA = 90°), at intervals of 5.-° Since profiles are kept perpen-
dicular to these contacts (Figurel () contact strike directions correspondingly varied from E-W
to N-S at intervals of 10 Hence contact strike direction ranged from 90 to°18the contacts
were at depthsz,qg) of 3, 4 and 10 km, while remanent magnetisation was assumed absent. Also,
o0k = 0.002 Sl Units whileJ = 65000 or 25000 nT, respectively, for RTP or RTE profiles. In all,
57 RTP and 57 RTRAT profile datasets were used for testing the method. Examples dTthe
(RTP) dataset for contacts at a depth of 3 km are presented in figliteEquivalent datasets for
the RTE case are presented in figGre?.
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Figure 3.16: Effect of strike azimuth of vertical contacts on amplitusel shape oAT, when effective and
induced magnetisations are vertical (RTP). Amplitudes strapes ofAT for the various strike directions
(A) are the same, so these plots stack on top of each otherdotaspof the strike of contact.

3.5.1 TMI anomaly (AT) shapes from contacts at RTP and RTE compared

Comparisons betweekil' (RTP and RTE) datasets (Figures 6and3.17) show that RTP anoma-
lies retained their amplitudes and shapes irrespective of contact strilaiahréFigure3.16),
whilst RTE anomalies exhibit anisotropy, whereby their amplitudes and shegpid with con-
tact strike direction (Figuré.17). RTE anomalies were only at their maximum amplitudes (

of RTP anomaly amplitudes) when the contact strike direction was East-WesA +€0° (Fig-

ure ). RTE anomaly amplitudes decayed systematically as contact strike changeé&dst-
West to North-SouthA = 90°). Anisotropy and the problems it presents to interpretation of RTE
datasets were introduced in sectiof. 3(Figures?.4and2.7). The main objective of this section

is to examine the effect of these variations (anisotropy) on locations gldsiestimated for these

13|l directions are relative to the magnetic North (Figuré0).
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Figure 3.17: Effect of strike azimuth of vertical contacts on amplitudelashape ofAT, when effective
and induced magnetisations are horizontal (RTE). Unlikedase in figures.16 amplitudes ofAT vary
systematically from a maximum when the contact strikes-Bésdt (A = 0°) to 0 when the contact strikes
North-South A = 90°). Also, the maximum amplitude when the contact strike ist®&#sst is half its
equivalent at RTP.

contacts, using the “Tilt-Depth” method.

3.5.2 Location estimates

6 curves for vertical contacts with varying strike directiodst{90°) at RTP or RTE are shown
in figure . Curves for theAT, as well as the first-order Cartesian derivatives (total horizontal-

and vertical derivatives, i.e.(?(jﬁ_'T and 03; respectively) from which thes@ curves were ob-
tained are presented in figures.6and and appendix3.5. AT and its horizontal and vertical
derivatives were zero for North-South striking contaéts<(90°). Consequently, equatiofi.¢.19
predicts to be undefined (Not a number or NaN) wh&h and its derivatives are zero. Hence,
6 does not exist for North-South striking contacs=€ 90° in figure ), and North-South

structures cannot be imaged 6ftransformed\T (RTE) datasets.

6 does not vary with contact strike direction irrespective of whether titacts is at RTP or
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Figure 3.18: Effects of the strike azimuthA] of vertical contacts o of their AT (RTP or RTE).6 curves
have the same shape for contacts at RTP or RTE, the RTE cwuegining mirror images or additive
inverses of their RTP equivalents, as in figtré. Note that9 profiles for all non-North-SouthA < 90°)
striking contacts at RTE are of the same shape. Hence theseRfiles stack on each other so that only
the last in the legend is visible. Note also that there i9rmesponse for North-SouttA(= 90°) striking
contacts, when at RTE.
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RTE (Figure3.19. This is easily appreciated for the RTP case in whidhand its Cartesian
derivatives are independent of contact strike direction (Figaresand and appendi.5).
However, when contacts are at RTE, the amplitude and shap@& @ind these derivatives vary
with contact strike direction. Being a ratio of these Cartesian derivatiggation ¢ ), they
are transformed b to the additive inverses, i.69, (RTP) equivalents.

Amplitudes of Cartesian derivatives (total horizontal- and vertical dévigs, i.e.% and%,
respectively) and at locations of azimuthally varying contact strikes, when at RTP or RT&, ar
presented in figur&.19 For contacts at RTP, amplitudes of total horizontal derivatives at cbnta
locations are at their maximum, while vertical derivatives 8rate zero. These derivatives main-
tain these constant values, irrespective of contact strike directionrérigi99. When contacts
are at RTE, amplitudes of total horizontal derivatives at contact locatienreased monotonically
from its maximum value when contact strikes East-West, to zero when thectshikes North-
South. Vertical derivatives are zero, whilés zero until it becomes undefined when contact strikes
North-South (Figure ).
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Figure 3.19: Effect of strike direction on amplitudes of Cartesian datiives andd of AT at locations of
vertical contacts, at RTP or RTE. Cartesian derivativesvshare: total horizontal derivatives (Green line);
vertical derivatives (Cyan line); ar@l (Pink dashed line). Note th&tdoes not exist when other derivatives
are essentially zero.

3.5.3 Estimates of depths

The “Tilt-Depth” method was implemented in two modes, i.e.,Ake+27 or 45 range, to estimate
contact depths. Estimates frofT (RTP) datasets are presented in figireOafor comparison
with estimates from RTE equivalents of these datasets (Figu&). Any differences between
these figures are attributable to the effects of anisotropy. The “Tilt-Depitthod effectively
and accurately estimated the depth of these well isolated and noise-freésmolklen at RTP
(Figure ). In practice, however, because of anisotropy effects when thaciis at RTE, the
method cannot estimate the depth of contacts with strike directions withib0° of the magnetic
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Figure 3.20: Effect of azimuthally varying strike of vertical contacts 8Tilt-Depth” estimates of depth,
when contact is either at RTP or RTE. The method works wellamacts of all strike directions when RTP,
but only for contacts with non-North-South strike direaso(90 to 170), when at RTE. See Figura

and text for explanation.

North direction, including North-South striking contacts which produce ngrmaic anomalies.
Becausef curves were the same for all non-North-South strike directions (Figurd, when
contacts are at RTE, the method also effectively and accurately estimatdejtts of these well
isolated, noise-free models.

Contact models used in this chapter are single and and well isolated. QensiggtheirAT
profiles are without interference and/or noise. The additional effeatatiomaly interference and
noise may have on “Tilt-Depth” method estimates will be examined using more congpidsted

AT datasets in chapter Profile and griddedT datasets are, respectively, two-dimensional (2D)
and three-dimensional (3D) magnetic responses of the subsurface.
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Application of “Tilt-Depth” method to gridded “Bishop”
model AT datasets

4.1 Introduction

The “Tilt-Depth” method works well on both reduced-to-pole (RTP) amdioed-to-equator (RTE)
TMI anomaly QAT) profile datasets, when obtained from isolated vertical and near-ue2fica
magnetic contacts (Chapte).- However,AT datasets are now rapidly acquired across large ar-
eas and, thus, commonly presented in grid rather than profile format. WbiidegkT datasets
have 2D cross-sections, gridded datasets have three dimensionar(3B)sections. Griddekil
datasets are, therefore, more likely to contain anomaly sources fromataistructures of var-
ious geometries, strikes and depths. The main problems that affect indigresf such datasets
include: masking of subtle anomalies when anomalies of very high amplitudesesent; map-
ping continuous sources when edges are characterised by chaegihg dnd magnetic suscepti-
bilities; and determining the nature of effective magnetisation responsittfefabserved anoma-
lies ( | ).

Depending on the inclination of the inducing geomagnetic field over a sureeyraagnetic data
grids must either be transformed to their equivalents at the geomagnetic (Ndeti{RTP) or
equator (RTE). In general, high resolution magnetic data from regiosg ¢ttothe geomagnetic
equator, i.e., inclinations in the range -15 td 16r -30 to 30 for low resolution datasets) can-
not be transformed to their true RTP equivaleriisr{ ) L | E \

) | ). Only RTE transformation is stable at this range of geomagnetic field
inclinations. Unlike the RTP process which produces simple, radially symmetgoetia anoma-
lies that are centred directly above their sources, the RTE processgadnomalies that are
characterised by azimuthally varying amplitudes and shapesnieqtropy(Section ). RTE
anomalies from adjacent sources with various strikes are likely to intedersto anisotropy.
Consequently, RTE-transformé&d datasets are more complex, and thus prone to interpretation
problems (Sectior.3.9. Work in this chapter, as well as chaptewill be dedicated to compar-
isons between estimates of anomalous source edge locations and depiieddioten RTP and

1RTP or RTE will hereafter be used in place of reduced-to-pole or estitm-equator, respectively.
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RTE equivalents of gridded datasets.

The “Tilt-Depth” method depends on Tilt angle®) f AT datasets.The many advantages gained
from 6 equivalents of RTP-transformedT profiles and grids were outlined in sectiang. L.
Figure 3.1 show that these advantages can also apply to RTE-transformed datasate, the
anomaly interference and other azimuth-related problems that chara&€&&z#ansformed grids
may be minimised when transformed to th@iequivalents. Evaluating the gains or otherwise of
transforming RTE grids to the# equivalents, and from the application of “Tilt-Depth” method to
these grids is the focus of this chapter. “Bishop” model (BM) grids (Sectiont.?) will be used
for these evaluations. The effectiveness of the “Tilt-Depth” method wikamined by compar-
ing its estimates of source locations and depths from RTP and RTE equ$vafé®M grids. The
first (left) column of the flowchart shown in figurie 1 presents the work-flow adopted for this

chapter.
Plan for testing methods with RTP and RTE
of gridded AT datasets
APPENDIX E
CHAPTER 4 . .
“Bishop” model grids 4 > Southern 'tl;anzan!a;'grld
1) Simple model (SBM) to assess edges with more
( strike directions than
(2) Complex model (CBM) the CBM grid.
v CHAPTER 5 v
(3) Transform grids to RTP and Complex “Bishop” model (CBM) -
RTE | (1) Compute special functions for | | (1) Extract relevant sub-grids for
(4) Compute spatial derivatives: other chosen methods comparison
(a) Vertical (2) Compare functions of RTP and| | (2) Transform sub-grids to RTP and
(b) Horizontal RTE grids RTE
(c) Total horizontal * *
| - (3) Compute derivatives
* (3) Location of edges . (4) Compute 8 and other special
(5) Compute Tilt angles (8) (a) Horizontal gradient magnitude functions
(6) Compare RTP with RTE grids (b) Second vertical derlvative (5) Extract edge locations using:
) (c) Analytic signal amplitude (a) “Tilt-Depth” method
(a) Location of edges Eg; kggz‘x:‘\’g‘ﬁ:&eer (b) Other methods
(b) Depth of edges *
6) Compare edge locations
(&) Depth of edges ( | .
(a) Analytic signal amplitude from RTP with RTE grids
(b) Local wavenumber
Apply observations
(3) Compare results from ALL to NE Nigeria data
methods (CHAPTER 6)

Figure 4.1: Work-flow adopted for evaluating estimates obtained fronstBp” model (BM) and real
Southern TanzaniAT datasets, using the “Tilt-Depth” and other methods.

Source locations and depths estimated from RTP and RTE equivalents giriBMusing other
semi-automatic interpretation methods are examined and compared with “Tilt-Despittiates in
chapters, using the work-flow outlined in the second (middle) column of figre Ultimately,
estimates from these methods will also be examined using RTP and RTE eqtsvala reaA T
grid from Southern Tanzania (Append}. The work-flow adopted for evaluating methods using
Southern TanzaniAT dataset is shown in the third (right) column of figdré. By examining the
effects of RTE transformation on source edge location and depth estimateBM and Tanzania

2Tilt angles will hereinafter be replaced by the symBol
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AT datasets this study aims to provide a well constrained strategy for mapping#tiets and
depths of two-dimensional (2D) and/or non-2D magnetic source edges Midéria.

4.2 “Bishop” model (BM) datasets

BM AT grids are three-dimensional (3D) datasets sourced from model gedlstyiaztures with
known locations, shapes, depth and magnetic susceptibilities. They wedkicdd by:

( ) and ( ), but the physical model was developed by Guy Flanagan (Cono-
coPhillips, Houston, USA) using Fugro-LCT’s 3MOM software. Anomalies on these realistic
grids result from a known topographic surface, which was treatedrte s standard approxi-
mations for real, three-dimensional (3D) geological distributions of maghasement features.
The grids { , ‘ J ) were created by assigning magnetic sus-
ceptibility values to a 30 m UTM digital elevation model (DEM) of the topographspro area

of the Volcanic Tablelands, North of Bishop, California, USA. The orig[D&M grid covers an
area 106 km x 10.8 km. In order to produce a grid on the scale of a typical geological basin
the DEM grid was expanded by a factor of 30 in all three dimensions assuhahtaulting pat-
terns are fractal( , ). Hence, the areal coverage of the BM is now approximately
315 km x 324 km. With grid cell size of ® km x 0.5 km, the grid is a matrix of 64% 631 data
points’ The expanded DEM is shown in figufe?a

The dominant features of this expanded DEM grid (Fighit&) are two major faults: one strikes
approximately North-South (N-S); the other strikes approximately East-{fed/). Other struc-
tural features of the DEM include smaller en echelon faults which genetakeg 8-S and NW-SE
(NorthWest-SouthEast), transfer zones and an unfaulted deep baaimahe SouthEastern (SE)
corner of the grid'\( : ). The DEM is assumed to represent the top of the mag-
netic basement, and has been covered with non-magnetic sediments whieinrthickness from
about 430 m in the NorthWestern (NW) corner to just over 9160 m in théh&astern corner of
the grid. The depth to basement increased generally from NW to SE (Fidise

By assigning user-defined parameters such as inclination and declinbti@ygoetisation vector,
strength of inducing magnetic field, and magnetic susceptibiitytq the expanded DEM grid
(Figure4.29 uniqueAT grids are generated for unique sets of magnetic parameters. Eigliie

an example grid of complex distribution of magnetic susceptibilities, of the samasthe DEM
grid, which can be used to gener&f€ grids from sources with variable magnetic susceptibilities.
ConsequentlyAT resulting from “Bishop” basement models are sourced from a mixture ofrmajo
two-dimensional (2D) anomalous magnetic contacts and minor en-echelts) faich strike in

a variety of directions, at depths ranging frea®.4 to 9 km. UnlikeAT from the well isolated
two-dimensional (2D) magnetic contact sources in chaptéhese anomalies are not isolated.
The resulting anomaly interference is one unique feature of "Bishop" ngpidisl. The roughness

3These statistics apply to all BM grids used in this study.
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Figure 4.2: The input "Bishop" model basement grids: (a) Magnetic basemdepth; and (b) Complex
magnetic susceptibility distribution. (See clearer GEAHY version of grids in appendix (FigureC.1).)

of the basement surface, a good proxy for geologically-sourcee fisianother important feature
of these models. Two types of mod&T grids (Figure4.3) generated from the model “Bishop”
basement depth grid (Figure29 will be used to test the “Tilt-Depth” method in this chapter.
They are: (1) the homogeneous or simple “Bishop” model (SBM), gfidlims et al, 2002,
and (2) the heterogeneous or complex “Bishop” model (CBM) grigr(iead et a/2004).

4.2.1 Simple “Bishop” model (SBM)AT grid

The SBMAT grid (Figure4.35 Williams et al, 2002 was generated by assigning a constant
magnetic susceptibilitk = 1.26 x 1072 (Sl units), as well as induced magnetisation with incli-
nation of 28, declination of 0 and strength of 50,000 nT to the modified magnetic DEM grid
in figure4.2a" The SBM grid is, therefore, a grid &T sourced from a homogeneous magnetic
basement. The main geological features of this basement grid are basevobdrdd fault scarps.
These faults scarps, designated “FS” in subsequent figuressespraudden and localized lin-
ear changes in the depth of the modified magnetic basement surface (FigdreAlthough the
grid in figure4.3awas generated from these features of figute features clearly identifiable in
figure4.2acannot be easily identified in figure3a

4.2.2 Complex “Bishop” model (CBM)AT grid

The CBMAT grid (Figure4.3h Fairhead et a/2004) was generated from a heterogeneous mag-
netic basement model grid for induced magnetisation with inclination Qfdclination of 0 and

4A sharper GETgriiM version of this grid (without graticule and range of values) is presentepirendixC
(FigureC.29).
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Figure 4.3: "Bishop" modelAT grids generated by magnetic basement at depths shown ie figis for
inducing magnetisation with inclinatiom, = 25°, declination=0 and strength=50,000 nT: (a) The simple
"Bishop" model (SBM) grid ofWilliams et al. (2002 assumes constant magnetic susceptibikt{Sec-
tion 4.2.7); and (b) The complex "Bishop" model (CBM) grid 6firhead et al(2004) assumes variable
k as shown in figurel.2b (Section4.2.2). Note that it is not possible to correlate structures odggin
figures4.3aand4.2a For the same reason, structures on the grid in figutedo not correlate with their
respective sources in figurés?aand4.2h Hence, grids require RTP or RTE.

strength of 50,000 nT.The model basement was at depths defined by the DEM grid (Fighide

but consisted of vertical prisms, each of which were assigned a distimgptatia susceptibilityk
(Figures4.2h), to simulate various basement terrains and intrusive bodies with differagetic
susceptibilities. The CBM, thus, presents a contiguous set of magnetiggsblbasement ter-
ranes separated by 2D contact-like boundaries, as well as a seriegatédsintrusive magnetic
bodies. The surface of the magnetic basement and depths are identical o tihe SBM grid,

with non-magnetic sediments superimposed. Unlike the SBM which was dis$gchaalt scarps
(FS) only (Sectiont.2.1), AT-generating geological sources on the CBM can be broadly grouped
into two (2) categories;

(1) Fault scarps, “FS” - linear or curvilinear features which occur due, only, to abrupt local
changes in the depth of the magnetic basement surface, and

(2) Magnetic contacts linear (2D) or curved features (non-2D and 3D) which are due togbr
local changes in the susceptibility contradk) between either the magnetic basement and the
overlying non-magnetic sediments or between the intrusive bodies and tineuisding base-
ment host rocks. In this study these magnetic contacts have been futthivided into;(i) two-
dimensional (2D) magnetic contactsvhere contact is between two contiguous basement terranes
(e.g., between the dark blue and light sky-blue terrains in Figute), and (ii) non-2D mag-

netic contacts where contact is between intrusive bodies (e.g., yellow and red elehbatkes

in figure4.21) and their host basement rocks. The yellow spherical intrusion is in 8cbwith
adjacent rocks. These boundaries are not 2D contacts since trejiriitesstrike lengths.

5A sharper GETgriiM version of this grid (without graticule and range of values) is presentepfrendixC
(FigureC.2h).
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The three dominant strikes of basement fault scarps (FS) on the SBMrgridW-SE, NNW-SSE
and ENE-WSW. The CBM grid, additionally, presents two dominant NE-SWdireg magnetic
contacts, as well as non-2D contacts. Therefore, on the CBMA&fidesponses from these addi-
tional features are superimposed on the topographic basement tré&n@sgéres .2 of the SBM
grid (Figure4.39). Itis difficult to visually correlate anomalies on the SBM grid (Figdred with

FS on the basement depth grid (Figured. Similarly, AT on the CBM grid (Figurel.3h) are
dominated by those from magnetic sources (Figufe), while those from topographic basement
trends are obscure. FS sources, are therefore, difficult to visualtglate with their respective
sources.

The range ofAT values on the CBM grid (Figuré.3b) is one order of magnitude higher than
that of the SBM grid (Figure!.39. This is because of the significant contrasts in magnetic sus-
ceptibility (0k) between the uniform susceptibility SBM grid, and the varying susceptibiligg-ba
ment terranes of the CBM grid (Figure2h). Consequently, only the strongest anomalies on the
SBM grid are visible, as subtle anomalies, on the CBM grid. Weaker SBM giédnalies are
over-printed by the stronger anomalies present on the CBM grid. Hease trids present char-
acteristic problems faced during interpretation of gridded magnetic datal(( | ).
“Bishop” models were designed invariably to help bridge the methods-testmé\ygaerving as
intermediate models between models of 2D idealized structures and soureakfadld-acquired

AT data. Until the introduction of “Bishop” models, magnetic interpretation methaas tested
using simple 2D models, after which the methods were directly applied to comeétfigld data.

Since the shapes, locations, depths and composition of source edgedl, @sthe inclination of
induced magnetisation of BM grids are all precisely known, these gridelead for testing the
effectiveness of semi-automatic methods and techniques of magnetic dapaieitateon before
applying the method/technique to real field data. Also, since induced magiogtisanclined at
25° and remanence is zero, these model grids, are easily transformed toftRean& RTE equiv-
alents. Interpretations from these grids can be compared to evaluatdetis ef anisotropy in
RTE datasets, for example. Hence, these BM grids can be used to eVvaluatesll magnetic data
interpretation methods work when applied to the RTP or RTE equivalenabfietd-acquired\T

datasets. BM grids have been used to test the local wavenumber methoe:¢ , ),
Euler deconvolution § ) i , ), and phase or normalised deriva-
tives ( S ).

The main objective of this chapter is to initially evaluate the effectiveness ofTitieDepth”
method when applied to griddelll datasets obtained from regions like NorthEastern Nigeria,
where inclination of induced magnetisation is low. Strategies adopted in thitechvegre, there-
fore, designed to help determine, using BM grids, the maximum possible loss in informa-
tion due to RTE-transformation as the strike azimuths of two-dimensional (2Dhetia contacts
change from East-West (E-W) to North-South (N-S). The principar@gach adopted involves
gualitative and/or quantitative comparisons between “Tilt-Depth” method estnoétihe loca-
tions and depths of edges of model structures from RTE and RTP é&ntivaf the SBM and
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CBM grids. Since remanent magnetisation is absent, any differencesdretWik-Depth” method
estimates from the RTP and RTE BM grids must be consequences of apysdiie to RTE-
transformation of grids. These analyses assume that structures oridbeugr mainly vertical,
two-dimensional (2D) structures.

4.3 RTP and RTE-transformed SBM and CBM grids compared

4.3.1 TMIl anomaly (AT) grids

The SBM and CBMAT grids (Figurest.3aand 4.3 derive from various sources, of different
compositions, shapes and strike azimuths. It is not possible to correlatiehscaf edges on both
the basement depth grid (Figuie?9 and the heterogeneous magnetic susceptibility grid (Fig-
ure4.2b), with AT on either the SBM grid (Figuré.35 or CBM grid (Figure4.35). Hence, with
induced magnetisatiomr{ inclined at 25, RTP and RTE versions of these grids were obtained in
order to compare the grids.

The SBM and CBM grids were each transformed to their RTP and RTE &gquois using mag-
netisation vector with inclination of 25declination of 0 and strength of 50,000 nT. The RTP and
RTE-transformed equivalents for the SBM grid are shown, respégtindigures4.4aand4.4h°
The RTP and RTE-transformed equivalents for the CBM grid are shogapectively, in fig-
ures4.5aand4.5h'

6See less annotated, but sharper images of these grids in appefidgureC.3).
Less annotated, but sharper versions of CBM grids are shown imdippe (FigureC.4).
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(a) RTP (b) RTE

Figure 4.4: RTP and RTE transformed equivalents of the SBM grid (Figuf&). All fault scarps (FS)
in figure 4.2aare visible on SBM (RTP) grid (Figuré.49 irrespective of strike directions. Of the three
major FS strike directions (N-S, E-W and NW-SE) in figureg the E-W striking FS is well imaged,
NW-SE striking FS are poorly imaged, while N-S trending F& ot imaged at all on the SBM (RTE) grid
(Figure4.4h).
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(A) SBM grids | begin by visually comparing the apparent locations of structures on both the
RTP and RTE equivalents (Figurésiband4.45 respectively) of the SBM grid (Figur 39 with
locations of sources on the homogeneous basement grid (Figise These transformed grids
derive from a grid of only morphologically changing, but compositionallifarm basement that

is offset by vertically sided fault scarps, FS (Figuré?.

Most structures on the basement depth grid (Figure) produce anomalies that are imaged on the
SBM (RTP) grid (Figurel.49 at their correct locations, irrespective of their strike. Of particular
significance, in the context of this study is the fact that the laterally extemsid approximately
NNE-SSW striking FS centred at grid locations (205,160) and (262,218)eirEastern part of
figure also generate persistent and continuous magnetic anomalies throughipenthre
lengths, and are completely obvious on the SBM (RTP) grid (Figuf€).” The most promi-
nentAT on the SBM (RTP) grid (Figure..49 are associated with shallow: (4,500 m) two-
dimensional (extensive, linear) features on the SBM basement gridr€=igis).

The range of anomaly amplitudes on t88M (RTE) grid (Figure ) is 72 nT, represent-
ing a significant (50%) reduction from 136 nT on the SBM (RTP) grid (Fegu47). The only
prominent feature of the RTE grid is the ENE-WSW striking FS, with a positiaraly, which
extends from the SouthWest corner of the grid. The occurence aftespy-induced interference
between adjacent anomalies and the anomaly amplitude difference makesiittdiffimpossible

to correlate any FS on the input basement depth grid (Figurg with anomalies on the SBM
(RTE) grid (Figure4.4b). This is mainly because North-South (N-S) structures are invisible (not
imaged) on RTE grids (See figuresicand2.64 also figures. 7cand2.79. Also NorthNorthEast-
SouthSouthWest (NNE-SSW) and NorthNorthWest-SouthSouthEasMSEE), i.e., FS striking
with the range; N-20°, are only imaged on RTE grids when isolated, invariant in cross-section
and continuous throughout their entire lengths. These criteria are nahmature, as the input
basement depth grid (Figure29 shows. Consequently, such sources generate discrete (discon-
tinuous) E-W dipolar anomalies that mimic their extents on RTE grids.

Dipole-like anomalies result from the leakage of magnetic flux induced in @achlly discon-
tinuous) structures along the en-echelon E-W striking plane of displadefBen figure2.9).
These dipolar anomalies are further enhanced by local changes inikkgeddtsuch structures.
Where such structures occur in close proximity to sources which strike @r dtfections, their
RTE anomalies interfere to produce artefacts that are not related to a@ngoteces. Examples
of such RTE artefacts for NNW-SSE sources occur at grid node2dayp (75,300), (108,250)
and (189,237) on the SBM (RTE) grid (Figufe4h) compared with its RTP equivalent (Fig-
ure ). Similar examples for NNE-SSE sources on these grids occur at grissn@%0,162)
and (262,262j).The frequent occurrence of NNW-SSE and NNE-SSW sources axldbeness
of sources on the basement depth grid (Figuf&) appears to be a major reason for the inability
to recognise and correlate anomalies from similar sources on the RTP &dffSBM grids. It

8Grid location or node refers to a specific grid point with coordinaxe (
9These artefacts are more obvious on equivalent figures in apper@igureC.3).
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was not possible to distinguish anomaly interference due to nearnesgroésdrom those caused
by the RTE-induced azimuthal anisotropy. Consequently, any futueeerde(s) to anomaly in-
terference on RTE grids will imply both origins.

Anomalies due to the well isolated NorthWest-SouthEast (NW-SE) faulpsalang grid nodes
(92,281) and (125,225) are preserved on the SBM (RTE) grid (Figurg. This applies also to
the NorthWest-SouthEast (NE-SW) structure containing grid nodesQparsl (175,75). Unfor-
tunately, the basement depth grid (Figdr&s does not contain as many structures with these
strike directions.
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Figure 4.5: RTP and RTE transformed equivalents of the CBM grid (Fighr&). All magnetic sources
(with 2D or non-2D contacts) in figuré.2bare visible on CBM (RTP) grid (Figuré.59 irrespective of
shape and orientation. Fault scarps (FS) are only visibkub#e anomalies in figuré.5a Subtle FS and
topographic anomalies are invisible on CBM (RTE) grid (Fegd56) as they are swamped by the relatively
higher amplitude anomalies of basement origin. Unlike tBMIRTE) grid, edges of magnetic sources are
visible on CBM (RTE) grid. Negative anomalies occur dirgabove source bodies with mainly positive
anomalies occurring to the North and South of the edges s&theurces.

(B) CBM grids TMI anomalies AT) on the CBM grid (Figure!.3) result from varying magnetic
composition (Figuret.2h), as well as depths (Figuré 29 of basement (Section.2.2). CBM
grid anomalies are significantly higher in amplitude (by a factor of 2 or more)tth@se on SBM
grids, in direct response to the higher lateral magnetic susceptibiljies CBM anomaly sources
(Figure4.2h).

The range of anomalies on tBM (RTP) grid (Figure4.59 is 840 nT compared with the 136 nT
range of the SBM (RTP) grid, a range facte6. Except where FS were significantly shallow and
located within lithologic terrains of high enough susceptibilitids these weaker (subtle) anoma-
lies are swamped (dominated) by the higher amplitudes rendering thesesseri-visible, if
not invisible, on the CBM (RTP) grid. Unlike the SBM (RTP) grid (Figuré 9 in which the most
prominentAT were mainly associated with shallower model sources, the most prominenaano
lies (>250 nT) on the CBM (RTP) grid are generally associated with intrusive hsodeces with
magnetic susceptibility contrastdk) exceeding 0.04 Sl (Figuré.2) and at depths shallower
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than 7 km. Note that anomalies from the equally strongly magnetised intrusiveesiocated at
grid node (253,46) near the SouthWest (SW) corner of the grid, ahslegxceeding 7 km are
significantly attenuated to intermediate range anomalies (50-250 nT). ThieB¥st-SouthWest
(NE-SW) trending basement terrain (slab) witk0.038 SI, which dominates the northern half of
the grid in figure is outlined by intermediate anomalies, which vary with depth on the CBM
(RTP) grid (Figure4.59. The varying width of this structure seems to affect how it is imaged
on this CBM grid. For example, this intermedidteslab is at its thinnest around grid location
(232,250), but at depths exceeding 8 km. Consequently, it is not asmagdled as it is when
shallower, West and East of grid location (232,250). Thereforecesuvith small widths need
to either be at shallow depths or possess considerably higher magnegptiity, to be fully
imaged. The dramatic impact that the combined effects of variable sourte aegp composi-
tion (k), as well as interference from adjacent sources can have on ansisaliemonstrated by
the rapid gradation of anomaly amplitudes across the intrusive sourcil atagie (130,272) in
the North-Central part of the CBM (RTP) grid (Figufe59. This grid (Figure4.59 shows that
anomaly amplitudes increased generally with increasing magnetic susceptibilitgst6dk) and
reducing basement depth, with susceptibility changes having more sighéféects on magnetic
anomaly magnitudes than the depth changes.

The CBM (RTE) grid (Figure ) presents similar symptoms to those observed on the SBM
(RTE) grid (Figure4.4b). For instance, the range of anomalies (575 nT) on the CBM (RTE) grid is
considerably weaker than that on the CBM (RTP) grid (Figufe) by a factor of 1.5, reflecting
the weaker induced field intensity at the geomagnetic equator (See sa¢tivfor more details).
High susceptibility & 0.013 SI) sources (Figuré.2h) that were imaged in figuré.5aas positive
anomalies are imaged as negative anomalies on the CBM (RTE) grid (Figiijewith positive
side-lobes to the North and South of each major negative anomaly. Thedels&t can interfere

to dominate anomalies from relatively weaker sources to the North and Siosiiclbanomalies.
Such interference will further complicate matters, especially where a nuaflstjacent E-W
striking non-2D sources also occur. Fortunately, this is not the caseeo@BIM grids. In gen-
eral, negativéAT on the CBM (RTE) grid (Figurel.56) correspond to positive anomalies on the
CBM (RTP) grid (Figure4.59. This seems to confirm the existence of the additive inverse rela-
tionship suggested in figure 1 for profile datasets. Such an inverse relationship cannot exist for
the entire grid, since North-South (N-S) structures are not imaged atA$& NorthNorthEast-
SouthSouthWest (NNE-SSW) and NorthNorthWest-SouthSouthEastWISSE) structures are
only imaged on RTE grids when invariant in cross-section and continuomsghout their entire
lengths. These criteria are not met in nature. Hence, NNE-SSW and NSBE\structures generate
discrete (discontinuous) E-W striking anomalies on RTE grids that inteidgreoduce additional
artefacts that are not related to any real sourc@herefore, although RTE grids of real, uniso-
lated anomalies may contain inverses of their RTP equivalents from sdhatese not orientated
N-S, NNE-SSW or NNW-SSE, such grids also contain anomalies that fesmitcomplex in-

10see examples of these artefacts for NNW-SSE sources at grid ridij28@), (75,300) and (108,250) on the CBM
(RTP) and CBM (RTE) grids (Figures5aand , respectively). Similar examples for NNE-SSE sources on these
grids occur at grid nodes (250,137) and (262,262).
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teractions between anomalies generated by genuine sources andsaresalting from the RTE
process.

In summary, RTP of “BishopAT grids show that strong positiv&T are sourced from mag-
netic basement sources with susceptibilities greater than the surroundiegdosceptibility K)
basement. Boundaries between such sources are contacts (locatsigsifafant magnetic sus-
ceptibility contrastsgk). Moderate, positive to negativel are sourced from higher reliefs on the
basement surface, but these are significantly more attenuated with ingrdapth. All sources,
irrespective of their spatial orientation (strike), were imaged at the cidreations on RTP grids.
Comparisons between SBM (RTP) and CBM (RTP) grids (Figdrésand4.59 and their RTE
equivalents (Figures.4band , respectively) show that negati¥d on RTE grids correspond
to positive anomalies on the RTP grids, suggesting an additive inverselj relationship. N-S
striking sources are not imaged at RTE. NW-SE or NE-SW structuresaapp be well imaged,
while NNE-SSW or NNW-SSE striking sources are imaged as linear amaengs of discrete,
E-W striking dipolar anomalies on RTE grids (See figirg). Hence, RTE anomalies represent
inverses of their RTP equivalents for isolated sources striking in directtrer than N-S, NNE-
SSW or NNW-SSE. Also, artefacts (not associated with any basemewesdpgenerated by RTE
transformation and interference of anomalies from NNE-SSW and NN®/s&®ictures confirm
that grids of RTE anomalies are not exactly additive inverses of their QURaents. Interfering
anomalies caused by the RTE process could not be distinguished froendtheso anisotropy.

Magnetic basement sources were generally associated with positive eratelyd negative anoma-
lies (local crests/peaks) bound by relatively lower anomalies (locallesittdughs) on the RTP
grids. The reverse is true for the RTE grids, barring the effects ofmahpinterference due to
NNE-SSW or NNW-SSE striking structures. An example is centred closedamgde (62,50) on

both the CBM (RTP) and CBM (RTE) grids (Figuréssaand ) respectively).

4.3.2 Tiltangle (@) grids

6 grids consist of amplitude-gain-controlled and equalized equivalet$ ¢Section ). Un-

like grids generated from other derivatives that depend directlyloamplitudes, with grid values
decreasing with decreasify amplitudes @ equalizes prominent and subtle anomalies on both
RTP and RTE grids, by amplifying the ratio between Cartesian derivatizgaation £.6.7),
making it possible to map both shallow and deeper sources of all composititmportantly,

6 is independent of susceptibility contragtkf distribution on the grid. Hence, anomalies on
the SBM (RTP) and SBM (RTE) grids (Figuréstaand ), as well as the CBM (RTP) and
CBM (RTE) grids (Figures!.5aand ) were further simplified by transforming each grid to
their 8 equivalents. However, positive of RTP anomalies correspond, in general, to negdlive
of RTE anomalies, and vice versa (Figure). Consequentlypnly the additive inversex(— 1)

11subtle SBM and CBMAT were sourced by lower susceptibility or deeper sources on RTP gritdle, anisotropy
also contributed subtle anomalies to RTE grids.
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of B-transformed RTEAT grids will be compared, qualitatively and/or quantitatively, with their
RTP equivalents in this studilence, thed of the SBM (RTP) grid in figurel.4ais presented
in figure 4.65 while the additive inverse o of the SBM (RTE) grid in figurel.4bis shown in
figure 4.6h** Equivalent grids for RTP and RTE equivalents of the CBM grid (Figur&) are
shown in figuret. 7.2

Major sources oAT on the initial CBM grid (Figure!.35), including those that were not apparent
even on the CBM (RTP) grid (Figure59, are imaged on thé of CBM (RTP) grid (Figure!.79,
irrespective of their strike direction (azimuth). However, not all faudtrpdocations on the SBM

grid are imaged in figuré.7a This is because the wedd from these structures have been lost,
mainly to interference betweell originating from basement morphology and lithology (mag-
netic susceptibilitydk). The higherAT amplitude contrasts at intersections between the higher
susceptibility intrusives and NE-SW striking 2D magnetic contacts on the CBNPYRrid ap-

pear to displace it = 0 contours from locating these intersections. These intersections ane bette
defined by8 = 0 contours of the CBM (RTE) grid. See grid nodes (180,205) and (222 far
examples.

Angular measurements of the strike directions of two-dimensional (2D) ane2b contacts, as
well as, FS on thé of CBM (RTP) grid (Figuret.79) present four strike directions: (i) NW-SE
striking two-dimensional (2D) contacts; (ii)) NNW-SSE striking FS; (iii) NNB\§ striking FS;
and (iv) NE-SW striking 2D contacts. While two of the intrusive (3D and X&) magnetic bod-
ies mainly have NE-SW trends, the other two strike NW-SE. The dominanttatiems (strikes)
of structures on the complex "Bishop" model (CBM) is NE-SW (Sharper ésadthese grids are
presented in figure.4).

12rigure4.6bwas derived fron® of SBM (RTE) grid in appendiC (FigureC.59).
B3rigure4.7bwas derived from thé of CBM (RTE) grid shown in appendix (FigureC.5h).

80 (Deg.) 80 (Deg.)

Horizontal distance (km) Horizontal distance (km)

(a) 6 of RTP grid. (b) Inverse of6 of RTE grid.
Figure 4.6: 6 equivalents of the SBM grid (Figuré.39. Black contour lines in figureg.6aand 4.6b
tracef = 0, but also marks the edges alf FS on the basement depth grid (Figute29. Red contour in

figure4.6btrace@ = 0 on the RTES grid. Note that the black contour line in figudeshis same as that in
figure4.6a
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(a) 6 of RTP grid. (b) Inverse off of RTE grid.

Figure 4.7: 6 equivalents of the CBM grid (Figuré& 31). Black contour lines in figure$.7aand4.7btrace
6 =0 on figure4.73 but also marks the edges of all magnetic contacts on the etiaggusceptibility grid
(Figure4.2h) andsome FSn the basement depth grid (Figur€ 9. Red contour in figuré.7btracesd =0

on the RTES grid. Note that the black contour line in figude/bis same as that in figure 7a

The general loss of spatial relations between actual locations of scamdeheir anomalies occa-
sioned by the RTE process are more obvious on their equivalgrids. These displacements of
locations of anomalies on RTE grids relative to their actual locations werenuuing by trans-
forming RTE grids to theif equivalents. For instance, although the 3 discrete three-dimensional
sources located at grid nodes (222,25), (263,20) and (292,20) &BM«RTP) grid (Figure!.69

are more obvious than they were on the equivalEhtgrid (Figure4.49), these sources were
fused to form a spurious elongate E-W structure centred at (238,28)eo8BM (RTE) grid
(Figure4.60). Including the now more obvious continuous NNE-SSW or NNW-SSE (IN(ID’)
striking 8 anomalies on the SBM (RTP) and CBM (RTP) grids (Figurésaand4.79, these struc-
tures cannot be identified with any certainty on the equivafeot SBM (RTE) and CBM (RTE)
grids (Figures!.6band4.75). Also, interfering E-W striking anomalies from adjacent sources have
produced altogether new anomalies on RTE grids that are not related $traciyires on the input
basement grids (Figuri?).

AT side-lobes developed due to RTE transformation are welded onto anomaitiethe Western
and Eastern curved (non-2D) edges of intrusive bodies, resultingestwerd and Eastward ex-
tension of these edges by about 100% of the radius of curvature ottha @dge. An example
of such spurious extensions imaged@of CBM (RTE) grid (Figure4.7b) is located at grid node
(250,50). Side-lobes such as these may have led to further interfdretveeen adjacefT. The
extent of anomaly interference, and its effect on the apparent locdtgmucce edges on RTET
grids are certainly more obvious on théirequivalents. It is from thes@ RTP and RTE versions
of SBM and CBM grids that estimates of the locations and depths of edgesvabtained, using
the “Tilt-Depth” method. Estimates of locations from SBM and CBM grids in figydré and4.7,
respectively, will be compared in sectidns, while depths estimated for those locations will be
compared in sectio:.6.
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4.4 Prerequisites for analysing location and depth estimates

Critical variables required for assessing location and depth estimatefediilt Depth” method

are the exact locations and depths of structural edges on the input SBNCBM basement
grids (Figures!.2aand , respectively). These were not provided for this study. So, to enable
me to extract these critical pieces of information from BM grids for evaluatieg Tilt-Depth"
method, | tried different approaches. For example, | initially isolated theahkioations of FS

on the input basement depth grid (Figuresg using the method of ridge maxima detection
of ( ) (Section ). The method correctly traced most linear features on
the grid (AppendixC, FigureC.7). Unfortunately, the locations traced by this method could not
be used for this study. | expect edges of structures to be located at the inflection points (not at
peaks) of other input grids.

Since structural edges on the input basement grids (Figufesand ) must be character-
ized by significant depth and/or magnetic susceptibility contradty @pplying a combination

of spatial derivatives (Section5.1) to the grids could preferentially accentuate the locations of
the edges. The attributes corresponding to these edge locations caretheapped. Different
derivative-based methods (Sectiary) or their combinations, including second vertical deriva-
tives (SVD), Tilt angles @), total horizontal derivatives (HGM), analytic signal amplitude (ASA)
were applied to the input basement depth and complex magnetic susceptibiiykjgdres

and ) respectively). Some intermediate location grids extracted from BM inpds gFig-
ures and4.20) are presented in appendix(FigureC.6).

The 8 = 0 contour of the SBM (RTP) grid correlated well (Figuresd with edges of the major
features of the input basement grid (Figdréd. Hence, | extracted locations within tife< 45
range, so as to include a significant strip of fault scarp edges fromefigida These actual lo-
cations (extracted from figuré 29 are presented in figur&8a Locations of edges on the input
complex basement (Figure2l) could only be obtained through the application of several filters
to the grid (FigureC.6d. These actual magnetic contact locations (extracted from figirie
were further distinguished on the basis of edge-shape in plan view, Ttas® locations, as well

as those for FS (Figuré.89 are denoted by different colours (Blue and red-coloured soices
figure 1~ Hence, only the locations shown in figute3afor FS edges will be used to evalu-
ate estimates obtained from all SBM grids. Similar evaluations for CBM grids wélanly the
locations shown in figuré.8h This grid of combined locations (Figure8h) was used to extract

a grid for the actual depth of edges of All' sources on the CBM (RTP) and CBM (RTE) grids
at these locations (Figure99. It is to these extracted BM source-edge location and depth grids
(Figures4.8and4.9) that “Tilt-Depth” method location and depth estimates derived from RTP and
RTE versions of the SBM and CBM grids will be quantitatively compared iti@es4.5and

4gince there are no peaks on the variable susceptibility grid (Figdis, this method was not tested on it.
15These colours will be used to distinguish results obtained for each seticfises in most plots of depth estimates
later in this chapter.
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Figure 4.8: Locations of edges aiT sources on the input BM basement grids. Edges of SBM and CBM
anomaly sources are colour-coded for clarity: FS (Greeld)magnetic contacts (Red) and non-2D (3D)
magnetic contacts (Blue).
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Figure 4.9: Actual depth of edges of all anomalous sources on the sinmulecamplex BM grids. Depths
were extracted using the combined locations grid (Figutg). Unlike figure4.8h colours in figuret.9a
represent depths of basement, and not the type/shape of.deigare4.9b shows distribution statistics;
mean depthAv.), standard deviatior§D.) and coefficient of variationqoV).

The bands of extracted locations and depths shown in figugesd4.9 represent significant and
varied distances across the edges. However, these width variatianampsoblems to the evalu-
ations intended since only “Tilt-Depth” method location or depth estimates asponding grid
locations on RTP and RTE grids will be used for the evaluations.

A composite histogram of the distribution of actual depths of edges of all &Mces, with class
size of 200 m (43 bins), is shown in figu#edh Depths are colour-coded to reflect source-types
in figure4.8h | will use statistical parameters like mean depili), standard deviatior§SD.) and
coefficient of variation©oV) to describe the variability of the actual depth of BM source edges.

165 D. increases as depth values spread out from the mean depti{ence, smalleB.D. values characterize depth
distributions with data tightly grouped around the sample meanCiwof a distribution is the ratio of itS.D. to its
mean Av), reported as a percentage(@prz 2012 p.327).
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However, BM source depth distributions differ in their shapes and symmaékigureZ.9h). They

are not Gaussian. Also, the depth distribution for each source type ylisplaumber of local
peaks, reflecting the fact that each source type occurred more tlian aindifferent locations
and depths, across the BM depth grid (Figurat). Consequently, the statistical parameters ob-
tained for these generally multi-modal depth distributions (Figu#) were compromise val-
ues ( J ) p.615). It is these compromise parameters that will be used to qualitatively
compare each histogram in figu#e9b with those obtained from depths estimated for similar
sources, from RTP and RTE versions of SBM and CBM grids in sectior.

45 Location estimates from RTP and RTE-transformed SBM and
CBM grids

In order to examine the accuracy of location estimates from the “Tilt-Depth” adet®® con-
tours from @ of RTP and RTE versions of both SBM and CBM grids were extracted amd a
presented in figuré.10and compared below. Contours obtained from SBM grids (Figuieare
shown in figure ; while contours from the CBM grids (Figure?) are shown in figurée

The black and red contour lines represent estimated locations of edgpsctively, from RTP

25 g < J
@ M
0 o — o0& e 1SS S U U U N U
0 25 50 75 100 125 150 175 200 225 250 275 300 0 25 50 75 100 125 150 175 200 225 250 275 300
Horizontal distance (km) Horizontal distance (km)
(a) SBM grid. (b) CBM grid.

Figure 4.10:“Tilt-Depth” method estimates of location of model anomsdyirces on SBM and CBM grids.
Contour lines were extracted froéhof RTP and RTE versions of: (a) SBM grids in figuré$aand 1
and (b) CBM grids in figureg.7aand . Black contours tracé = 0 from 6 of RTP grids, while red
contours trac® = 0 from Tilt angle of RTE grids, respectively. While contoustimate edges of FS on the
SBM grid, they estimate edges of both faults scarps and ntiagrentacts on the CBM grid.

and RTE grids. Anomalies from intersecting edges of sources inte@emesequently, edges at
such locations could not be accurately imaged on RTP grids. Examplesarocund grid nodes
(115,270) and (212,212). However, edges at such locations wéer traced on the RTE grid,
probably because the discrete, dipolar E-W RIBnomalies which characterise such locations
aligned to make such edges continuofis= 0 contours of RTP grids are located directly above
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well isolated edges, but slightly displaced away from source edgesewoasiderable anomaly
contrast and interference occlr= 0 contours of RTE grids tend to be shifted inwards from their
RTP equivalents at such locations.

Where possible, estimated locations (and subsequently, depths) weraredmpantitatively, us-
ing the non-parametric Spearman’s rank-order correlation coefficigiiiquation ¢.5.1) and its

coefficient of determinatiorr§).”” Unlike rs which ranges from-1 to 1,r2 ranges from 0 to 1
(or 0 to 100%), allowing correlation coefficients from similar sample populatiorbe compared

( : ; ) j : )-
ii (Cix—C) (Djx—D)
(33 (o) 3.3 (on 0]

where:C andD arem x n matrices containing the ranks of any pairrf< n matricesA andB,

(4.5.1)

rs:

respectivelyC andD are the mean of the values @andD, respectively; Subscriptg k locate
elements in the correspondinth row andkth column ofC andD, so that correlation is between
ranks at equivalent locations A&andB. m= 649 whilen = 631 for BM grids, a maximum degree
of freedom () of 4095109.

The statistical significancep] for all rs andr? discussed in this study is the conventional value
0.05 (5%) used in scientific studies, assuming thandB have equal means’( J ,
p.616).” This p value corresponds to a confidence interval of 95%. Equaticn® will be used

to highlight any relationship(s) that may exist between actual locations ofiBiMnaly sources
and their estimated locations derived from RTP and RTE grids. Diffengptoaches used for
comparison of location estimates are discussed below.

(1) Comparisons between actual ari= 0 estimated locations of edges on RTP and RTE ver-
sions of the SBM and CBM gridsk-or this analysis, locations corresponding to@he 0 contours
obtained from SBM (RTP) and SBM (RTE) grids (Figure.09 and CBM (RTP) and CBM (RTE)
grids (Figure ) were extracted from the grid of actual location of SBM and CBM edgis (F
ure and , respectively). Unfortunately, these locations covered e#iy3 to 0.5% of the
grids. The number of locations obtained from the SBM (RTP) and SBM [Rjfids were 2000
and 2215, respectively, while it was 1406 and 1950 for the CBM (RTid)@BM (RTE) grids,
respectively~11-40% more locations were obtained from RTE grids than RTP grids.

Since8 = 0 contour of the SBM (RTP) grid traced the edges of FS on the input basgeayrid
(Figure4.29), its locations were used for correlating location estimates from both the $8IRA (

1"This technique highlights the existence or otherwise of a linear relationsitipede the ranks of any two
paired datasets, thus outperforming its parametric equivalent; theoRsapsoduct-moment correlation coefficient,
o ( J , p.640).

182 will be hereafter shortened t3.

190 defines the probability of obtaining the observedalue by random chance, i.e., when the trgie- 0.
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and RTE) grids. For SBM (RTP) gric? = 100% with degrees of freedortil}=2000 ando = 0.
For the SBM (RTE) grid? ~ 6% with N = 22 andp = 0.29 (far below the confidence limit set
for this study). Henceas andr? for SBM (RTE) grid are unreliable for any inference(s). Similarly,
locations of@ = 0 contours on the CBM (RTP) grid were extracted from grid in figled for
correlation between location estimates obtained from CBM (RTP and RTE) tffigt 100% with

N = 1406 andp = 0 for the CBM (RTP) grid, while? ~ 27% with N = 16 andp = 0.04 for
the CBM (RTE) grid indicates a moderate positive correlation. Although 279&ledion for the
CBM (RTE) grid is significant at 95% confidence levil,= 16 represents only 0.8% or 1.1%
of the total number of locations obtained from the CBM (RTE or RTP) grisheetively. These
results show that RTE location estimates were generally unrelatable to theiedRiiValents. |
effectively assume that there is little or no correlation between estimated aral lcations of
sources on the BM (RTE) grid.

(2) Comparisons between whole RTP and RTE griddigures4.6and4.7 (N = 409519). Sincé
grids present equalized anomalies, any correlation or otherwise beRiétand additive inverse
of RTE grids should reflect the fidelity between these grids.@~of SBM (RTP and RTE) grids
(Figure4.6) r¢ = 0.67,r? = 45% andp = 0 indicating a weak, but positive correlation betwe®n
anomalies on both grids. Only about 45% of anomalies on the SBM (RTE) grid gorrelatable
with those on the SBM (RTP) grid. Consequently, 55%9ainomalies on the SBM (RTE) were
spurious, originating mainly from en-echelon NNE-SSW and NNW-SSEistrikources on the
basement depth grid (Figuse2d.

For 6 of CBM (RTP) and CBM (RTE) grids (Figuré.?) rs = 0.79,r2 = 62% andp = 0, indicat-
ing moderately strong, positive correlation betwéeanomalies on both grids. About two-thirds
(~62%) of anomalies on the CBM (RTE) grid were correlatable with those on Bid (RTP)
grid, while the remaining 38% of CBM (RTE) anomalies were of spurious asigline signif-
icantly improved correlation, compared with that obtained for the SBM grigisears to result
from attenuation of anomalies from NNW-SSE and NNE-SSW striking ssu/agomalies from
NNW-SSE and NNE-SSW striking sources on the CBM grids were lost tcetfrosn the broad
and extensive NE-SW striking, high susceptibility terrane on the CBM inpdt(§igure ).
The strong correlation between CBM (RTE and RTP) grids as opposeddcsteong correla-
tion between SBM (RTE and RTP) grids reflects the dependence of RiUgad anisotropy and
anomaly interference on the shape, strike and persistence of anomalgsou

In conclusion, correlation coefficients obtained from comparisons leet@ef RTP and RTE ver-
sions of BM grids increased with absence of NNW-SSE and NNE-SSWsjrdources. In gen-
eral,8 = 0 contours of RTP anomalies accurately located source edges. Haweasmproblems
and provides less accurate location estimates where source edge<irgacseother. The domi-
nance of spurious anomalies which could not be correlated with actualdBktes on RTE grids
render@ = 0 contours from RTE anomaly grids ineffective for locating anomaly soedges.
The occurrence and dominance of these spurtba$ RTE anomalies depend on the suscepti-
bility, shape, strike and persistence of anomaly sources. These rdsmitglsat source locations
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estimated fromAT (RTE) grids, using only the “Tilt-Depth” method are unreliable. Hence, the
effectiveness of other semi-automatic methods of locating 2D source #dgeAT (RTE) grids
will also be evaluated in chapter

4.6 Depth estimates from RTP and RTE of SBM and CBM grids

“Tilt-Depth” method estimates of depth from prof?d datasets showed least errors when imple-
mented using the distance betweer 08| < 30 compared with & |8] < 45 (Sections

and ). Hence, depths of source edges on RTP and RTE versions of the 88MCBM
grids were estimated in three modes, using the distances betwedi®|0< 45, 0< |6] < 27
and 0< |6| < 10. The—27 < 8 < 27 and—10< 6 < 10 range, respectively, represent 0.5 and
0.2 of the physical distancéh() covered by—45 < 6 < 45 range (Tablé % The ef-
fectiveness of the method will be evaluated in terms of the differences¢gbetween the actual
source depths (Figure 9) and depths estimated for these sources féooil SBM and CBM grids
(Figures4.6and4.7). Depth estimates obtained from SBM grids (Figutesl band ) and the
corresponding grids of & |8| < 45 range used for these estimations (Figurés.aand ),

are presented in figuré.11. Similar grids for estimates from the CBM grids are presented in
figure

Discrepancies were observed when | compared grids of depths estifreateldoth the SBM and
CBM grids by the GETECH Plc’'s Geosoft EXecutable (GX) used in this stuitly grids of the
respectived ranges (& |6| <10, 0<|0| < 27 or 0< | 6| < 45) from which these estimates were
meant to be derived (Figures1land ). Comparisons show that depths were estimated for
some locations outside those within the speciflednge. These discrepancies were computational
artefacts introduced to the depth estimates grid by a bug that | discoveresl GERECH PIc's
Geosoft EXecutable (GX) used in this study. For instance, comparisiwgén depths estimated
from the 0< |8| < 45 range show that these artefacts occur around grid nodes (20238)40),
and (305,50) on the SBM (RTP) grid (Figufel 11), as well as grid nodes (175,250), (200,315),
and (315,38) on the SBM (RTE) grid (Figufel19. Artefacts also occur at grid nodes (150,25),
(175,315), and (305,38) on the RTP and RTE versions of the CBM gigai(&s and ).

The SouthEastern part of these CBM grids is dominated by a major artetantiriimise this
problem, only depth estimates from locations at whichialues were within the ranges required
for depth computation (& |6| < 10, 0< |8] < 27 and 0< |8]| < 45) were retained for further
analysis.

200 < |6] < 10 and 0< |6| < 27 ranges are subsets ok0|0| < 45 range (Figure.6). Hence, allé ranges used
for depth estimation from SBM grids are presented in figurés aand ; while equivalents for CBM grids are
presented in figure$.12aand
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Figure 4.11:"Tilt-Depth” estimation of depth of fault scarp (FS) edgesm SBM (RTP and RTE) grids,
using 0< |6| < 45 range. Black contour lines in figurésl1aand4.11ctrace@ = 0. Note that estimated
depths are for locations traced by te- 0 contours. Erroneous locations (discussed in text) aredoted
in RTE grids, and depths for such locations are spatiallyphated.

4.6.1 Methods used for analysing depth estimates

Analyses of depth estimates initially involved comparisons between histogrartte afctual
depths of BM grid sources (FS and magnetic 2D and non-2D contactsir figob with those
of depths estimated for these sources from both the SBM and CBM grididd$é.6.2). Depths
estimated from RTP and RTE of BM grids or the errors associated with trstiseates were
also compared with actual source depths using depth crossplBtsss-plots of depth estimates
obtained at BM source locations are discussed in section

21cross-plots present paired datasets;\1), (X2,¥2), (X3,Y3)... ., &, Yn), Wherex andy, respectively, refer to data
at equivalent locations on the actual basement depth grid and/or BMagstirdepth grids (See figurési5and4.19).
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Figure 4.12:“Tilt-Depth” estimation of depth of geological structurdault scarp (FS) and magnetic con-
tact edges, on CBM (RTP and RTE) grids, using (0| < 45 range. Black contour lines in figurési2a
and4.12ctrace 8 = 0. Note that estimated depths are for locations traced bygthe0 contours. Erro-
neous locations (discussed in text) are introduced in RTdsgand depths for such locations are spatially
misplaced.

4.6.2 Comparisons between distributions of actual and estiated depths

Here, | compared the shapes and spreads of actual and estimated afegitrsources on BM
grids using histograms and statistical parameters like the mfagn gtandard deviationgD.),

and coefficient of variationQoV).”” Histograms of actual depths of FS, as well as 2D and non-2D
contacts are shown in figure9h These distributions are briefly discussed below.

(A) Actual depths of sources on BM gridsThe actual depths ¢&fS (Green-coloured histogram in
figure4.90) ranged from 0.43 to 9.1 km (Figure99. This distribution is bimodal but symmetric
about its meanAv.) of 5 km, with most sources at depths of 2.3 to 4.7, and 4.7 to 8.33m.
andCoV for actual depths of FS were 1.7 km and 35%, respectively. FS eqre83% (de-
grees of freedoni\\=85197) of all BM grid source2D contacts(Pale-red-coloured histogram in
figure 4.95) were at depths ranging from 1 to 8.5 km (Figuresg, with Av, SD. andCoV of
5 km, 1.9 km and 38%, respectively. 2D contacts represent=iii (N =6999) of all BM grid

22|ntroduced in sectior 4.
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sourcesNon-2D contacts(Blue-coloured histogram in figuré 95 were at depths ranging from
2.4 to 9 km (Figures!.99, with Av, SD. andCoV of 5.8 km, 2 km and 34%, respectively. This
distribution represents10% (N =9813) of all BM grid sources.

(B) Depth estimates from SBM (RTP and RTE) gridsThe distributions of depths estimated for
FS obtained from SBM (RTP and RTE) grids using the distance betwgdf )< 45, 0< |6| < 27
and 0< |6| < 10 contours are shown in figure13 Histograms (Figure!.13 show all SBM
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Figure 4.13: Histograms showing the distribution of “Tilt-Depth” methestimates of model source depths
from SBM (RTP and RTE) grids. The method was implementedriegimodesf = +45, +27 and+ 10.

depth estimates to be skewed to the right, compared with the mainly bimodal, but sycaltyetr
distributed actual depths shown in figuré@h According toPress et a(1992), the mean of values
drawn from a probability distribution with broad tails may converge poorlyatrat all. | expect

any poor convergence of the mean depth vale) (of each distribution to be reflected in its
SD. andCoV.”* Hence, comparisons of dispersion between these multi-modal and/orskewe
distributions of actual and estimated depths for each BM sources, relietyraithe CoV of

each distribution.

23For the relationship between these parameters, see séction

83 of 264



Chapter 4

The number of estimates from SBM grids decreased, while the maximum dé¢iptlatesl gener-
ally increased as the magnitude ®flecreased from 45 to 10. Ti@oV captures these variabili-
ties. For instance, for SBM (RTE) estimates, it increased fxebii% for 8 = +45 (Figure )
through~60% for8 = +27 (Figure ) to =~72% for@ = +10 (Figure ). Compared with
actual depth of FS (Figuré.9h) depths estimated from the SBM (RTP or RTE) grids were only
about 20% more spread out, except for estimates from the SBM (RTE)gind8 = +10 with a
spread of about 35% more.

Next, | compared the percentage of source edge locations retainedegtrs estimated from
each range 08, on the SBM (RTP or RTE) grid. Percentages represent the ratio ofutimder

of depths estimated from ea¢hrange (Figure!.13 to the total number of actual depth for FS
(Green-coloured histogram of figu#eoh). These percentages of retained estimates are presented
in table4.1. The ratio of the occurrence (frequency) of estimates obtained fromi G&P) or

SBM (RTE) grid to the total occurrence on both histograms from the SBMP(&Td RTE) grids
(Figure4.13 are also presented in taklel. Estimates from the SBM (RTP) grid using08 < 45

Table 4.1:Retention of depth estimates from FS on the SBM (RTP or RTi) gglative to the total number
of actual depth locations in figure

Fault scarps Ratio of estimates retained on Ratio of occurrence of estimates

SBM grids grid, for 8 =0 to: in histogram, for@ = 0 to:
+45 (%) | £27° (%) | £10° (%) | £45° (%) | £27° (%) | £10° (%)

(1) RTP 95 59 23 59 60 62

(2) RTE 65 39 15 41 40 38

distance cover 95% of FS locations on the input basement grid (Figginecompared with those
from the SBM (RTE) grid, which represent 65% of FS locations. Theatistcs varied from
59% (SBM, RTP) and 39% (SBM, RTE) for estimates fromi @ < 27 distance, to 23% (SBM,
RTP) and 15% (SBM, RTE) for estimates fromx08 < 10 distance. There was an approximately
60%:40% constant ratio between SBM (RTP) and SBM (RTE) estimates hrsetof histograms
in figure , irrespective of thed range used (Tablé.1). These relationships will be further
examined using estimates from the CBM grid.

(C) Depth estimates from CBM (RTP and RTE) grids Distributions of estimated depths for
FS, and 2D and non-2D contacts obtained from CBM (RTP and RTE),arsitsg the distances
between 0< [6| < 45, 0< 6] < 27 and 0< |6| < 10 contours are shown in figure
histograms (Figure

. These

), colour-coded to reflect source-types in figdré&l, showed all CBM
depth estimates to be skewed to the right, compared with the symmetrically distrilmited a
depths of sources (Figure9l). Histograms for FS and non-2D contacts were more right-skewed.
Depth estimates obtained from CBM grids were dominated by those from F&sourespective

of the 8 value used for the estimation. Estimates from 2D sources were generally thig¢hiange

of their actual depths. The dominant trailing tails of histograms of FS and®Bocentacts, well
beyond the range of actual source depths identify these sources ascmatgbutors to errors

in CBM depth estimates. Other than for FS, there were no significant diffesebetween mean
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Figure 4.14: Histograms showing the distribution of “Tilt-Depth” methaestimates of CBM model

(f) 6 = 0to+ 10 (RTE).

source depths. The method was implemented in three modag, the distances betweefi;= 0 and &

45 427 or £+ 10. Histograms are mainly skewed to the right. The most sdelistograms were those
for fault scarps (FS), while the least skewed were those Boc@ntacts. The dominance of FS depth esti-

mates well beyond the actual source depths can be a goodhreasninimising certain wavelengths &
datasets, based @npriori basement depth information.
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depth estimatesA{) for 2D and non-2D contacts on CBM (RTP and RTE) grids (Figlure).
However, theSD. varied significantly, allowing mainly for the use of tR®V for comparisons
between the spread of distributions of estimated and actual depth of CBiksdablel.?). The

Table 4.2:ComparingCoV statistics of depth estimates from CBM (RTP and RTE) gridgufe4.14) with
actual source depths (Figufed).

All source types, CoV, for estimates CoV (%), Mean ratio
CBM grids from 6 = 0 to: actual depthg| of CoV

(1) RTP +45° (%) | £27° (%) | £10° (%)

(i) Fault scarps (FS 51 50 59 35 15
(i) non-2D contacts 25 25 23 34 0.7
(iiif) 2D contacts 37 36 30 38 0.9
(2) RTE +45° (%) | £27° (%) | £10° (%)

() Fault scarps (FS 74 89 67 35 2.2
(i) non-2D contacts 48 43 26 34 1.1
(iii) 2D contacts 38 32 28 38 0.9

average dispersion (Mean ratio©@bV) in depths estimated for CBM sources from the varifus
ranges (Tablé.?2) were compared. Results showed that FS depth estimates from CBM (RITE an
RTP) grids were, respectively, 2.2 and 1.5 times more dispersed thandtugil depths. Estimates
for non-2D contacts on these grids were dispersed, respectivelyltand 0.7 times their actual
depths. However, estimates for 2D contacts from the same grids shonstdictdispersion of 0.9
times their actual depths.

| also compared the percentage of depth estimates retained for eactofahgehen applied to
the CBM (RTP and RTE) grid. These percentages were determined feoratth of the number of
depths estimated from eaétrange (Figure!.14) to the total number of actual depth locations, for
each CBM source (Figur&£.99. For all sources on the CBM (RTP or RTE) grids, the percentage
of depth estimates decreased with decreasing rangevaiues used. For example, percentage
depths of 2D contacts retained reduced from 95 to 76% for CBM (RT&fram 98 to 38% as
maximum® used reduced from:45 to+10 (Table4.3). For all 8 ranges used, percentage depth
estimates retained increased from its minimum values for FS, through intermealiade for non-

2D contacts to its largest values for 2D contacts (TabB. This observation may have resulted
from the attenuation of weaker anomalies sourced from basement tppggra

Relative contributions of depths estimated from each source on CBM (RTIREE) grids were
also examined. These were reported as ratios of depth estimates in histogtame presented in
table4.3. Irrespective of the range & values used for depth estimation, the ratios were highest
(> 70%) for FS, and lows 12 and 14%) for 2D and non-2D contacts (Table). The dominance

of estimates from FS, especially at significantly greater depths than on aetsement, may
indicate a need to filter off certain short and/or long waveledgthfrom given datasets prior

to the application of the "Tilt-Depth" method.
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Table 4.3:Retention of depth estimates from CBM (RTP and RTE) souretatjve to the number of actual

depth locations in figure$.8band
All source types, Ratio of estimates retained on Ratio of estimates in histogram,
CBM grids grid, for 8 =0 to: for 8 =0to:

(1) RTP +45° (%) | £27° (%) | £10° (%) || £45° (%) | £27° (%) | £10° (%)
(i) Fault scarps (FS 61 38 15 77 73 73
(i) non-2D contacts 93 70 28 13 15 15
(iiif) 2D contacts 95 76 30 10 12 12
(2) RTE +45° (%) | £27° (%) | £10° (%) | £45° (%) | £27° (%) | £10° (%)
() Fault scarps (FS 59 34 13 77 72 70
(if) non-2D contacts 81 57 23 12 14 14
(i) 2D contacts 98 83 38 10 14 16

In conclusion, assuming that contact-like magnetic sources were infinitgth dgtent did not
significantly simplify depth estimates from the "Tilt-Depth" method, in the presefiagugose,
weakly magnetic basement. Comparisons between actual depths of BMsauncttheir percent-
age of "Tilt-Depth" method estimates retained, as well as average dispestiowed FS sources
were responsible for the significant errors in depth estimates. Congggte obtain less erratic
depth estimates from the "Tilt-Depth" method, any non-magnetic contributions flasement
topography to the\T datasets must be minimised. Such contributions may be estimated from
a-priori basement depth information from boreholes, seismic section, etc.

4.6.3 Relationship between estimated and actual depths oBfshop” model sources

Here, | compared estimates of source depths obtained using half thegtdistances between
three ranges 08; 6 = 0 to+ 45, 0 to+ 27 and 0 tat 10 for the three BM anomaly sources in
figure with their actual depths (Figuré 99 using composite cross-plots. That is, although
estimates from each magnetic geological source-type (Fig@i® were obtained separately, re-
sults for each source-type on each BM grid will be presented along vttitsdrom other sources
on the same grid on the same figure. Three types of composite cross-pletssedrin this section,
including; cross-plots between actual and estimated depths of souneesptots between actual
and percentage errors in estimated depths of sources, and crosbgileeéen depths estimated
from RTP of BM grid and its RTE equivalent. Where involved, the actuptlieof source(s) were
plotted on the abscissae while estimated depths or percentage errorséosdleces at equivalent
locations were plotted on the ordinates of the cross-plots. Cross-ploth whcpared RTP with
RTE estimates had RTP estimates on the abscissae and RTE estimates on the ordina

(A) Estimated and actual depths of SBM sources

The only anomaly source on SBM grids are fault scarps, FS. Heng| alepths will refer only

to depths extracted from figure9aat locations shown in figuré.8a Cross-plots between these
actual FS depths and their estimates from SBM (RTP and RTE) grids (Bigureband )

). Errors in these estimated SBM depths are presented as percentage
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errors in figurel. 16 All analyses of depth estimates and error will include every estimated location
from the RTP or RTE grid, without consideration for whether or not thieneded locations were
accurate.”
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Figure 4.15: “Tilt-Depth” method estimates of SBM (RTP and RTE) sourcetts, using thd 6| =

0to 45 27 or 10 distance. The solid light-blue line is where a 1:Ielation between the actual and esti-
mated depths should plot. The legend to figliresaapplies also to figure$. 15band4.15¢ Note the wide
spreads in data. Each dashed line represents the beg-fatint-squares function for each cross-plot of
paired datasets. For clarity, the equation and relatettal parameters for these least-squares functions
are presented in table4.

Cross-plots of estimated depths (Figure5 and those of their errors (Figure16) displayed
very wide spreads. These spreads were attributed to the non-magmafiosition of FS struc-
tures, since these structures do not meet the strict assumption of cogtrastimetic suscepti-
bility inherent in the “Tilt-Depth” method software used for estimating depti8onsequently,
only estimates from strictly 2D and non-2D features of the CBM grid may bedrafi®n. How-
ever, to extract any meaningful information from these SBM cross-plotguUantitative compar-
isons, the best-fitting least-squares functions/models for these pairegtdatere computed, to
describe relationships in each cross-plot. Relationships between aestuaktmated FS depths
were best described by linear least-square lines. | relied on the deeffaf determinationy?
(Equation {.5.7)) and standard erro§E (Equation {.6.1)) for regressions on these cross-plots
to compare them’ The equations of the best-fitting function and the valueS®&and/orr? are
presented on tables introduced in the caption to related sets of crossHoloexample, see the

captions to figure¢.15and4.16a

S$
N-—2
whereSErefers to the error in average estimat®$,andN refer to the sum of squares of residuals

SE= (4.6.1)

24This is to simulate what obtains in practice.

25This software belonged to Getech PLC, UK.

26r2 and SE quantified the "goodness-of-fit" and spread of data around régneises, respectively(hapra 2012,
341). The statistical significancp)for all rs andr? presented is 0.05 (5%), corresponding to a confidence interval of
95%.
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Figure 4.16: Error in “Tilt-Depth” method estimates of SBM (RTP and RTBusce depths. The method
was implemented in three modes, usjAg= 0 to 45 27 or 10 distance. The legend to figuré 6aapplies
also to figuresl.16band4.16c Note the wide spreads in data. Each dashed line representest-fitting
least-squares function for each cross-plot of paired d&dagor clarity, equations for these least-squares
functions and related statistical parameters were predentable’ 4.

and degrees of freedom, respectively.

Table 4.4: Statistical parameters for least-squares functions tb eaxss-plot in figureg.15and4.16

Figure RTP (Black, dashed line) RTE (Brown, dashed line)
4.15a | y=0.8x+0.6; SE=2.3;r>=27.6% | y=0.7x+0.4; SE=2.1; r° = 36.6%
4.15b | y=0.9x+0.8; SE=2.8;r°=246% | y=0.8x+0.5; SE=2.5; r° = 32.2%
415¢ | y=x+12;SE=3.9;r>=17% y=0.8x+12; SE=27;r?=254%
4.16a | y=3x?>—33.6x+749; SE=429 y=2.5x? —28.2x+523; SE= 336
4.16b | y=4.2x° —47.2x+1257; SE=56.4 | y=2.7x* —30.7x+ 72.6; SE= 426
4.16¢ | y=4.6x>—528x+1612; SE=851 | y=0.8x+1.2; SE=522

rs were computed usingn x n matricesA and B which, respectively, contained the actual and
estimated depths at corresponding locations in the model basement depRiguie 4.2 and

the grid of depth estimates obtained from the RTP or RTE version of the BMgitid) compared.
These pair of matriced and B were converted to column vectors, which contained data from
corresponding locations with significant depth figu@sandD were column vectors containing
the ranks of depth data lnandB, respectively. In this casey= N andn= 1. The size oN varied
with type of structure being considered and whether estimates were frenoRRTE of BM grid.
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The minimumN for cross-plots of SBM depths was 12469.

Irrespective of thé range used, estimated FS depths were not accurate (as they did nat ptot o
very close to the 1:1 lines) in figure 15 Depth estimates may be higher than, equal to or lower
than the actual depths of FS. This dispersion in the cross-plot incre@agethcreasing depths

of FS. Linear best-fits (treated as averages) to these cross-plotsg(Fit) and ther? and SE
values associated with them (Talle)) will be used to compare these dispersions. Best-fit lines
show that depths estimated from SBM (RTP) and SBM (RTE) grids wererghy closer when
—45 < 6 < 45 range was used (Figufel59. However, these estimates were, on average, less
than the actual depths of FS. Estimates usi®y < 6 < 27 range (Figuré ) were the most
accurate, since they were closest to the 1:1 line. Average estimates olfitamesBM (RTE) grid
were closer to the 1:1 line (more accurate) than those from its RTP equivalevere lower for
RTP estimates compared with RTE estimatégenerally reduced &8E increased, with reducing
range off used.

The equation for mean depths estimatgdf{om the SBM (RTP) grid in terms of actual depths
(X) of FS wasy = 0.9(x+ 1). The equivalent for SBM (RTE) grid wag= 0.8x+ 0.7. These
equations overestimate the actual FS depth, at errors of 20% or less mleeratioz—(/ < 1.2
Percentage depth errors obtained from SBM grids were shown in figiiie ' Neither quadratic,
cubic and quartic least-square functions could satisfactorily relate-ptossbetween percentage
errors and actual depths of FS sources. For example, the best-fitéuagie function for the
cross-plots are shown (Figufel6). For this function SE increased from 43 (RTP) and 34 (RTE)
when using—45 < 8 < 45 (Figure ) through 56 (RTP) and 43 (RTE) when usir@7 <

6 < 27 (Figure ), to 85 (RTP) and 52 (RTE) when usingl0 < 8 < 10 (Figure ).
The increasingE values associated with decreasgange used indicated that quadratic least-
squares fits could not adequately explain the relationship between aepthkdf FS on SBM
(RTP and RTE) grids and errors in their "Tilt-Depth" method estimates.

Next, | examine the relationship between depths estimated for FS from SBM &R@ RTE)
grids, by directly comparing RTP and RTE estimates (Figure). The equations of the best-
fitting lines to cross-plots in figuré.17 show RTE estimates were generally smaller than RTP
estimates, irrespective of tiferange used (Table in figure179.

The equation for mean depths estimated from the SBM (RTE) gjith(terms of mean depths
estimated from the SBM (RTP) grigt)(wasy = 0.5x+ 1.6. This equation overestimates the RTP
depth, at errors of 20% or less when the rafi@ < % < 1.2, or 35% or less when the ratio

0.7< % < 1.3. Hence, using these equatioagpriori depth information may be used to correct

depths estimated for those locations fréf datasets from uniformly magnetised terranes. The
corrections may then be applied to the entire dataset. However, the extreidelgigpersions in
cross-plots of FS depth estimates and their errors indicate that conclasavas from analyses

27Qutliers in percentage depth errors for FS sources occasionallyced260%, but were not removed.
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Figure 4.17: Relationship between SBM (RTP) and SBM (RTE) source depttimated using

|6] = O0to 45 27 or 10 distance. The best relationship was obtained s 0 to 27 range was used.
The legend to figure.17bapplies also to all other figures here. The solid light-bine Is where a 1:1
(100%) correlation between depths estimated from SBM (Rirf) SBM (RTE) grids should plot, while
the dashed, magenta-coloured line represents the bawg-fatst-squares function for each cross-plot of
paired datasets. For clarity, equations of these leastreguines and related statistical parameters are pre-
sented in the table in figur 17d

above may be far-fetched. These wide dispersions were expectegltisase sources (FS) do not
conform to the strict assumption of vertical infinite contact specified by thbade

(B) Estimated and actual depths of CBM sources

AT sources on CBM grids included fault scarps (FS), as well as 2D am@Banagnetic contacts
(Figure 4.20). “Tilt-Depth” estimates of the depths of these sources from the CBM (RjFid)
were shown in figurel. 125 while figure4.12d presented estimates from the CBM (RTE) grid.
The actual and estimated depth of sources have been extracted franrélpsctive grids, and
are presented as cross-plots in figures”® Cross-plots were colour-coded to reflect source-types
(Figure4.81). Cross-plots for RTP estimates are shown in figurésig 4.18band4.18¢ while
similar plots for RTE estimates are shown in figufes8d 4.18eand4.181. Percentage errors in
these CBM estimates are presented in figlfie),

28The actual locations and depths of these sources were shown in figtbssd4.95 respectively.
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Table 4.5: Comparing equations and statistics of least-squaresifunscto cross-plots shown in figurési8and

Figure 2D estimate (km) Non-2D estimate (km) FS estimate (km)
(RTP) | y=0.6x+0.5; SE=1;r>=802% | y=0.4x+1.3;SE=0.4;r2=837% | y=0.5x+1.4; SE=2; r>=21.6%
(RTE) | y=05x+0.7; SE=1;r2=586% | y=0.5x+1.3; SE=1.6;r2=235% | y=1.3x+0.5; SE=5.1;r°=182%
(RTP) | y=0.7x+0.5; SE=1.1;r°=811% | y=0.5x+1.2; SE=0.4; r> =886% | y=0.6x+1.3; SE=2.2; 1> =257%
(RTE) | y=0.5x+0.9; SE=0.8; 12 =74.8% | y=0.5x+12; SE=15;r2=317% | y=15x+1; SE=7.6;r?>=109%
(RTP) | y=0.6x+0.9; SE=0.9; r° =86.5% | y=0.6x+1.4; SE=0.6;r>=83.7% | y=0.8x+1.1; SE=3;r>=21%
(RTE) | y=0.5x+1.2; SE=0.9;r?=825% | y=0.5x+1.7; SE=0.8; r2=60.6% | y=12x+21; SE=57;r>=131%

Figure 2D error (%) Non-2D error (%) FS error (%)
(RTP) | y=0.2x* —4.5x— 127, SE=9.5 y=0.6x°—11.8x+14.4; SE=7.7 y=x°—17.1x+459; SE=386
(RTE) | y=0.5x*—8.2x—3.8; SE= 127 y=0.2x* —5.9x+0.3; SE=25.9 y=—2.3x - 23.1x+117; SE=882
(RTP) | y=0.4x> -6.3x—0.7; SE=9.8 y=0.5x° — 10x+15.8; SE=6.1 y=2x?—27.7x+ 787, SE= 416
(RTE) | y=0.5x2—9.8x+8; SE=8.9 y=0.4x>—-9x+111; SE=204 y=—5.7x2 + 58x— 63.3; SE= 1296.2
(RTP) | y=0.6x*>—10.8x+212; SE=9.8 y=0.7x> —129x+315; SE=7.9 y = 4.4x?> —51.4x+1405; SE=535

(RTE)

y=0.9x° — 14.4x—285; SE=9

y=0.2x* —8.1x+ 16.6; SE= 129

y = —5.1x%> + 46.5x — 23.6; SE=99.8
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Figure 4.18:“Tilt-Depth” method estimates of source depths from CBM BRand RTE) grids, usin| =
0to 45 27 or 10 distance. Estimates were truncated at 16 km fortglafifigures. The solid light-blue
line is where a 1:1 (100%) correlation between the actualemtichated depths should plot. The legend to
figure 4.18aapplies also to all other figures here. Note the wider spreafi$ data compared with those
for 2D and non-2D contacts. Each dashed line representsettefitiing least-squares function for each
cross-plot of paired datasets. Errors in these estimageprasented in figuré.19 For clarity, equations
describing these least-squares functions, as well agdetsatistical parameters are presented in table

To simulate what obtains in practice, all analyses of depth estimates anihehaoled every esti-
mated location from the RTP or RTE grid, without consideration for whethapbthe estimated
locations were accurate. Hence, data on each cross-plot weretedtoaty from corresponding
locations in the actual depth grid and depth estimates or percentage depthrietr The number

of such corresponding locations for each BM source defined thededrfreedomIy) for such
cross-plots.

Locations of depths estimated for 2D contacts from the CBM (RTP) gricespanded well with
locations of their actual depths (Sectiérl). However, only about 80% of locations of estimates
of non-2D contacts and FS sources from the CBM (RTE) grid corrmespath locations of their
actual depthaN generally reduced as tiferange used for depth estimation reduced. For example,
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Figure 4.19: Error in “Tilt-Depth” method estimates of CBM (RTP and RTEBusce depths, usin@| =

0 to 45. The legend to figuré.19aapplies also to all other figures here. Note the wider spraadS
data compared with those for 2D and non-2D contacts. Eadiedde represents the best-fitting least-
squares function for each cross-plot of paired datasetscl&oty, equations describing these least-squares

(f) 8 = 0 to+ 10 (RTE).

functions, as well as related statistical parameters @septed in tablé 5.
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only =~ 22% of FS locations ang 30% of 2D and non-2D locations correspond whetD < 8 <

10 range was used. The minimir(from —10 < 6 < 10) for cross-plots of depths of CBM (RTP)
were 2066 (for 2D contacts), 2748 (for 3D contacts) and 12941K8)r Equivalents for cross-
plots of depths of CBM (RTE) were 2632 (for 2D contacts), 2253 (forcdntacts) and 11110
(for FS). Consequently, irrespective of thevalue used, depths obtained for magnetic (2D and
non-2D) contacts were more tightly clustered than those obtained for FBRNRTP and RTE)
grids showed. Also, the regression equations and goodness-@itiitiss (2 andSE), show that
these estimates improved generally as the rangkeused reduced from-45 < 6 < 45, through
—27<60<27t0-10< 6 <10 (Figure4.19.

Despite the occurrence of significant anomaly interference on the CBW @d RTE) grids,
depth estimates from these grids were dominated by estimates from FS (Fig)reCross-plots
of estimated depths for CBM sources (Figuré.d and those of their errors (Figurel19 dis-
played wide spreads. In order to quantitatively compare these crass-ptibtained best-fitting
least-squares functions for the relationships between the paired datasath cross-plot. | also
computedSE (Equation {.6.7)) and/orr? (Equation {.5.1) for the best-fitting function of the
cross-plot, usindN. Relationships between actual and estimated depths were well described by
linear functions. Best fitting functions on cross-plots of actual depthpandentage errors in es-
timated depths for CBM sources were more complicated. For instance, whitkaiic and cubic
functions satisfactorily described relationships on cross-plots of pexge depth errors and actual
depths of magnetic (2D or non-2D) contacts, these and even quarttioiusmcould not satisfac-
torily describe relationships on similar cross-plots for FS sources. Quesdy, | adopted linear
least-squares functions of actual source depths to compare cros®dphatsial and estimated
depths (Figurel.19). Quadratic least-squares functions of actual source depths wepteddor
comparing cross-plots of actual depths and percentage errors in egptiates (Figure.19).
Equations describing these least-squares functions, as well as trentalaiues oSE and/orr?
are presented in tableb.

The very wide dispersions in cross-plots of FS depth estimates and trois &sr CBM (RTP
and RTE) grids, and inability to provide a convincing best-fit for FS deptbre for CBM (RTE)
grid, made it impossible to consider any further analyses of estimates free $barces. Hence,
attention focussed on the analyses of depths estimated for magnetic (2m@au&D) contacts
from CBM (RTP and RTE) grids, and the errors associated with these ¢ssinizepths of 2D and
non-2D contacts obtained from CBM (RTP and RTE) grids, usidg < 6 < 45 and—-27< 60 <
27 were generally lower than their actual depths, while depths usiip< 6 < 10 appear to be
overestimated at shallow deptks2.5 km, but underestimated at depth.5 km. Implementing
"Tilt-Depth" method using-10 < 8 < 10 range offered no significant improvement on estimated
depths of magnetic (2D and non-2D) contacts. The equations for metimetpnates of 2D and
non-2D contacts from the CBM (RTP) grid wese= 0.6(x+ 1) andy = 0.5x+ 1.1, respectively.
Similar equations for estimates from the CBM (RTE) grids, were0.5x+ 0.9 andy = 0.5x+ 1.4,
respectively.
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Whereas estimated depths of 2D and non-2D contacts obtained from the(R'BR)J grid using
—45< 6 < 45 range were in error of -20 to -35% and -12 to -40%, respectivstimates from

the CBM (RTE) grid were in error of -12 to -40% (Figurés.9aand ). Depth errors for

2D and non-2D contacts were -8 to -25% and -5 to -35% on CBM (RTP) grighectively, when
—27< 6 < 27 range was used (Figu#el 99. Depth error for estimates from the CBM (RTE) grid
using this range of were 0 to -35% and -8 to -38%, respectively (Figutedq). Estimated depths

of 2D and non-2D contacts obtained from the CBM (RTP) grid usid§ < 6 < 10 range were in
error of 10 to -25% and 8 to -30%, respectively, while these estimatestfrel@BM (RTE) grid
were in error of 12 to -30% and 0 to -38%, respectively (Figuré®aand ). These depth
errors are summarised in tabies. Error in depth estimates generally increased with the actual

Table 4.6: Summary of average percentage depth error for estimates rfinragnetic (2D and non-2D)
contacts on CBM (RTP and RTE) grids. The magnitude of maxirdiffarence in range of error are shown
in brackets. Data were extracted from figdre 9

CBM grid/ Percentage error for depths estimated uéirgO0 to:
source types +45° (%) +27 (%) +10° (%)
(1) RTP
() 2D contacts -20to -35 (15)|| -8to-25 (17) 10to -25 (35)
(ii) non-2D contacts| -12 to -40 (28)|| -5 to -35 (30) 810 -35 (43)
(2) RTE
(i) 2D contacts -12 to -40 (28)|| 0to -35 (35) 12t0-30 (42)
(i) non-2D contacts|| -12 to -40 (28)|| -8 to -38 (30) 0to -38 (38)

depth of magnetic (2D and non-2D) contacts, irrespective of the rahfeused (Figurel.19).
Curves representing best-fitting functions to depth errors for theseestend to be slightly
steeper for estimates from the CBM (RTE) grid than the CBM (RTP) gridcElethe magnitude
of maximum difference in range of depth error (Numbers in brackets in tabjevere generally
larger for estimates from the CBM (RTE) grid than CBM (RTP) grid. Howgtree method works
almost as well for non-2D contacts as it does for 2D contacts when thesdRitE, irrespective of
the range oB used (Table!.6).

Implementing "Tilt-Depth" method using the27 < 8 < 27 range seemed more advantageous
since its errors for both 2D and non-2D contacts on CBM (RTP and RT3 grere much less
than estimates using45 < 6 < 45 range (Table$.5and4.6). These implementations only under-
estimated the actual depths of these sources, hence were easietantb faterpret, as opposed

to implementations using thel0 < 8 < 10 range which underestimated as well as overestimated
depths of contacts. The fact that the magnitude of maximum difference ge raindepth errors

for estimates using-27 < 6 < 27 were lower than those fer10 < 6 < 10 appears to indicate
the—27< 8 < 27 range as a limiting distance for estimating depth from the “Tilt-Depth” method
(Table4.6). Grids of depths estimated from CBM (RTP and RTE) grids, usingthé< 8 < 27
range are presented for comparison in appendikigureC.8).

Comparisons between depths of 2D and non-2D contacts estimated aponwieng locations
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on the CBM (RTP and RTE) grids (Figure2() showed that estimates from the RTE grid were
generally less than their equivalents from the RTP grid. However, RiiiBa&gs approached RTP
estimates as thé range used reduced from45 < 6 < 45t0—-10< 6 < 10 (Table4.7). Depths

* Fault scarp (FS)
... non-2D contact

Estimates (km) from CBM (RTE)
Estimates (km) from CBM (RTE)

1:1 line

= = Fit, FS H
Fit, non-2D contact

= = = Fit, 2D contact

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Estimates (km) from CBM (RTP) Estimates (km) from CBM (RTP)
(a) 6 =0 to+45. (b) 6 = 0to+27.

16

= = =
o N >

Estimates (km) from CBM (RTE)
[e2)

4 6 8 10 12 14
Estimates (km) from CBM (RTP)

(c) 8 =0to+10.

Figure 4.20: Relationship between depths estimated u$fiig= 0 to 45 27 or 10 distance at corresponding
CBM (RTP) and CBM (RTE) grid locations. Note that relatioipshimproved with decreasing range &f
used. The solid light-blue line is where a 1:1 correlatiobwsen the actual and estimated depths should
plot. Each dashed line represents the best-fitting leastreg function for each cross-plot of paired datasets.
Figure4.20a(or 4.189 presents the legend to all figures here. For clarity, eqnatilescribing least-squares
functions to these cross-plots, as well as related stigtarameters are presented in tabie

estimated for 2D contacts from the CBM (RTE) grid represent@&d% of their RTP equivalents
when obtained using eitherd5 < 8 < 45 or —27 < 6 < 27. They represented80% of their
RTP value when obtained usingl0 < 6 < 10. For 3D contacts, depths estimated from the CBM
(RTE) grid representest100%,~80% and~90% of their RTP equivalents when obtained using
—45< 0 <45,-27< 6 <27 and—10< 6 < 10 range, respectively. These relationships were
only for corresponding CBM (RTP and RTE) grid locations.

In summary, cross-plots of depths estimated (and their errors) for 2Di@m@D contacts show
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Table 4.7: Comparing statistical parameters for least-squares fitsogs-plots in figure

Figure 2D estimate (km) Non-2D estimate (km)
y=0.7x+1; SE=1.1; r’ = 43% y=1.03x; SE=2.1; r° = 43.4%
y=0.7x+0.8; SE=2; r? = 68.6% y=0.8x+0.7; SE=1.7; r° = 60.1%
y=0.8x+0.6; SE=1.3;r°=766% | y=0.9x+0.4; SE=1; r?=758%
Figure FS estimate (km)
y=15x+0.1; SE=7.6; r° = 40.6%
y=1.7x+0.1; SE= 10.5; r?> = 26.2%
y=1.1x+2.5; SE=9.5; r° = 20%

the “Tilt-Depth” method to under-estimate the actual depths of these solstmates using
—27 < 08 < 27 range were more advantageous, with errors much less than estimatgsitisn

the —45< 6 <45 or—-10< 0 < 10 range. For estimates from the RTP grid, cross-plots for 2D
sources (in red) were tightly well and linearly clustered, with depth errealino depth. Depth
estimates and associated errors for non-2D (3D) contacts (in blue)sligindy more dispersed
than those for 2D contacts, mainly because these sources do notmdofdine assumption of
vertical infinite contact on which the “Tilt-Depth” method is based. Howetrez, “Tilt-Depth”
method works about as well for non-2D contacts as it does for 2D dsntden the grid is RTE,
irrespective of the range @ used. This seems to be due to azimuthal anisotropy effects on the
RTE grid, which preferentially accentuates and images the northern atiteso W-E, NE-SW or
NW-SE edges of 3D bodies at the expense of their western and easterNaorth-South edges.

Estimates using-27 < 8 < 27 range were in error of 25% or less, for 2D contacts on the RTP
grid. Similar estimates were in error of 25% or less, for non-2D contactseoRT® grid, as well
as all (2D and non-2D) contacts on the RTE grid.

In this chapter, analyses of depths estimated from RTP or RTE of SBM &hd @ids using
“Tilt-Depth” method included all estimated locations, without consideration foetier or not
the estimated locations were accurate. Similar evaluations will be conductedaptecs, for

locations and depths of CBM sources obtained from other semi-automaticdeethmagnetic
data interpretation, for comparison with those obtained fromtRg< 8 < 27-based “Tilt-Depth”
method. Ultimately, location and depth estimates at only accurately estimated lodediorthe

CBM (RTP or RTE) grid will be compared (Chaptex.
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Application of other methods to complex “Bishop” model
(CBM) datasets.

5.1 Introduction.

Previously (Chaptet), | tested the "Tilt-Depth" method on RTP and RTE versions of the SBM
and CBM grids. While conclusive results were obtained from tests usingBiv (RTP and RTE)
grids, results from the SBM (RTP and RTE) were inconclusive sincertdenlying assumptions of
significant magnetic susceptibility contrasdk) were not met. Hence, only CBM (RTP and RTE)
grids will be used to compare results obtained from other derivativeseosemi-automatic meth-
ods in this chapter.The objective here is to develop an interpretation strategy for RTE datasets
by evaluating the relative effectiveness of these other method(s) on (8™ and RTE) grids.
While RTP datasets are simpler to interpret, RTE datasets are charactgreeiddiropy-related
problems (Sectiof.3.9.

Based on published reviews of the effectiveness of semi-automatic meth&tisP profile and/or
gridded datasets {, ; ' ) J and : ),
| selected five semi-automatic methods for the estimation of source edge loaatidhe CBM
(RTP and RTE) grids.These methods include: the analytlc signal amplitude (ASA: )

); second vertical derivative (SVD1 Y ) , ); horizontal
gradient magnitude of (RTP or RTE) dataset (HGM: ) ); local wavenum-
ber (LW or SPTM: : : : ); as well as total horizontal gra-
dient of 6 (HGMg): | ). 1 will further examine the ASA and LW methods in

terms of effectiveness in estimating depths of source edges from thdseTgrese methods were
introduced in sectiod.5.” They are briefly discussed below.

The HGMa,r) is the least sensitive to the noise content of the dataset, since it depeinely en
on first-order horizontal Cartesian derivatives{lips, ). Although the HGM,r) yields co-

1cBM (RTP and/or RTE) grid(s) or CBM grid imply CBM (RTP and/or RTAJ grid(s). Also, references to CBM
(RTP) grid and CBM (RTE) grid will imply CBM (RTPAT grid and CBM (RTEWAT grid, respectively.

2Dataset refers tAT dataset.

SFuture reference(s) to HGMr, SVD, ASA, LW and/or HGMg, will imply the method.
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herent contact locations for vertical contacts and is very resilient velpgtied to noisy RTP
datasets, its accuracy degrades when magnetisation direction and/art abpsaare not verti-

cal ( ! )- On the contrary, the ASA, SVD, LW and HG} additionally require
vertical and/or second-order horizontal derivatives of the datbség these derivatives makes
the ASA, LW and HGMg, independent of magnetisation directions and dips of two-dimensional
(2D) magnetic sources$’( \ ). These are very desirable attributes for interpreting any
AT dataset. However, these methods require second-order derivatiiads these derivatives are
capable of delineating source locations from high-to-medium-resolutiom(¢ise) datasets, they
can degrade (mask) source locations as they enhance the noise oéihvantesolution (noisy)
datasetsH , andLi, ). These magnetisation direction-independent methods are,
therefore, sensitive to data quality.

Anomalous magnetic sources should be poorly resolved when these mathaasplied to low-
quality datasets resulting from under-sampled anomalies or flight-line effaetto poor survey
design and data-processing strategies. Since RTE anomalies exhibita@pysthese methods may
be even less effective when applied to the typically low resolution RTE datdike the NE Nige-
ria dataset to be interpreted in this study. These methods, all of which afisatra@omaly sources
are mainly 2D contacts (Sectiofis>.2to ), have been extensively evaluated using reduced-
to-pole (RTP) datasets (e.§} ' ) Li, ] ) ! '

! , and ! ). I am, however, not aware of any evaluation(s) of
these methods using either profile or gridded reduced-to-equator @RITEata. By simultane-
ously evaluating location estimates from HG), ASA, SVD, LW and HGMg), | aim to gain
insights to how these methods can be used to obtain optimum (best) locationpdhe sigmates
from RTE datasets.

5.2 Comparisons between RTP and RTE grids obtained from each
method.

CBM (RTP and RTE) grids were transformed to their SVD, H@M, ASA, LW and HGMg,
equivalents by applying functions of the vertical and horizontal daviea specified for each
method (Sectior?.5) to the the grids. Amplitudes on these transformed CBM grids were quite
small < 0.1 x 10-2), and poorly rendered for visualisation in Matldh Hence, GETgriéiM ver-
sions of the derived RTP and RTE grid pairs are presented (Figures.2 and5.3). For clarity,
graticules are not shown on these méag@olour ranges on these GETgH4 maps range from
cyan to deep-blue at function minima, through greenish-blue and/or yellmteamediate ampli-
tudes, to orange, gold or saddle-brown colour at function maxima. Thessformed grids form
the basis for all subsequent discussions in this chapter.

4The difference between coordinates on these GETHftifigures o, Yo) and those on Matldd” figures &i,y1),
Xo — 25000 Yo~ 200000,

e.g., figuresl.5aand4.5h is thaty = ——--- 1000

(km) andy; =
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In this section, each transformed RTP and RTE grid pair is compared|lyjdioa any differ-
ences that they might exhibit in terms of anomaly trends. Comparisons will beefitence to
transformed RTP grids, assuming that, l&kef CBM (RTP) grid, anomaly trends on transformed
RTP grids are correctly located above their sources. For easy compai3 contacts are labelled
Al1-Al and A2-A2, while intrusive bodies with non-2D contacts are labeli@dB2, B3 and B4.
Major fault scarps (FS) are labelled C1-C1 and C2-C2, while minor FSabedled aa, bb, cc,
dd, ee, ff, gg and hh. Locations estimated from these derived RTPHBEdRIs (Figures. 1,
and5.3) are discussed in sectidn3. Subsequently, each grid pair will be compared with those
derived from the other methods.

5.2.1 Amplitude-based methods.

The HGMar), SVD and ASA are amplitude-based methods, because they depend diretitly
amplitude ofAT, directly reflecting magnetic susceptibility contrasi&)(

(A) HGM (1) grids: HGM a7y (Equation ¢ )) of CBM (RTP and RTE) grids are shown in
figures and . HGM a1y maxima of CBM (RTP) grid correspond well with locations of
contacts and fault scarps, FS (Figtred. All 2D and non-2D contacts are clearly imaged, and
traceable across intersections between anomalies on this grid. Also, mast iF8aged at their
correct locations. Subtle FS on the CBM (RTP) grid that were imaged usBid i) are labelled
aa, bb, cc, dd, ee, ff, gg and hh (In black). However, false (stmy) HGM,t) maxima occur
parallel and to the North and South of the primary maxima that trace 2D contdefsl Aand
A2-A2. Similar examples labelledb2and 3 (In white) occur around non-2D contacts. These
locations including those labelle@d11b, 2a and 3 will be compared with equivalent locations on
the RTE grid (Figuré. 15). ( ) attribute these false maxima to additional inflections
in anomalies sourced from bottom surfaces of dipolar sources. Thesemauigrate towards the
source, while their magnitudes increase relative to the accompanying pninaaiyna, either as
the width of the dipolar anomaly decreases or its depth redtces ( ).
Hence, primary maxima on B1 and B4 sources were not accompanied éyrfalsma.

On the HGM,r) of CBM (RTE) grid (Figure5.11) all contacts (A1-Al, A2-A2, B1, B2, B3
and B4) were well imaged, except where they were intersected by F@&eFSpoorly imaged
except where they strike E-W, NW-SE or NE-SW (Only FS labelled dd wa=®ctly imaged, for
example). N-S striking FS (C1-C1, aa, bb and cc) were not imaged. Aresfilom these sources
are imaged as discrete E-W striking sources, where they do not intéBeessources labelled aa,
bb and cc). More prominent false (secondary) HgM maxima occur parallel to 2D and non-2D
contacts as a result of interfering RTE-induced anomalies. Unlike on tRedgRd (Figure5.19
where false maxima were not limited to specific directions, maxima on CBM (RTi&)ogcur
close to the Northern and Southern edges of the primary maxima. Exampleseféatse maxima
occur at locations labelledaland b, 2a and D, and & and 3 (Figure5.19. These magnitudes
appear to increase as the primary maxima increases or as depth reduces.
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Figure 5.1: Horizontal gradient magnitude (HG\-)) and analytic signal amplitude (ASA) of CBM (RTP
and RTE)AT grids. 2D contacts (A1, A2) are labelled, in red; intrusivegnetic bodies (B1, B2, B3 and B4
labelled in blue) with non-2D contacts; and fault scarps(EBand C2) are labelled in blueish-violet. Other
locations where differences occur between RTP and RTE gralkabelled in black lower case alphabets or
white alpha-numeric codes. Colour ranges on maps reflectiumamplitudes: minima are cyan to deep-
blue, intermediate amplitudes are greenish-blue to yelawle maxima are orange, gold or saddle-brown
in colour. Locations of 2D and non-2D contacts from CBM (Rl &TE) grids correlate well, but those
for fault scarps correlate less. More details in text.
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In summary, HGM,t) maxima correspond well with locations of all contacts and FS on RTP
grid, irrespective of their depths. All contacts on RTE grid and the E-Wirgg FS were imaged

at their correct locations. Correspondence between kigMnaxima and source locations was
azimuth-dependent, so that N-S and near-N-S sources were not infdigecetised anomalies
from near-N-S sources interfered with adjacent anomalies, making thasibie. Source depths
did not hinder their imaging on the RTE grid. This may be a consequence d¢fiendence of the
HGM ) on only horizontal derivatives. Edges of dipolar (non-2D contactspwelearly imaged

on both RTP and RTE grids irrespective of the geometric shape of theesoliue HGMar)
maxima may be associated with false (secondary) maxima.

(B) ASA: The ASA (EquationZ )) depends directly on both susceptibility contrasit)(and
depth distributions of the input grid (Equatién5.69. Because of its reliance on the vertical
derivative, otherwise distinct ASA maxima coalesce as source deptlesgecand/or source width
decreaseK ) ). Hence, the ASA images more 2D and non-2D contacts
than the non-magnetic FS, as depth increased across the grid. For exdmmplen-2D edges of
the deeper B3 were not as well resolved as those of other magnetiesaurtche ASA of CBM
(RTP) grid (Figures.10). By incorporating the third component of magnetisation direction via the
vertical derivative, the ASA offered source-related 3D images of thswface, which appear
simpler than those afforded by the HGAM). Maxima of ASA of CBM (RTP) grid (Figure>.19
correspond well with locations of all contacts (2D and non-2D), as wel&. However, lat-
eral discontinuities or locations where these sources intersect eachwetfegemarked by discrete
monopolar anomalies which interfered with adjacent anomalies, along-dwike;enforce the
dominant trends of contact edges on the grid (See intersections betwegh &nd FS marked cc,
dd, ff, as well as intersections between A2-A2 and FS marked gg,,l@ndfC1-C1 in figuré.1q

for examples).

ASA maxima from the CBM (RTE) grid correspond well with locations of all temts; A1-Al,
A2-A2, B1, B2, B3 and B4 (Figur&.1d). Unlike the HGM,t) of CBM (RTE) grid, the dominant
N-S trending en-echelon FS (C1-C1) was imaged on the ASA (RTE) diidvaASA amplitudes,
as monopolar E-W anomalies originating at the discontinuities between faaleség aligned to
form a N-S string of pearl-shaped dipoles (See figufand related section for details). However,
the segments of C1-C1, North of 2D contact labelled A2-A2 were not imgueEtiaps because
anomalies from these sources were swamped by the comparatively higpltudes associated
with 2D contacts (A1-Al and A2-A2). Severe interference between maao ASA anomalies
from adjacent en-echelon (locally discontinuous) FS sources redultde re-enforcement of
mainly dominant E-W trending FS sources e.g., C2-C2, at the expense wiidwdated NE-SW,
NW-SE, N-S and near-N-S striking FS (Compare FS labelled aa, bbd¢ceed ff, gg, and hh
on figures and ). Where correctly imaged, ASA anomalies were wider than their RTP
equivalents.

In summary, ASA maxima correspond well with locations of susceptibility confi@g and
prominent FS on RTP grid, irrespective of source orientation. Howeballower sources were

103 of



Chapter 5

more obvious than deeper sources. On the RTE grid, corresponidetwesen maxima and source
locations was azimuth-dependent, so that near-N-S sources wer@eulydmaged. However,
discrete dipolar anomalies from prominent N-S and near-N-S sourcegdlig indicate the pres-
ence of N-S sources. Shallower sources were more obvious thaerdeepces on ASA of RTE
grids.

88 magn0ed_SVDx 1grd

File View FFT Conv Util Help

Grid: 607.5, 93.6 Map: 326726, 246800 Z: -0.00000001 | Grid: 230.8. 235.5 Map: 140389, 317750 Z: 0.00000008
oy \%1 GETECH Resolve v1.255 &’ | GETECH Resolve v1.255
(@) SVD (RTP) (b) SVD (RTE)

Figure 5.2: Second vertical derivative (SVD) of CBM (RTP and RTE)XF grids. Traces of: (1) 2D con-
tacts (A1, A2) are labelled in red; (2) intrusive magnetidies (B1, B2, B3 and B4) with non-2D contacts
are labelled in blue; and (3) fault scarps (C1 and C2) ardlbin blueish-violet. Locations of sources are
marked by SVD frequency changes across grids. Colour ranrgesaps reflect function amplitudes: min-
ima are cyan to deep-blue, intermediate amplitudes aragtedlue to yellow; while maxima are orange,
gold or saddle-brown in colour. Locations of 2D and non-2btacts from CBM (RTP and RTE) grids
correlate well (See text). Other locations where diffeemnoccur between RTP and RTE grids are labelled
in black lower case alphabets.

(C) SVD: SVD (Vertical derivative of equation?(5.4)) of CBM (RTP and RTE) grids are pre-
sented in figuré&.2. All source edges on CBM grid were imaged on the SVD of CBM (RTP) grid
(Figure5.29. 2D and non-2D contacts (A1-Al, A2-A2, B1, B2, B3 and B4), majsr(E1-C1 and
C2-C2) and minor FS at shallow depths were imaged as persistent low-ara@id anomalies.
Minor FS sources at greater depths were imaged indirectly as stringscohtiimuous alternating
anomalies, the trends and lateral extents of which correspond with sandbe input basement
grids (Figures!.2aand ). The frequency of occurrence of these aligned anomalies, as well as
rate of change of these frequencies appear to be a useful tool fvindizating between highly
dissected (faulted) and unfaulted terrains on the grid.

Only contacts (2D and non-2D) and the major E-W striking FS (C2-C2) weaged directly on
the the additive inverse<(-1) of SVD of CBM (RTE) grid (Figure>.21).” Also, only well isolated

5Additive inverse of SVD used to keep its features in phase with those on®@IBM (RTP) grid (Figures.29).
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E-W, NW-SE striking FS were indirectly imaged (by strings of discontinudigsraating anoma-
lies, e.g., C1-C1, bb, cc, dd and hh) on the RTE grid. The combined®fiésource depths and
anomaly interference rendered subtle sources around B4 and belowi&iBle. Higher frequen-
cies at locations labelled aa and bb indicate terrain characterised by stradlouwvces. The bound-
aries of these terrains correspond with transitions from fast to low r&fesquency changes.

The common benefits and/or problems of H@M, ASA and SVD-enhanced RTP and RTE ver-
sions of the CBMAT grid can be summarised as follows:

(1) Onthe CBM (RTP) grid, all major FS and contact (2D and non-2Dgsdgere well imaged
at their correct locations. Weaker E-W and N-S striking FS were alsonedly imaged. The
degree of resolution of minor FS edges reduced as depth of the FSsSedr&alges of contacts
persisted and were well resolved at great depths.

(2) N-S striking FS and non-2D contact edges were not imaged at alleo@B&M (RTE) grid.
However, E-W and well isolated NW-SE trending FS and contact edges well imaged.
Also well imaged were the Northern and Southern E-W trending edgesm2Bbocontacts.
Anisotropy-induced anomaly interference makes it difficult, if not impossiblémage sub-
tle FS edges in their correct locations. Thus, FS location estimates in the Nilvagtiand
Western parts of the grid were totally unreliable. E-W, NW-SE and NE-Sy¢&df contacts
persisted and were well resolved, even at great depths.

5.2.2 Phase-based methods.

The local wavenumber, LW (Equatiof.{.9) and the horizontal magnitude of tilt angles, HGY
(Equation ¢.6.9) are compared next. LW and HGY of CBM (RTP and RTE) grids are shown
in figure 5.3. These methods are based on the local wavenumiaerd ( | ), hence,
are not discussed independently.

All 2D and non-2D contacts were correctly imaged on the both the LW and HGM CBM
(RTP) grid (Figuress.3aand , respectively). Like Tilt anglesf]), these methods depend on
ratios between Cartesian derivatives, hence, are independensagpsibility contrastok (and
amplitudes ofAT). Consequently, LW and HG, provided more detailed images of subtle FS
on the CBM grid than previous methods (Sectiofi.]). The HGMg) of CBM (RTP) grid (Fig-
ure ) provided more detail of sources imaged on its LW equivalent (Figuse). However,
some sources that were visible on the LW grid were invisible on the Hdfid. Examples in-
clude the outer edge of the unfaulted basin (labelled F1, SE of B3) as svethar FS sources
(labelled F2 and F3, SW of B3) which were only visible on the LW grid (Figuf&). This dif-
ference between LW and HGHy| resolution might be a consequence of interference between
adjacent HGN) anomalies § , ).
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Figure 5.3: Local wavenumber (LW) and HG), of CBM (RTP and RTE) oﬂT grids. Colour ranges on
maps reflect function amplitudes: minima are cyan to deaps;lihtermediate amplitudes are greenish-blue
to yellow; while maxima are orange, gold or saddle-brownatoar. 2D magnetic contacts (A1, A2) are
labelled in red; intrusive magnetic bodies ( B1, B2, B3 and B#th non-2D contacts are labelled in blue;
and fault scarps (C1 and C2) are labelled in blueish-vi@#ter locations where differences occur between
RTP and RTE grids are labelled in black lower case alphabvethite alpha-numeric codes. Locations of
2D and non-2D contacts from CBM (RTP and RTE) grids correlstk, but those for fault scarps correlate
less. Observe also that sources marked F1, F2 and F3 in figGrendS. 3bwere not imaged in figurés 3c
and5.3d
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Although LW and HGMpg, are independent of magnetisation and dip effects, for sources at RTP
( ; 4 | \ and ! ), interference effects due
to RTE-induced anisotropy on the LW and HG@ylof CBM (RTE) grids (Figures.3band )
show the methods to be affected by the horizontal magnetisation directioex&mples, compare
locations labelled aa to hh, in black, on the RTP of these methods with their RiN&aksts). All

2D and non-2D contacts were correctly imaged on the both the LW and gGI¥ICBM (RTE)
grids (Figures and , respectively). Similarly, well isolated NW-SE and NE-SW sources
were well imaged (e.g., compare locations labelled dd and hh on RTP andd®Tdé japs). The
N-S striking FS (C1-C1) was not directly imaged on both LW and HgMf CBM (RTE) grids.
However, the presence of this and other N-S sources (e.g., labelled gg)could be imprecisely
inferred from linear N-S alignments of discrete E-W trending LW and HgMnomalies.

Primary maxima of LW and HGM, of CBM (RTP and RTE) grids were also accompanied by sec-
ondary maxima, especially around non-2D contacts. These false maxiraaatevisible where
anomalies between adjacent sources interfered. Examples occuoedtains labelled (in white)
1b, 2b and 3 on LW and HGMg) of CBM (RTP) grids. More of these maxima occurred on CBM
(RTE) grids at locations labelledallb, 2a, 2b, 3aand .

5.2.3 Comparisons using profiles across RTP and RTE grids.

Additional comparisons between HGM), SVD, ASA, LW and HGMg, of CBM (RTP and
RTE) grids were carried out using eight profiles with identifiers and tatens as shown in
figure 1 Profiles were overlaid on figuré 8bto illustrate relationships between profiles and
source types on the CBM grid. The distribution and general orientatioregrtifiles (reflected by
the different profile colours in figure.49 were: NW-SE (4 profiles); NE-SW (2 profiles); and E-
W (2 profiles). Profiles were so orientated to intersect major CBM sourtegin by comparing
the amplitudes of the method-specific functions when applied to the CBM grigarés.45).
Because HGNr) and ASA of CBM (RTP and RTE) grids depend directly i amplitudes
and their first derivatives, profiles extracted from these grids shuplitudes that are several
orders of magnitude larger than those from SVD, LW and HgMf CBM (RTP and RTE) grids
(Figure ). Consequently, SVD amplitudes were multiplied by 1000, while LW and kigM
amplitudes were multiplied by 100 to make them visible for comparison. The respltidies
are presented in figurés5 and5.6. Consequently, it is mainly the shapes and the widths of these
functions that are compared.

Profiles show that all major sources, irrespective of strike, were imaggueaks of functions

of the RTP grid (Figure$.5 and5.6). However, only non-N-S, NE-SW, NW-SE and E-W strik-

ing sources were imaged on RTE grid. Examples include absence of pefakstions for N-S

striking FS located between 50 to 75 km along RTE profiles, relative to the® &juivalents

in figure 1 Where only single ASA peaks occur over adjacent sources, gM.W and

HGM ) peaks revealed the finer structural details at such locations. Clear exaougier be-
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Figure 5.4: Location and orientation of profiles used to compare metmekific functions in fig-
uresb5.2, and5.3. Profiles are overlaid on the actual location of edges of CBVIR and RTE) grid

anomaly sources (Figure8h): fault scarps, FS (Green); 2D contacts (Red lines for A1&RY and non-
2D contacts (Blue for intrusives B1, B2, B3 and B4). Profilesevcolour-coded to reflect their orientation.
SVD, LW and HGMg) amplitudes were very small compared with those of ASA and HfMe.g., com-
pare true amplitudes along profile NW-Sgigure ). Hence, SVD, LW and HGM, amplitudes were
enhanced by several factors: SYD00O; LWx100; and HGMg) x 100, for easy comparison in figureés
and

tween 120 to 175 km (Figure.59, 75 to 100 km (Figure>.50), and in figure5.5d However,
some of the finer details provided by these methods were false maxima, vlueceswere sig-
nificantly isolated. For example 2D contacts (Labelled A1l and/or A2) werkéld by smaller
maxima (Figure$ .55 ) } and5.60).

Because of their small amplitudes, false LW and H@Mnaxima were not obvious where high
susceptibility sources were juxtaposed with FS. An example occurs bett3seand 155 km
(Figure ). However, very high amplitude false maxima resulting from interferentedsn
adjacent false maxima dominated locations where FS were closely spaaadpleg includes
locations labelled gg (Figure.59, ff (Figure ), hh (Figure5.69 as well as bb, cc, ee (Fig-
ure ).

Where profiles cut across 2D and non-2D contacts, they were domibpatd@&M a7y and ASA
amplitudes. Since HGMy) and HGMg) peaks were associated with locations of these isolated
edges on grids (See location labelled B4 and A2 in figufe), the minimum width of contact-
like edges may be determined from inflection points of these functitdeximum widths of such
edges may similarly be obtained from inflection points of the ASA. Slopes of AGMASA and
HGM ) were generally steeper for RTP grid than RTE grid (Figtrésands.5¢). Consequently,
widths (or lengths) obtained from RTP grids are expected to be narif@wvshorter) than RTE
equivalents.

Sor length, depending on profile direction, relative to source strike.
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Figure 5.5: NW-SE oriented profiles of method-specific special fundiohCBM (RTP and RTE) grids.
NW, SE and ESW, respectively, represent NorthWest, Sousthétad East of SouthWest, of the variously
transformed CBM (RTP and RTE) grids. Profiles are shown inréigu4a Actual cardinal direction of
profile on the grids are shown at the bottom right and left enoi each figure.

5.3 Location estimates.

The HGMaT), ASA, LW and HGMy, are usually at their maximum (peak) directly above or very
close to locations of well isolated, vertical 2D edges, when obtained fromdRtasetsH '

) ] : J ). Itis the inflection points of the SVD, on the
other hand, that trace these edge locations on RTP datasets( ) , ,

). Since, Tilt anglesf) of RTE (Section ) and SVD of RTE (Sectio.2.1) are mainly
additive inverses of their RTP equivalents, the RTP maxima or inflection pamtiple was ex-
tended to the applicable special function(s) of the CBM (RTE) grids. eleestimates of source
edge locations on CBM (RTP and RTE) grid have been extracted fromube I8GM ), ASA,
LW, and HGMy, grids in figures>.1to 5.3 These edge location grids are shown in figtire
For easy comparison of RTP and RTE estimates from each method, eashagusid in figure
presents locations obtained from RTP grid (in red) and RTE grid (in blsglguhe specified
method.

SVD location estimates were extracted using the SVD=0 contour (Figur, while maxima
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Figure 5.6: NE-SW and E-W oriented profiles of method-specific speciatfions of CBM (RTP and RTE)
grids. W, E, NW, NE and SW, respectively, represent Westt, BgthWest, NorthEast and SouthWest, of
the variously transformed CBM (RTP and RTE) grids. Profiles shown in figures.4a Actual cardinal
direction of profile on the grids are shown at the bottom rigid left corner of each figure. Legend is the
same for all figures.

locations were effectively traced from HGM), ASA, LW, and HGMg, of CBM (RTP and RTE)

grids using ( )’'s method of local maxima detection (Sectiérb.2). To
minimise uncertainties and declutter traces, only locations at which two or miielaf
( ) inequalities were satisfied, were retained from these grids (Figurgss.7¢ and5.7¢).

5.3.1 Comparison between estimates from RTP and RTE grids.

Location estimates extracted from CBM (RTP and RTE) grids (Figunewill now be quantita-
tively compared, using Spearman’s rank-order correlation coefjcigcquation {.5.7); J
) and coefficient of determinatio€6D = r? in %).” The main objective here was to highlight
any differences between estimates from RTP and RTE grids, in termsmidytrends and corre-
lation statistics (correlation coefficiemtand coefficient of determinatio@,oD = rz%). For each
method, the total number of edges estimated from the CBM (RTP) Niid the CBM (RTE) grid

"Statistical significanceg=0.05, i.e., confidence interval of 95%. The inherent assumptiorigtie RTP and RTE
datasets being compared have equal mearss¢ ! , p.616).
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Figure 5.7: Comparisons between location estimates derived from wariterivatives of the CBM (RTP
and RTE) grids: HGNht) and HGMy), respectively, represent the absolute value or magnitfidieeo
horizontal gradient of th&T and local wavenumber (LW); SVD and ASA represent the seconiitae
derivative and analytic signal amplitude. Locations fradva CBM (RTP) grid are in red, while those from
the CBM (RTE) grid are shown in blue. More locations were ofetd from RTE than RTP grid (Table1).
However, many RTE locations correspond well with RTP lawagi although not reflected in the correlation
statisticsr andr? quoted for each figure.
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(N2), the number of corresponding (equivalent) RTP and RTE edge losglieyree of freedom,
N) used in each correlation, and results obtained are presented ifvtable

Table 5.1: Correlation statistics for location estimates from CBM HRdr RTE) grids.

Estimated locations for: | Equivalent | Ny N N CoD

Method 5"~ | RTE (Ny) (onntions N @ @ @] )

SVvD 407937 408341 407652 100.09 99.93 99.83 | 0.82| 67
HGM 9253 5818 1879 62.88 20.31 32.3 0212 | 4
(A7) 406963 388750 388750 95.52 95.52 | 100 b -
ASA 31036 26968 6541 86.89 21.08 2425 |1 019| 4
406963 406963 406963 100 100 100 - -
LW 18478 13483 2362 72.97 12.78 17.52 | 0.18 3
406963 406334 406334 99.85 99.85 | 100 - -
HGM 17936 15763 2829 87.88 15.77 1795 | 0.2 4
(6) 406963 406334 406334 99.85 99.85 | 100 - -

a8 Approach 1: Raw data frori ( )’s maxima score varied from 1 to 4, hence a mean and its residxesis

for RTP and RTE estimates. Thereforendr? could be computed. Approach 1 yields minimdin N, andN.

b Approach 2: Assigned a constant value, 4, to all estimates fkpproach 1, irrespective of actual score. Means exist h b
RTP and RTE estimates, but residuals do not. Henaedr? do not exist when approach 2 is used. Approach 2 yields atecura
Nz, N2 andN.

Visual inspection of the SVD estimates (Figlire' 9 suggested generally poor correlation. How-
ever, anr? = 0.82 andCoD = 67% indicates strong, positive correlation between RTP and RTE
estimates (Table.1). SVD estimates of the Western and Eastern curved (non-2D) edgesuwf in
sive bodies were extended further Westward and Eastward by ab#ubBthe radius of curvature
of the actual edge, compared with extensions of 100% @stimates. The resulting lower rate of
anomaly interference on SVD of RTE compared witlof RTE explains the significantly higher
correlation for SVD (CoD of 67% betwedd=407652 equivalent) RTP and RTE location esti-
mates (Tablé.1). On the other hand, the quality of peaks detected from KHGMASA, LW and
HGM g of CBM (RTP and RTE) grids varied randomly (from 1 to; ; ).
Hence, the medium-good visual correlations exhibited by RTP and RTE edirnate these
maxima-based methods (Figurash X and5.7¢) were not confirmed by the generally
low correlation coefficients; < 0.25 andr? < 4% computed for these RTP and RTE estimates.
These statistics were difficult to explain since these RTP and RTE estimateedsée be well
correlated visually. The SVD, thus appeared to outperform the other dwethderms of locating
edges of RTP and RTE estimates.

To verify discrepancies in qualitative and quantitative correlations betw3d® and RTE esti-
mates derived from maxima-based methods, | assigned a constant satifedation estimates
from the CBM (RTP and RTE) grids. | referred to this approaclpgroach 2 while the previ-
ous comparisons between RTP and RTE estimates derivedtons ( ) was
referred to ag\pproach 1 The main difference between these approaches were as follows:

(i) Data used in approach 1 weré ( ) maxima scores, which varied from
1to 4. Since the resulting RTP and RTE datasets varied, each datasetieat and set of
residuals. Therefore, andr? could be computed. This approach yielded minimhip N,
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andN.

(i) Since approach 2 assigned a constant value of 4, irrespective attbhal
( ) maxima score, to RTP and RTE location estimates, each dataset had a niaemn, bu
residuals (since datasets did not vary). Consequerdlydr? did not exist for this approach.
However, approach 2 yielded more accurdieN, andN than approach 1. Highéd from
approach 2 confirm the existence of good to excellent correlations bet®REP and RTE
estimates.

Results obtained from approaches 1 and 2 for RTP and RTE estimatethgddGM,r), ASA,
LW and HGMy) of CBM grids are also presented in table. While results from approach 1 were
presented on top, those from approach 2 were presented belowebtomates were obtained from
RTP than RTE grid from approach 1. Approach 2 showed that everevgu®d visual correlation
between RTP and RTE estimates existed, RTP estimates were denser thail Ehegui/alents
(Table5.1).

In conclusion, results showed medium to strong positive correlations beti®€P and RTE loca-
tion estimates from SVD, HGMr), ASA, LW and HGMg, methods. Like correlations between
estimates fromd of CBM (RTP and RTE) grids, correlations between estimates obtained from
these grids, using these methods increased as the density of NNW-SSEN&R8SW (or near-
N-S) striking sources reduced.

5.3.2 Strategies for estimating location of source edgesoim RTE datasets.

Edges estimated from the CBM (RTP or RTE) grid are co-presented irefigafor initial com-
parison. Estimates from the CBM (RTP) grid are compared in figute while estimates from
the CBM (RTE) grid are presented in figuse3h Estimates were colour-coded for easy identifi-
cation of the method used, and plotted in the following order: ASA (Black);(R&d); HGMg,
(Green); HGMxr) (Yellow); SVD (Pink); andf (Brown, dashed line). ASA and other maxima-
based estimates were plotted first because these also included tracesgosm, sloping surfaces
of anomalies, which were unrelated to and directed at various anglesfemmyactual source
edges. SVD and estimates were not so affected (Figtir€). Cleaner equivalents of figure

that exclude ASA estimates are presented in appendkigureD.1).

Anomalies on the CBM grid were mainly sourced from NE-SW and NW-SE sgiRiD contacts

(labelled A1-Al and A2-A2), variously shaped and oriented intrusive3D sources (labelled B1,
B2, B3 and B4) with non-2D contact-like edges, as well as two major ealaclfault scarps (FS);
one striking N-S (labelled C1-C1), and the other striking E-W (labelled @R-ES were locally

discontinuous, in general.

Except where anomalies from these sources interfered, estimated |scatioontacts and well
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Figure 5.8: Comparisons between all estimates of edge locations fromil @BTP) grid (BMgridALL-
IoxRTP) or CBM (RTE) grid (BMgridALLIoxRTE). Estimated lation plots are colour-coded for easy
identification of the method used: HGM, (Yellow); SVD (Pink); ASA (Black); LW (Red);0 (Brown,
dashed line); and HG), (Green). Because of the wider spread of ASA estimates, tieeg plotted first,
followed by estimates from LW, HGM), HGM,1) and SVD. Estimates frorfl were included for com-
parison. Figure).1is equivalent to this figure, but it excludes ASA estimates.

isolated NE-SW and NW-SE striking minor FS, as well as E-W striking FS froth @BM (RTP
and RTE) grids exhibited excellent visual correlation, irrespectiveefitbthod used (Figureg).
Consequently, these, as well as the isometric 3D and rectangular infrugithe 3D edges can
be confidently interpreted as tracing actual source edge locations orgRd€ The LW and
HGM ) mainly traced the Northern and Southern edges of 3D sources on therRITEEige 6,
both HGM,t), ASA and SVD traced all edges of 3D sources. However, ASA edges reliable
only where 3D sources had constant or near-constant planarsgossn. Otherwise ASA traces
represented only a fraction of edges of 3D sources. Correspoaslé®tween zero contours of
SVD and6 of RTE datasets confirmed the presence of sources at their coreatiadions. For 3D
sources (non-2D edges), any N-S dimensions between SV dochted edges were accurate.
These may be used to estimate the actual planar dimensions of 3D sourasg&of isolated
rectangular intrusives were located inward of the SVD estimate by a distgoedto its radius of
curvature. These edges were located inward oftlestimate by a distance approximately equal
to twice its radius of curvature.

Intersecting edges were better imaged on the RTE than the RTP grid, uséegnile¢hods. Ex-
amples occur around grid nodes (115,272) and (212,212) in fig&r&uch differences in source
edge continuity were attributed to local alignment of RTE-induced discreW,dfriking dipolar
anomalies on RTE grids.

Few or no correlations were observed between RTP and RTE locaticere whar-N-S trending
FS (C1-C1) or minor FS occurred (Figuse’). Linear stacks of short wavelength E-W trending
maxima of HGMat), ASA and HGMy) indicated the presence of these near-N-S striking edges
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on RTE grids. They were also inferable from isolated linear frequenengds across SVD of
RTE grids. Similarly located trends on both the LW and H@Mvill be used to confirm these
sources and map more sources with near-N-S and/or other trends tleah@teobvious on the
HGMaT), SVD and ASA of RTE grids. Minimising uncertainties by removing peak location
with certain ( )'s score while tracing maxima locations appear to bias
location estimates in favour of wavelengths that are generally longer thae that characterise
locations of N-S sources. For example, few of the high frequency Eesépassociated with the
N-S striking FS (C1-C1) were retained in RTE estimates shown in figures and  for
which a score of 2 or more satisfied inequalities was used. To effectivgi\lonations of near-N-

S sources by inference, from RTE grids, estimates need to include albloteaces (score 1 to 4
of ; ).

Not all minor FS were resolvable, since the subtle anomalies associated vathsiherces were
suppressed within the dynamic range of signals on the grid. Amplitude-baestbdds (HGNhr)

and ASA) were ineffective in resolving subtle anomalies from the CBM (R RTE) grids,
while phase-based methods like LW and HgMwvere effective in tracing subtle anomalies. How-
ever, these methods are sensitive to noise and interference effeeisialy since estimates from
these methods also include secondary (false) maxima locations (Figurasd5.5). HGMr)
estimates were similarly characterised by false maxima. Hence, only /GMIGMg), ASA
and LW estimates that are coincident or closedf and/or SVD estimates should be treated as
certain and retained. RTE estimates that do not meet this criterion shouldtezltes false edges
(Figure5.9), and not be included in the final interpretation.

Since curvilinear FS edges in the Western part of CBM grid were better oiageiGM 1) and
ASA of CBM (RTE) grid than their LW and HGM, equivalents, comparisons between trans-
formed RTP and RTE oAT grids or location estimates from these grids should commence with
ASA and HGMar), then SVD and, and finally LW and HGN). Each set of estimated locations
should first be overlain on its source grid, to establish relationships betire®ds, taking notes

of any near-N-S trends, where present.

5.3.3 Structure maps derived from CBM (RTP and RTE) grids.

Maps have been generated for structures which could be mapped w#ingefrom the CBM
(RTP and RTE) grids (Figure.9), using strategies outlined in sectiGn3.2 While structures
mapped from the CBM (RTP) grid are shown in black, correspondingtsires from the CBM
(RTE) grid are shown in red (Figuie99. For clarity, RTE structures are also presented separately
in figure . Each structure map is underlain by an image of figugs; which shows the actual
locations and depths at or close to CBM source edges.

Mapped structures in figure9, represent locations of magnetic susceptibility contrad} (vhile
arrows (Green or orange-coloured) point across structures iotiding of decreasing (from
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Figure 5.9: Structure maps derived from CBM (RTP and/or RTE) grids, laron an image of location
and depths at or close to actual CBM source edges (Figdte Depth scales apply to locations only. While
edges with strike in all directions (Shown in black) were megh with certainty from the RTP grid, only
E-W, NW-SE and NE-SW striking edges (Shown in red) could bpmad with any certainty from the CBM
(RTE) grid. Arrows point across edges, from high to lowercgpdibility bodies. Green or orange-coloured
arrows indicate edges with large or small susceptibilitytcasts, respectively. Underlying map image show
that several subtle edges were not mapped from the RTP dgdré.99. Even more of these edges were
not mapped from the RTE grid (Figufe9h).

higher to lowelk bodies). While green-coloured arrows represent structures withddagrange-
coloured arrows represent structures with sraall

Structures on the RTP grid (Black-coloured in figlir€@9 were easily mapped by comparing
the co-presented location estimates shown in figufe® On the other hand, the red-coloured
(RTE) structures in figure.9awere obtained from corresponding RTP and RTE location estimates
from the ASA, HGMaT), LW, HGM4) and "Tilt-Depth" methods (Figure.?). These equivalent
locations are shown for the various methods in appendikiguresD.3to D.7).

Comparisons between the underlying map image and the RTP structure mapérbfigiushow
that several fault scarp (FS) edges could not be mapped from the(@BP) grid. This is mainly
because the subtle anomalies from these sources were masked (swaynppedpprger amplitude
anomalies on the grid. Even more of these FS edges could not be mappeth&r@€€BM (RTE)
grid (Figure5.95), due to the combined effect of local, anisotropy-induced anomaly imésrée
and subtle anomaly masking.

Practically every significant anomaly-generating structure could be rddpma the CBM (RTP)
grid, irrespective of their strike and composition (Figlirég. However, only E-W, NW-SE
and NE-SW striking structures could be mapped with certainty from the CBMEJRrid (Fig-
ure ). Linear and curved edges with N-S strikes cannot be mapped fromdgR@E Also,
NNW-SSE, NNE-SSW and North20° striking structures are difficult to map from RTE grids,

8Location estimates from maxima-based methods like ASA, Hi&FM LW and HGM g were first decluttered to
ease structural mapping, by selectively removing class 1 maxima frese tbestimates. See appengiXFigureD.2),
for example.
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with certainty, especially where anomalies interfere. Although these RT&ndi®ns applied to
sources of all compositions, spatial relations between anomalies and é¢eomgavetween loca-
tions estimated from various methods may provide a basis on which other féss structures
may be inferred from RTE grids (Sectian3.?).

5.4 Depths estimated from all source locations using ASA and LW
methods.

Depths of CBM (RTP and RTE) grids sources have been estimated usiAgthand LW meth-
ods. ASA and LW estimates were obtained by applying equatiofs) and ( ) to ASA and
LW grids, respectively. ASA estimates are shown in figure) while LW estimates are shown in

figure . ASA estimates were slightly easier than LW estimates. Since LW estimates aexideri
from the inverse of peak LW amplitudes (Equatiof.8c), amplitudes close to zersifigularities
of J ) result in larger than desired depth estimates. Hence, maxima locations

corresponding to singularities and/or spurious peaks due to falsen(iegd maxima had to be
removed (masked out) from LW grids (Figuresaand5.35) before deriving LW depth estimates.
This required the specification of a cut-off LW value. By trial and errdound this value n3)
using an algorithm comprising the minimum mean value and the standard deviatgatioh\W
grid (Equation ).

ml = min(mearigr,1)) + 1.5 x min(std(gr,0,1)) (5.4.1a)
m2 = min(mearigr, 2)) + 1.5 x min(std(gr, 0, 2)) (5.4.1b)
m3 = mearfml + m2) (5.4.1c)

where:gr represents the grid of LW peaksiin(mearigr,1)) and min(meartgr,2)) refer to the
minimum (min) average (mean) value along @) andy (2"%) grid dimensions, respectively;
min(std(gr,0,1)) andmin(std(gr,0,2)) refer to the minimum standard deviation (std) alongxhe
(1%Y) andy (2" grid dimensions, respectively; an refers to the cut-off LW peak value used to
mask singularities and spurious peakgin

Two temporary grids in which LW estimates belaw were treated as singularities and/or spurious
LW peaks and were, thus, masked out were generated from the LWR&RT RTE grids. Only
LW (RTP or RTE) estimates at locations that correspond with unmaskedbswatugach temporary
grid were retained. The resulting masked/windowed CBM (RTP and RT&3 gre presented in
appendixD (FigureD.8). LW depth estimates (Figure 11) were obtained from maxima of these
windowed LW (RTP and RTE) grids.

Maximum LW estimates (Figure.11) were slightly less than that of actual BM basement depths

9Locations of LW maxima used for depth estimates (Figufie) were, thus, fewer those shown in figurée'd
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Figure 5.10:Unedited and edited ASA estimates from CBM (RTP and RTE) gpigrces. Estimated depths
are for source edges shown in figur&h Maximum of unedited ASA estimates were up to 250 km (Fig-
uresb5.10zand5.106), more than 20« the maximum of actual BM basement depths (Figuf). Estimates

(d) ASA estimates< 38 km (RTE)

were edited using maximum & = +27 estimate, 38 km (Figuresl4cand4.140).
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in NW of CBM grid and actual depths on basement depth grid iréig.29. Maximum LW estimates were
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within the range of actual depths of BM sources (Figlr&)).
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(Figure ), while maximum ASA estimates (FiguréslOaand ) were more than 2

that of the actual basement depths. However, colour-bars in figurésand suggest ASA
estimates to be mostkg 50 km. For easy comparison with “Tilt-Depth” method estimates, ASA
estimates exceeding the maximuméf +£27 estimate, 38 km (Figuresl4cand ) were
removed (Figures and ). This is well justified, since the 2D mean (average mean) of
ASA estimates from CBM (RTP and RTE) grids were 32.09 and 37.03 kmectsgply.

Mean average LW estimates of CBM (RTP and RTE) grids were 5.92 andkih 18 spectively
(Figure ). LW estimates for some shallow sources (NW of grid) were deeper thiamnsbn
actual basement depth (NW of figuie?s). For 8 = +27 estimates from CBM (RTP and RTE)
grids, see appendix (FigureC.8). The distribution of these estimates will be examined below.

5.4.1 Distributions of ASA and LW estimates compared with atual basement depths.

In this section, | compare composite histograms of ASA or LW estimates with thatwdl depths

of edges of all BM sources (Figure9h). Where necessary, histograms were colour-coded to re-
flect source-types in figuré.8h at a constant class size of 200 m. The shapes and spreads of
these histograms, as well as related statistiasean fAv.), standard deviationgD.), and coef-
ficient of variation CoV); were used to compare them. Comparisons between distributions did
not take locations of estimates into account. Distributions of ASA, LW @nd+27 depths es-
timated from CBM (RTP and RTE) grids are presented as histograms, figparison, in fig-

ure . Histograms of ASA estimates (Figusel29 were obtained from the ASA estimate grids
(Figures and ). These histograms were significantly skewed to the right, with infre-
quent outliers dominating the 50 km range. Since estimates are to be compared@vith+-27-
based “Tilt-Depth” estimates, outliers and estimates exceeding the maximém-af£27 esti-
mate, 38 km (Figures.12d and ) were removed from ASA estimates (Figures

and ). Figures and presented grids of edited ASA estimates, but their histograms
are presented in figure

The average ASA depth was 11 km for the RTP grid and 9.7 km for the RiGEThese averages
exceed the maximum actual depth of CBM sources (Figuve). Equivalent statistics for these
grids using the LW method were 3.8 and 4.4 km, while they were 5 and 11.2 kthder27 <

6 < 27 method. While averages for LW estimates from RTP and RTE grids;-&id 6 < 27
estimates from RTP grid were well within the range of actual depth of CBNcesUFigure!.99,

—27 < 8 < 27 estimates from RTE grid exceed the maximum actual source depth. Witlastand
deviation SD.) of 1.4 km (RTP) and 1.8 km (RTE), LW estimates were less dispersed t§an A
estimates, which ha8D. of 11.4 km (RTP) and 8.5 km (RTE). These statistics and the associated
CoV are shown on the histograms in figure.2. A summary comparing the number of estimates
obtained by each method from these RTP and RTE grids (Figug are presented in table?.

19 ntroduced in sectiori 4.
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Figure 5.12: Histograms for ASA, LW and-27 < 8 < 27 estimates of source depths from RTP and RTE
grids. Histograms of unedited ASA estimates (Figures?g were mainly skewed to the right, with infre-
quent outliers dominating the 50-250 km range. These ASAessitwvere removed using the maximum of
—27< 08 < 27 depth estimates (38 km). The distribution on the edited 48ds (Figures and )

are shown in figuré.12c Histograms of LW estimates (Figufe12f) were simpler, without any outliers.
They show the range of LW estimates from CBM (RTE) grid to bdewithan equivalents from the CBM
(RTP) grid. Figure$.13and present detailed, source-type based histograms derwetdffgures

and

Table 5.2: Summary of ASA, LW and = 427 estimates.

Method Number of estimates for: Ratio (%) ®

RTP RTE Total RTP | RTE

ASA (unedited)| 43254 | 43952 | 87206 | 49.6 | 50.4
ASA (edited) | 42553 | 42624 | 85177 | 49.96 | 50.04
LW 30463 | 35257 | 65720 | 46.35| 53.65
6 =+27 134541| 92310 | 226851 | 59.31| 40.69

* Estimates included all source-types (2D and non-2D contantsFS).
® Ratio is relative to total number of estimates in figarée?2.
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More LW estimates were obtained from the RTE (54%) than from RTP (46%d) ghile an
equal number (50%) of ASA estimates was obtained from RTP and RTE@abtt5.2). More

6 = 427 estimates were obtained from RTP (59%) than from RTE (41%) grideMetailed,
source-type based histograms, which highlight the distributions of editdde&fmates and those

of LW estimates were also produced (Figuses3and5.14). The distribution of ASA and LW es-
timates are summarised in tatiles. The table shows that about 30, 15 and 55% of ASA estimates
were from 2D contacts, non-2D contacts and FS, respectively, wiiile 15 and 70% of LW
estimates were from these respective sources.
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Figure 5.13: Histograms for edited ASA estimates of depths of source £dgeCBM (RTP and RTE)
grids. Figuress.13aand5.13brepresent the distribution of estimates shown in figurés)cand5.10d
respectively. Histograms are mainly skewed to the rightybitih most estimates occurring within the range
of actual depth of BM source edge distributions (Figareh). Distributions for fault scarps (FS) were the
most skewed, while the least skewed were those for 2D cantact

Histograms of ASA estimates (Figures.3aand5.13l) were skewed to the right, with most esti-
mates occurring within the range of actual depths of BM source edgas€?i¢h). Distributions
for fault scarps (FS) were the most skewed, while the least skewesl tvese for 2D contacts.
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Figure 5.14: Histograms for LW estimates of depths of source edges on OBMP(and RTE) grids. Fig-
uresb5.14aand5. 14brepresent the distribution of estimates shown in figirés aand5.11h respectively.
Histograms indicate multi-modal distribution of LW estites, with all estimates occurring within the range
of actual depth of BM source edge distributions (Figifé). Histograms were slightly skewed to the right.

Table 5.3: Distributions of ASA and LW estimates, at source edges.

Number of estimates for2 Percentage of estimates (%
Method 2D Nonab | Fs | 1@l o0 Tronan [ FS G
ASA (RTP), edited| 4725| 2418 8887 | 16030 | 29.48 | 15.08 55.44
ASA (RTE), edited| 4683 | 2712 9177 | 16572| 28.26| 16.37 55.38
LW (RTP) 2022 | 1909 11765 | 15696 | 12.88 | 12.16 74.96
LW (RTE) 2095| 2213 9122 | 13430| 15.6 | 16.48 67.92

a 2D and FS represent 2D contacts and fault scarps, resggctive
b i.e., ratio of the number of estimates per source-type to tianamber of estimates from each grid.
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However, there were more estimates0 km for 2D contacts and FS on the RTP than RTE dis-
tributions. Since source depths were the same for all CBM grids, theseatlifes were attributed

to anisotropy-induced interference between anomalies sourced frand=&ntacts on the CBM
(RTE) grid (Figure4.50). Further evidence is provided by the fact that more ASA estimates were
obtained for non-2D contacts on the RTE than RTP distributions (Tab)e Otherwise, these
ASA (RTP and RTE) estimates (Figures 3aand ) were statistically similar. This similarity

is captured by th€oV statistics of ASA estimate€oV for RTP estimates were 45.2, 67.8 and
78.3 for 2D contacts, non-2D contacts and FS, respectively. Eqotedier RTP estimates were
47, 62.4 and 72.3%. These and related statistics are shown in figafizsand

Figure presents detailed, source-type based histograms derived fromFigureHistograms

of LW estimates (Figures and ) were mainly uniform, although those for 2D and non-
2D contacts were multi-modal. Histograms (Figtiré4) show the range of LW estimates from
RTE grid to be wider than equivalents from RTP grid. The maximum estimatetfier®TP grid
was 6.6 km, while it was 8.1 km for the RTE grid. These were less than the maxioiual depth

of CBM source edges (Figur& 99. Similar number of estimates were obtained from the RTP
and RTE grids~15, 15 and 70% of estimates were from 2D contacts, non-2D contactsSnd F
(Table5.3). Estimates from 2D and non-2D contacts were statistically similar. Estimatedtieom
RTP grid hadAv. of 3.9 and 4.1, an€oV of 34.2 and 24.5%, respectively. Equivalents from the
RTE grid hadAv. of 3.8 and 4.4, an@oV of 34.3 and 27.8%, respectiveoV of 35.9 and 42.7%
for estimates of FS from the RTP and RTE grids, respectively, indicateRiiaestimates were
slightly more dispersed than RTP estimates. These and related statisticsvemersfigures

and ) Next, | evaluate ASA and LW estimates with specific reference to souraédos.

5.4.2 ASA and LW estimates from all source locations on RTP or RE grid.

This section examined the errors in ASA and LW estimates in relation to the adwialeBths
(Figure 4.9) at equivalent locations on the estimated and actual depth grids. Thalysemin-
cluded every estimated location from the RTP or RTE grid, without congidaréor whether or
not the estimated locations were accuratErrors in ASA and LW estimates were compared with
those from—27 < 8 < 27 estimates from the CBM grids (Figuré&s. 9cand ). Errorsin ASA
and LW estimates only at accurate source locations (Figuewill be the subject of section.5.

| begin by comparing ASA and LW estimates obtained from CBM (RTP or RTEgsgvith ac-
tual source depths at equivalent locations, using composite crossapbbtheir related statistics.
Constituent cross-plot of these composite cross-plots were obtainadassdp, and have been
colour-coded to reflect the various CBM grid source-types (Figuié), so that red, blue and
green-coloured cross-plots were obtained from 2D contacts, nooeiacts, and FS, respec-
tively. For example, cross-plots between actual depths and ASA defieess of these CBM

11This is to simulate what obtains in practice.
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sources or errors in estimates are presented in figure
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Figure 5.15: Comparisons between actual depth and depths estimatedRidMmand RTE grids, using
ASA and LW methods. Estimates were truncated at 20 km foitglaf figures. The solid cyan-coloured
line marks where the 1:1 (100%) correlation between theah@nd estimated depths should plot. The
legend in figures.15capplies to all figures here. Dashed black, gold and browatzed lines show linear
fits, respectively, to data for 2D contacts (in red), non-2idtacts (in blue), and FS (in green). Note the
wider spreads in RTE compared with RTP plots, also in FS datapared with those for 2D and non-2D
contacts. For clarity figures were produced to a maximum ®fakpect ratio, while equations describing
least-squares functions to each cross-plot, as well aedettatistical parameters are presented in table

| used three types of composite cross-plots in this section: (1) crosshgitwteen actual and es-
timated depths of sources; (2) cross-plots between actual depthsroés@und percentage errors
in estimate; and (3) cross-plots between depths estimated from the CBM ¢R@RNd its RTE
equivalent. Where involved, the actual depths of source(s) were ghlottehe abscissae while
estimated depths or percentage errors for these sources at eqiivedeions were plotted on the
ordinates of the cross-plots. Cross-plots which compared RTP with Rireates had RTP esti-
mates on the abscissae and RTE estimates on the ordinate. Where cross+pledsl estimated
depths, they were limited to 20 km, to keep the figures at a readable 1:2 eesji@ct

124 of 264



Chapter 5

Table 5.4:Comparing equations and statistics of least-squaresifunscto cross-plots shown in figuiels

Sources Figure (RTP) Figure (RTE)

2D y=0.7x+3;SE=27;1r2=225% | y=0.6x+3; SE=26;r’>=162%
Non-2D | y=1.6x—1; SE=4.4;r2=264% | y=12x; SE=3.9;r2=237%

FS y=0.9x+4; SE=6.4;1°=51% y=0.7x+5; SE=54; r2 = 4.8%
Sources Figure (RTP) Figure (RTE)

2D y=0.7x+0.6; SE=0.9; r>=89.7% | y=0.6x+0.8; SE=0.9; r’* = 76%
Non-2D | y=0.6x+1.1; SE=0.5;r>=912% | y=0.4x+2; SE=0.9; r> =453%
FS y=0.3x+21; SE=13;r>=236% | y=04x+24; SE=17;r2=17.9%

Cross-plots of ASA or LW depth estimates versus actual depths of all soreees (Figuré

did not have a 1:1 relationship, hence data-points were not on/close td.tbgah-coloured solid
line. Cross-plots exhibited various degrees of spread (variability), withseplots for FS depths
showing the most variability. Such variabilities, previously observed insepbsts from “Tilt-
Depth” method estimates, are attributable to the fact that FS sources do rnotheeérict 2D
assumption implied by these methods. Since the weak anomalies due to FS-tyes sttenuate
rapidly and significantly with source depth, especially with the interferehaeacteristic of RTE
grids, | paid no further attention to cross-plots of FS estimates.

To highlight and extract any relationships between the paired datasettircesss-plot for quan-
titative comparisons, the best-fitting least-squares function for the paatadat were computed.
Relationships between actual and estimated FS depths were best debyriledr least-square
lines, with zero intercepts. The coefficients of determinatiéfEquation ¢.5.7) and standard er-
rors,SE(Equation {.6.1)), quantities which, respectively, express the "goodness-of-fitspread
of data around least-squares regression lingsaprs ), will be used to compare the linear
least-square lines. These comparisons/correlations were between corresponding gricbieca
of actual source depths (Figu#e99 and ASA or LW estimates. Table5 presents a summary
of corresponding estimates (%)e., the ratio between the number of corresponding locations of
estimated and actual depth locations per source-type, as a measuregatédtitie effectiveness of
ASA and LW methods.

Corresponding estimates (%) for ASA and LW estimates from RTP and RTE were similar
(Table5.5). These locations may not, and need not, be equivalent to both CBM (RTIREE)
grids. Equivalent RTP and RTE locations are examined in sectionFor 2D contacts, ASA
estimates corresponded with67% (4725) of actual depth locations, while ory30% (2095)
of LW estimates corresponded with these actual locations (fableThe table shows that about
25 and 20% of locations of ASA and LW estimates, respectively, corregmbwith locations
of actual depths of non-2D contacts. Only about 11% location cornelgmze was attained by
ASA and LW estimates for FS depth locations. These equivalence betweeorttespondence
of locations of RTP and RTE depth estimates and actual depth locationsr dppmfirm the
inclination-independence of the ASA and LW methods. Equation of the lireggession line
applicable to the cross-plot of each source-type in figufe;, as well as theéSE andr? value

12As in section , Statistical significancep)=0.05, i.e., confidence interval of 95%.
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associated with the fit are presented in table Theser? values will be used to compare ASA and
LW estimates below.

Table 5.5: Correspondence between grid locations of estimated andladepths of CBM sources, and
correlation between the depth values.

Method Corresponding estimates, %? CoD, r?(%)**
2D Non-2D FS 2D | Non-2D | FS
ASA (RTP), edited| 67.51 | 24.64 10.43 225\ 26.4 5.1
ASA (RTE), edited| 66.91| 27.64 10.77 16.2 | 23.7 4.8
LW (RTP) 28.89 | 19.45 13.81 89.7 | 91.2 23.6
LW (RTE) 29.93 | 22.55 10.71 76 45.3 17.9

* This expresses the ratio between the number of correspoesiimgated and actual depth locations
per source-type shown in figureSh There were 6999, 9813 and 85197 actual depth locations for
2D contacts, non-2D contacts, and FS, respectively (Figurg.

** r2 values reproduced from tabie to ease comparison.

(A) Errors in ASA estimates.

Linear regression lines to ASA depth estimates from CBM (RTP and RTE3 ¢Fidures

and ) show that 2D contact were the least scattered, with standard &mBpiof 2.7 (RTP)
and 2.6 (RTE). These and other regression information are presertsdaléi.4. SE for non-2D
contacts were 4.4 (RTP) and 3.9 (RTE) indicating intermediate variability, eiwepared with the
widely variableSE of 6.4 (RTP) and 5.4 (RTE) for FS. Also, regression equations shawtean
depths of 2D contacts on RTP and RTE grids were generally underestirogiobut 30 and 40%,
respectively. FS were similarly understimated by about 10 and 30%,atasge ASA estimates
for non-2D contacts were overestimated, by about 60 and 20% on RilRTdxgrids, respectively.
However, withr? ~ 5% estimates for FS need no further consideration. Witk 20%, cross-
plots of percentage errors in ASA depth estimates for 2D and non-2DatsriEgures. 16) will
now be discussed. The best-fitting quadratic least-squares functions will be used to compare
these percentage error versus actual depth cross-plots. Equatsmmibihg these quadratic least-
squares functions, as well as the related standard eB8&safe presented in tablet.

The large dispersion expressed by 8te> 180 for quadratic regression fits to ASA estimates of
FS from RTP and RTE grids reflect the extent to which the assumption ob8fact was violated
by these sources. Hence, errors in FS estimates are not included indhesihs below. Although
errors could be positive, zero or negative, errors in depths estimat@iDfand non-2D contacts
will be discussed mainly in terms of the quadratic regression fits to crossedletsor in ASA
estimates for these sources, i.e., the dashed lines in figurésand ) These error estimate
fits show that average errors were mainly positive, indicating that sadgihs were mainly over-
estimated by the method. Errors ranged from 10 to 150% and 25 to 70% fem@don-2D
contacts on the RTP grid. For these sources, error in depths estimatethi#dRTE grid ranged
from -5 to 100% and 25 to 45%, respectively, for 2D and non-2D cés{&agure ). The error
range (margin) were higher for 2D contacts (140% for RTP and 103%T& estimates) than
for non-2D contacts (45% for RTP and 20% for RTE estimates). Theese margins far exceed

13pepth errors frequently exceeded 200%. Such are not shown i figLi
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Figure 5.16:Comparisons between errors in depths estimated from RTREEdrids, using ASA method.
Estimates were truncated at 200% for clarity of figures. Bdshack, gold and brown-coloured curves show
quadratic fits, respectively, to data for 2D contacts (in,redn-2D contacts (in blue), and FS (in green).
See figurés. 15cfor the legend to these figures. Note the wider spreads in EScdanpared with those for

2D and non-2D contacts. Equations of quadratic least-sgianctions on each cross-plot, and the related
SE statistic are presented in taliles.

the £20% cited in publications for ASA estimates from RTP détad¢ves2005. However, the
average (RTE and RTBE~ 57 andSE= 77 obtained from the quadratic regressions to estimates
of 2D and non-2D contacts, respectively, show that ASA estimates fi@roahtacts were less
dispersed than those from non-2D contacts on RTP and RTE grids, thleusider error margins

observed in estimates from 2D contacts could not be attributed to dispersibeiirestimated
depths.

Table 5.6: Equations and statistics of least-squares functions &septots shown in figure. 16

Sources Figure 5.16a(RTP) Figure 5.16b(RTE)

2D y = 4.2x° — 57.8x+209; SE= 59.5 y=1.4x%> — 28x+1282; SE=54.9
Non-2D | y=1.9x%> — 17.3x+66.2; SE=79.2 y=12x>—-158x+76.4; SE=74.1

FS y=15.6x%>— 1757x+5419; SE= 1844 | y=139x° — 1623x+5039; SE= 1819

Regression fits suggest the existence of basement depth controbomargins for estimates of
both 2D and non-2D contacts from RTP and RTE grids. For 2D contacts,@ly ranged from

10 to 25% (RTP grid, with only 15% margin) or -10 to 25% (RTE grid, with 35%gmgrat ac-

tual depths exceeding50% of maximum actual basement depth. Hence, the generally wide error
margins associated with 2D contacts at depth9% of maximum actual basement depth can be
attributed to interference between anomalies from FS and 2D contacts. drttislcappears to

be confirmed by the denser cross-cutting relationship between FS anoh2arts in the Western

half of the CBM grid (Figuret.8h) at shallow £50% of maximum) actual basement depth (Fig-
ure4.99.

(B) Errors in LW estimates.
Next, | discuss cross-plots of LW depth estimates versus actual dep#istbfee CBM (RTP
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and RTE) sources (Figurésl5cand | respectively). Although LW estimates, for all sources
from both the RTP and RTE grids, were limited ¢07 km and just over 8 km (Figures

and ), respectively, data-points did not cluster onto the 1:1 cyan-colowdatlise. There-
fore, LW estimates did not have a 1:1 relationship with actual source depths.

Various degrees of dispersion were exhibited on these cross-pl@sSHh? and equations of
linear regression fits to LW estimates from the CBM grids (Figtréscand ) were used to
compare dispersions in LW estimates from these RTP and RTE grids. plaisgor FS depths
were the most variable, with standard errS8E(> 1) andr? of 24% (RTP) and 18% (RTE). For
reasons previously stated for ASA estimates, no further attention will be@airdss-plots of FS
estimates. LW estimates of non-2D contacts were the least disperse&pwftd.5 (RTP) and 0.9
(RTE), andr? of 91% (RTP) and 45% (RTE). However, LW estimates from 2D contadtibard
constant dispersiorBE = 0.9) for RTP and RTE grids, and of ~ 90% (RTP) and~ 80% (RTE).
These consistencies indicate the LW method to be more effective than ASAlmighestimating
depths of 2D and non-2D contacts. Regression equations show thatlivedepths of 2D and
non-2D contacts were generally underestimated, respectively, by aband 40% (RTP grid),
and 40 and 60% (RTE grid).

Errors in LW estimates are presented in figbreé7. Quadratic regression fits to cross-plots of
these depth errors will now be used to compare LW estimates obtained frivi{®BP and RTE)
grids. Quadratic fits to errors in LW depth estimates of 2D and non-2D dsnigigures

and ) show that average errors were mainly negative, indicating that depghe nvainly
underestimated by the method. Errors ranged from 0 to -25% and 5 to -@02fand non-2D
contacts on the RTP grid. Equivalents for 2D and non-2D contacts freRTH grid ranged from
-5t0-30% and 10 to 38%. The error range (margin) were very clo$e:fab2D contacts at RTP

Fault scarp (FS)
* - non-2D contact - 4
* 2D contact
150+ : Lo == e Fit, FS H
Fit, non-2D contact|
== = Fit; 2D contact
y=2.8x?~40.4%+105.7; SE=35

)/:1.4)<2 27.8%+99.4; SE=45.6

y=0.8x’~12.9%+18.6; SE=9.9
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Figure 5.17:Comparisons between errors in depths estimated from RTIR&8Edrids, using LW method.
Estimates were truncated at 200% for clarity of figures. Bdshlack, gold and brown-coloured curves
show quadratic fits, respectively, to data for 2D contacstsr€d), non-2D contacts (in blue), and FS (in
green). Note the wider spreads in FS data compared with ttleos2D and non-2D contacts. Equations
of least-squares fits to each cross-plot and tB&istatistics are shown, with coefficients rounded-off for
clarity of figures.
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and RTE, respectively; and 35 and 40% for non-2D contacts at RIIRAR. These error margins
show the LW method to be a more effective depth estimator for contact-likeesotiran the ASA
method. The tapering of LW estimates from FS with increasing depth (Figure appear to
suggest that the LW method may be better able to estimate relatively deepemr&thaalents
at shallower depths.

(C) Summary of depths estimated for 2D and non-2D contacts, g the 8 = +27-based
“Tilt-Depth”, ASA and LW methods.

Here, | compare ASA, LW and 27 < 8 < 27 estimated depths for 2D and non-2D contacts, from
CBM (RTP or RTE) grid. Cross-plots of ASA and LW errors (%) wereganted in figures

and . Similar plots for—27 < 6 < 27 estimates were presented in figufes9cand

Average error ranges obtained from these methods are summarised i talilev estimates
were the most accurate and consistent, and provided minimum depths fersinexesd =
+27 estimates were also accurate and consistent, providing minimum to intermesgittie tbr
these sources. ASA estimates were the most inconsistent, with large erginsnétence, depths
estimated from this method will be treated as maximum source depths.

Table 5.7:Summary of average depth error for ASA, LW and7 < 8 < 27 estimates for magnetic (2D and
non-2D) contacts on RTP or RTE grid. The magnitude of maxindifference in range of error are shown
in brackets. Data for ASA and LW estimates were extractesheetively, from figures.16and . Data
for —27 < 6 < 27 estimates were previously presented in tabie.

CBM grid/ Error (%) for depths estimated using:
source types ASA LW —27<6<27
(1) RTP
(i) 2D contacts 10 to 150 (140)|| -25t00(25) || -25t0-8 (17)
(ii) non-2D contacts|| 25to 70 (45) || -30to -5 (25) || -35to-5(30)
(2) RTE
(i) 2D contacts -5t0 100 (105)|| -30to 5 (35) -35t0 0 (35)
(i) non-2D contacts|| 25to 45 (20) || -38to 10 (48)|| -38to -8 (30)

5.5 Depths estimated from equivalent RTP and RTE locations using
the ASA, LW and 8 = +27-based “Tilt-Depth” methods.

This section deals with depths estimated only at equivalent source locatibosothe CBM (RTP
and RTE) grids, using ASA, LW and27 < 8 < 27-based “Tilt-Depth” methods. Analyses in

this section were aimed at determining the degree of error that may be é&sdotith structures
estimated from RTE grids with certainty. Thus, only depths estimated for thiédosdrom which

structures could be mapped with certainty from the RTE grid (Figugewill be considered in
the evaluations discussed below.

14Since locations estimated from RTP grids are usually accurate, thesetestimee only for accurate RTE source
locations (Figuré>.99.
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Composite cross-plots and related statistics were obtained for depths estiredat/alent source
locations on the CBM (RTP and RTE) grids, using the ASA, LW and “Tilt-Dépibthods.” Each
cross-plot in these composite cross-plots was obtained separatelyasuheéén colour-coded to
reflect the various CBM grid source-types (Figuréh): red, blue and green-coloured cross-plots
represent estimates from 2D contacts, non-2D contacts, and FS;treslyeCross-plots between
the actual and estimated depths or associated errors for these CBMsaistained using the
ASA, LW or 6 = +27-based “Tilt-Depth” methods are presented in figurel

Three types of composite cross-plots were used in this section: (1) bedeasl and estimated
depths of sources; (2) between actual depths of sources anthiagreeerrors in estimate; and
(3) between depths estimated from the CBM (RTP) grid and its RTE equiv&émer attributes

of these plots remain as introduced in sectiof 2. Where cross-plots involved estimated depths
they were limited to 20 km to keep the figures at a readable 1:2 aspect ratio.

Cross-plots between ASA, LW and “Tilt-Depth” estimated depths and acapthd of all three
sources did not have a 1:1 relationship (Figtired), since data-points were not on/close to the
1:1 cyan-coloured solid lines. Various degrees of data spread (sispemwere exhibited, with
cross-plots for FS depths showing the most variability. The large dispersieS estimates have
already been attributed to the fact that FS sources do not meet the stras2inption implied
by either the ASA, LW or “Tilt-Depth” methods. Consequently, no furtherrdibe was paid to
cross-plots of FS estimates.

The best-fitting least-squares function for the paired dataset presiengath cross-plot was
obtained, to highlight relationships. Least-square lines obtained fromaR@FRTE grids were
compared for their "goodness-of-fit* and spread of data aroune tlimess using statistics like
coefficients of determinatiom? (Equation ¢.5.7)) and standard error§E (Equation {.6.7)).
Relationships between actual and estimated FS depths were best debygrinedr least-square
lines (Figures.19). Equations describing these linear least-squares functions and r&iziistical
parameters are presented in tabla

Linear regression lines to depths estimated using ASA, LW and “Tilt-Depth” odfitom CBM
(RTP and RTE) grids show estimates from 2D contacts to be the least std&eayare and
table5.8). Regressions to cross-plots of LW and “Tilt-Depth” estimates of 2D and2id contacts
exhibited standard errorSE) that were<1, irrespective of whether estimates were derived from
the RTP or RTE grid (Compare figufelScwith | and figure with ). SEfor all
ASA estimates (RTP or RTE) werel (a similarity shared with FS plots) indicating very wide
data dispersions around least-squares lines (Figufiesaand ). The ASA method appears
to be the least amenable to the error limits sought in this study.

Cross-plots of the errors associated with depths estimated using ASA, LVilteDepth” meth-

I5Hereafter, “Tilt-Depth” method refers to implementations using-#2F < 6 < 27 range.
16statistical significancen)=0.05, i.e., confidence interval of 95%.
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Figure 5.18: Depths estimated at equivalent locations on the CBM (RTPRirtg) grids, using the ASA,
LW and 8 = +-27-based “Tilt-Depth” methods. Where necessary, estimagze truncated at 20 km for
clarity of figures. Legend to figure 18capplies to all figures here. Dashed black, gold and browowred
lines show linear fits, respectively, to data for 2D contdaisred), non-2D contacts (in blue), and FS
(in green). The solid cyan-coloured line marks where the(10D%) correlation between the actual and
estimated depths should plot. Tabl& presents equations of least-squares functions to thess-ptots, as
well as related statistical paramete®E(@andr?). FS estimates were more widely spread (la§Ey than
those for 2D and non-2D contacSE increased from its lowest for LW estimates to its highestA&A
estimates. Hence, estimates from LW ahe- +27-based “Tilt-Depth” methods were more reliable than
their ASA equivalents. Figures were produced to a maximuti@fispect ratio.

131 of 264



Chapter 5

Table 5.8: Equations and statistics of least-squares functions &segptots shown in figure

Sources Figure (RTP) Figure (RTE)

2D y=0.6x+3;SE=26;r°=166% | y=0.3x+4; SE=1.8;r°=10.6%
Non-2D | y=2.3x—7; SE=3.1;r2=433% | y=1.8x—4; SE=3;r2=303%
FS y=0.7x+3; SE=4.5;r>=5.6% y=0.3x+4; SE=35;r2=2%
Sources Figure (RTP) Figure (RTE)

2D y=0.6x+0.6; SE=0.8;1°=96.7% | y=0.6x+0.9; SE=0.7; r? =931%
Non-2D | y=0.6x+1.1; SE=0.4;r>=97.1% | y=0.5x+1.3; SE=0.6; r’> = 80.8%
FS y=05x+13; SE=1.2;r>=436% | y=0.5x+17; SE=15;r2=27.9%
Sources Figure (RTP) Figure (RTE)

2D y=0.6x+0.6; SE=0.8;r2=922% | y=0.5x+0.8; SE=0.7; r> = 88%
Non-2D | y=0.5x+1.2; SE=0.4;r>=94% | y=0.5x+1.3; SE=0.6;r?=76.5%
FS y=0.6x+11; SE=22;r2=234% | y=1.2x+1.8; SE=7.8;r°=5.1%

ods (Figure5.19 are presented in figure.19 Relationships between actual depths and errors
associated with their estimates were best described by quadratic least-socdions. Equations
describing these quadratic least-squares functions, as well as theiastarrors $E) are pre-
sented in tabl&.9. A summary of the range of depth errors obtained from these regrdsssn

to ASA, LW and “Tilt-Depth” estimates is presented in table(.

Dispersions were slightly higher in cross-plots of LW and “Tilt-Depth” estimdtem RTE than
RTP grid (Compare figure.19cwith and figure with ). LW estimates of 2D and
non-2D contacts exhibited the least dispersion in its errors, 8hanging between 3-4 for RTP
estimates (Figur&é.199, and 4-10 for RTE estimates (Figutel9¢). Regression lines to these
estimates showed error in LW estimates to range from -10 to -30 and -5 tor-20fand non-2D
contacts (RTP), respectively. RTE equivalents for these sounage feom 5 to -30 and -10 to -40,
respectively.

6 = +27-based “Tilt-Depth” estimates of 2D and non-2D contacts exhibited digper in its
errors (slightly higher than those from LW estimates), v8aranging between 5-6 for RTP esti-
mates (Figuré.199, and 6-10 for RTE estimates (Figuiel 91). Regression lines to “Tilt-Depth”
estimates showed error to range from -10 to -30 and -5 to -30 for 2D am@b contacts (RTP),
respectively. RTE equivalents for these sources range from 0 @an®512 to -42, respectively.

Since it was difficult to convincingly determine any narrow error limit (rgrfgem the cross-plots
of ASA estimates from RTP and RTE grids, henceforth, no further cereiins is paid to the
method.

Thus far, semi-automatic methods have been examined using the simple amdgitexctBishop”
model (SBM and/or CBM) grids. Evaluations were based on the exactlwikriocations and
depths of SBM and/or CBM sources. In appendjt compare interpretations from RTP and RTE
of areal, field-derivedT grid from Southern Tanzania, for further observations that can fdeilita
interpretation oAT (RTE) datasets.
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Figure 5.19:Error in depths estimated at equivalent locations on the GRWP and RTE) grids, using the
ASA, LW and 8 = +27-based “Tilt-Depth” methods. The legend to figir&Scapplies to all other figures
here. Equations of least-squares functions to these ptots-as well as related standard errd@@&)(are
presented in table.S. FS estimates were more widely spread (lar§Ey than those for 2D and non-2D
contactsSEincreased from its lowest for LW estimates to its highest¥8A estimates. Hence, estimates

(e) 8 = +£27 range (RTP).

(f) 8 = +27 range (RTE).

from LW and 6 = +£27-based “Tilt-Depth” methods were more reliable thanrtA&A equivalents.
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Table 5.9: Equations and statistics of least-squares functions &segptots shown in figure

Sources Figure (RTP) Figure (RTE)

2D y=3.7x> —53.8x+2013; SE=489 | y=32x>-517x+1917, SE=435
Non-2D | y= —15x>4+40.7x+1732; SE= 434 | y=22.4x*> — 22(x+ 529.8; SE= 40
FS y=105x?>—117.2x+337.2; SE=97 | y=7.3x*—92.7x+2935; SE=911
Sources Figure (RTP) Figure (RTE)

2D y=0.1x*-3.8x— 7, SE=3.7 y=0.9x*> — 13.8x+20.3; SE= 4.7
Non-2D | y=0.3x> — 7.1x+6.3; SE= 3.3 y=0.2x> —6.5x+5.1; SE= 8.5

FS y = 2x? — 26.5x+55.6; SE=20.3 y=1.2x° —20.4x+555; SE=288
Sources Figure (RTP) Figure (RTE)

2D y=0.2x>—-4.7x—5.2; SE=5.5 y=0.7x> —115x+111; SE=59
Non-2D | y=0.5x> — 9.8x+ 14; SE= 4.6 y=0.1x> —-5.4x+ 1.4, SE= 9.4

FS y=2.2x% - 28.3x+69.5; SE= 335 y=—123x>—1188x+2018; SE= 1333

Table 5.10: Summary of average error in depths estimated at correspgi2fl) and non-2D contacts loca-
tions on CBM (RTP and RTE) grids, using the ASA, LW afid= +27-based “Tilt-Depth” methods. The
magnitude of maximum difference in range of error are shawbrackets.

CBM grid/ Error (%) for depths estimated using:
source types ASA2 LWP —27<6<2TF
(1) RTP

(i) 2D contacts 5to 150 (145) || -30to -10 (20)|| -30to -10 (20)

(i) non-2D contacts|| -50 to 30 (85) -30to -5 (25) || -30to -5 (25)
(2) RTE
(i) 2D contacts -20t0 140 (160)|| -30to 5 (35) -351t0 0 (35)

(ii) non-2D contacts|| -10to 120 (130)|| -40to -10 (30)|| -42to -12 (30)

2 Extracted from figures and
b Extracted from figure and
¢ Extracted from figuré and

5.6 Summary of edge location and depth estimation from RTE grids

(A) Location estimation

ASA peaks are slightly broader in cross-section than HGM LW and HGMyg), peaks. Hence,
ASA anomalies from sufficiently close sources may readily coalesce todominant peaks or
interfere destructively, compared with these other methods. ConsequbatkkSA method im-
aged relatively well isolated CBM (RTP and RTE) grid sources betteralszof its dependence
on both susceptibility contras®k) and vertical derivative, only shallow subtle FS were imaged
by the ASA method. However, non-North-South striking 2D contacts (i.e, stitke outside the
N=+20° range), as well as the Northern and Southern non-2D contact-likes eddggD sources
were well imaged by the ASA method. HGM,) peaks are narrower than ASA peaks, persisting
as separate peaks for most adjacent anomalies. Hence, thedr@Method performed better than
the ASA method at imaging subtle FS, clearly outlining all non-North-South strikih contacts,
intersections between sources, as well as all the non-2D contact-like eti§D sources. Like the
ASA method, the HGNht) method also depends @k. Hence, where sources with significark
occur, they were preferentially imaged at the expense of the subtle FS.

The indirect dependence of Tilt angle8) (and local wavenumber odk means that the “Tilt-
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Depth”, LW or HGM,) methods were able to equally image edges of both subtle and dominant
sources. While maxima locations represent source edges for LW and 41@iéthods, equivalent
locations are marked by the = O contour for the “Tilt-Depth” method. The LW and HGM
methods depend on second-order derivatives. Hence, they aiéve@eto noise and interference
effects. Also, sufficiently close LW or HGd) maxima interfere to generate secondary maxima.
The complex nature of the CBM grid and the complex anomaly interferenceebalted from
RTE-induced azimuthal anisotropy also led to com@exW or HGMg, estimates, which cor-
related poorly with their RTP equivalents. However, these comparisadsthase from the less
complex Tanzania grids (Appendix figure E.4), show thatf estimates were very reliable, and
easier to interpret, for relatively well isolated 2D structures. Only HigW HGMg), ASA and

LW estimates that are coincident or closesftand/or SVD estimates should be treated as certain
and retained. An integrated approach to edge location estimation from RAE gfids should
commence with ASA and HGMr), then SVD andd, and finally LW and HGN).

(B) Depth estimation

FS depths estimated from the RTP or RTE grid, using the ASA, LW&nrd+27°-based “Tilt-
Depth” methods, were highly dispersed and erroneous, compared wittates for 2D and non-
2D contacts. ASA estimates of the depths of 2D and non-2D contacts fro@BMe (RTP or
RTE) grid were unreliable. Similar estimates of contact depths from the RItE wging LW
and 8 = +27°-based “Tilt-Depth” methods, were as good as those obtained from thegRI.P
Although errors in estimates of 2D and non-2D contact depths clusterely tgbund and along
regression lines for these contacts, these clusters and their trend liresietealigned with or
around the 1-to-1 line (which marks equivalence between actual and estisaurce depths).
LW and 8 = +27°-based “Tilt-Depth” methods underestimated depths of 2D contacts by up to
30% from RTP and RTE grids, and underestimated non-2D contacts by4d@%4drom the RTE
grid.
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Interpretation of northeastern (NE) Nigeria aeromagnetic
dataset.

6.1 The study area (NE Nigeria).

6.1.1 Location

The study area is located within longitudeésBand 18 E and latitudes 8N and 16 N, in the

NE part of Nigeria (Figures.1)."Nigeria is generally a hot country, with an average temperature
of 27° C ( , ). Temperature ranges vary significantly with location and between the two
seasons; the rainy and the dry season. The main controlling factors céritome in Nigeria are
the amount of rainfall and elevatiob/ (o, ). The amount of precipitation generally decreases
as the elevation increases from the Southern parts of the country naithv@onsequently, the
vegetation cover grades from dense equatorial rainforests in the Slouthgh Savannah grass-
lands in the middle belt, to the very sandy and sparse grass patches oh#igypa savannah in
the NorthEast of Nigeriallpeje, ; ) ). ( ) reports grasslands, bare-rock
surfaces and sparse woodlands from the northern highlands. Ariitimms of NE Nigeria (the
study area) are attributable to the persistence of the dry season, whitle Gaor more months
long, every year.

The study area consists of most of the highest, and therefore the cdtdedipns above mean
sea level (msl) in Nigeria. These locations include: th& km high Mambilla/Adamawa Plateau
(Taraba State) in the Mambilla/Adamawa Highlands in the Eastern part of the atad; the
1.28 km high Jos Plateau (Plateau State) in the Central Highlands to the Wheststfidy area;
and, the 0.7 km high Biu Plateau in Borno State. Accordingdsje ( ) these locations are
typically characterised by warm to cold temperate and montane-type climates, mjbregures
always below 2%C. Figure6.1h which has been extracted from the 3& B0 m SRTM-derived
digital elevation dataset, presents the elevation and main topographic seaftINE Nigeria. The

1For clarity of details, magnified versions of figutelband most NE Nigeria-wide figures shown in this chapter,
are also presented in appenéix
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Figure 6.1: Map showing: (a) the location and extent (shaded) of theysivel in NigeriaCommonwealth
2017). Inset is the location of Nigeria on the globe; and (b) theography of NE Nigeria. Figuré.1b
was extracted from the 1 arc-secone30 m) SRTM elevation datasetdrr et al, 2007). Maps also show
main cities/towns and river system of the area. A magnifiediga of figure6.1bis shown in appendik]

(FigureH.1).
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SRTM datasets are presented at an absolute height and absolute g@olexar, respectively, of
~6% and~12% ( : ). NE Nigeria in the context of this research includes both the
SouthWestern Chad basin and the Upper Benue Trough, the geology antentanic elements

of which are presented in section

For ease of comparison between maps, maps covering similar areas sept@deusing similar
geographic (Equatorial Mercator/Clarke 1880 spheroid) and/or WM&$ 84/UTM Zone 32N)
graticules.

6.1.2 Geology

( ) described the Benue Trough as a major NE-SW intracontinental Cretabasin
which is filled with folded Cretaceous sediments and scarce volcanic lisadsout 1000 km long
and about 50 to 100 km wide, and runs from the Niger delta to the Chad. basimud( )
reconstructed the Early Cretaceous tectonic history of the Upper BenugH, subdividing this
part of the Benue Trough into three (3) sub-basins on the basis of tieeajstrike of structures of
regional extent. The sub-basins and their orientations are as follows€fig): (i) the Gongola
and Kerri-Kerri sub-basins, which make up the Northern branch amtitN10OE; (ii) the Yola
sub-basin or eastern branch, which trends W-E; and (iii) the Bashiairddb-basin, which is the
southern branch and trends NED These elements of NE Nigeria are presented in figure
which shows both the areal extent, as well as the outcrop geology of theastea. Note that sed-
imentary rocks in these basins directly overlie crystalline basement rodkeocfmbrian age, as
is the case throughout Afric& ¢y, ). Locations of outcropping sedimentary rocks/sediments
and basement/sediment contacts have been extracted for use in compasingdtural and depth
maps that will be obtained from this geophysical study.

( ) subdivided Southern Benue Trough sedimentary-fill using eustatiewsgdluctua-
tions. Subsequently, stratigraphic studies of other Nigerian depocdiatvesnainly adopted this
approach. The chronological successions and lateral equivatésedimentary units in the study
area are presented in figuies. The relative ages of sediments were determined using their faunal
contents (biostratigraphic methods): ( ), ( ),

( ), ( ), ( ) and ( ) provide detailed descriptions of NE
Nigeria sedimentary succession.

The outcrop geology of NE Nigeria (Figufe?) also include Precambrian and Palaeozoic crys-
talline, as well as Late Mesozoic and Cenozoic volcanic rogks. ( ) recognised four
types of Palaeozoic and Precambrian rocks in Northern Nigeria. Teeylathebasement com-
plex which includes all pre-Proterozoic rocks like para and orthogneibsesc and calcareous
schists, granites, marbles, quartzites, as well as Birrimian age metasediB8mrdml cycles of
regional tectonothermal activities have altered most basement complextmakigmatites and
gneissose equivalents, containing reworked fabrics; (Il) Youngetasediments are low meta-
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Figure 6.2: Simplified geological map of NE Nigeria, showing the majortéamic magnetically distinct
rock units (Modified fronBenkhelil et al, 1989 NGSA, 2006andFrerg 2010). Superimposed on this map
is the main Cretaceous stress field, purple arrowsrjead & Binks 1997). Note outcropping NE-SW,
NW-SE, and NNE-SSW trending faults. Inset is geological miadigeria, showing study area (shaded). A
magnified version of this figure is shown in appendixFigureH.?2).
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Figure 6.3: Lithostratigraphic chart for NE Nigeria (Adapted froavbovbo et al, 1986 Kogheg 1989
Mathels 1989 Olugbemiro et al.1997). ND represents periods of hon-deposition.
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morphogenetic psammitic and pelitic sediments. Also, conglomerates and inteddadds may
occur; (Il) Older Granite Series include rocks emplaced during theAPacan tectonothermal
event and mainly include basic and intermediate mafic/felsic rocks like gadibrag, and mas-
sive quartz or hydrothermal vein deposits. The main alteration proctessiad this rock series
is granitisation of basic and ultrabasic mineral phases; and (IV) Julasglts and other vol-
canics emplaced during the late and final stages of the Pan African tectomaitevent. Similar
crystalline rocks have been reported from the SouthWestern parts efi&li | ).
( ) also reported Precambrian rocks of similar compositions from SouthBaster

Nigeria. These rocks have been encountered in wells at various depthsst parts of Nige-

ria ( ) ).

( ) subdivided these basement rocks into three groups, based on thainoneta
phic history. These are: (I) Medium-to-high grade, polymetamorphic, migrrgtigéss-quartzite
complex of Pan-Africans 600 Ma) to Eburnean (2200-1680 Ma) agea( ,

); (II) N-S trending low grade, metavolcanic units in schist belts of uppetdPozoic supracrustal
rocks which are folded into rocks of the migmatite-gneiss-quartzite compiei) Pan-African
aged Older Granite rock suite constituting migmatite-gneiss quartzite complexoeksl of the
schist belts. The Pan-African orogeny is mainly associated with mediunegragamorphism
but also mega-shear zones and granitic batholiths, characterized by aehmgerature gradi-
ent. ( ) report similar alkaline assemblages from the East African rift.

6.1.3 Tectonic framework.

( ) inferred a collisional tectonic (subduction) origin for the Benue Trobgised on the
occurrence of andesitic and related intrusives in its SouthEastern ldantever, these andesitic
rocks were not found when ( ) re-examined rock samples from the Ogbagu-1 and lkono-
1 oil exploration wells of ( ). Also, after examining petrogenetic assemblages from
Cretaceous-Recent volcanism in the Benue Trough, including oldeilkddélood basalts,

( ) showed that the basalts were potash-depleted and, therefore api@caist composition.
Hence, the composition of Cretaceous-Recent volcanic basalts in Nigkenignisr strong evidence
of the rift (extensional tectonic) origin of the Benue Trougtit ( ) provides other
evidences for the rift origin of the Benue Trough, observed fronmdeisections acquired from
NE Nigeria. These evidences include: (i) the zig-zag pattern of faultssse theismic sections; and
(ii) the fact that folds observed on deep seismic reflectors generallyudieith reducing depths
and along the direction of sedimentary pinch-out. The dominant forcemegge for creating
sediment accommodation during the formation of the intracontinental sag Gisa Was the
combined weight of sediments and the water responsible for their deposition:( ).

The Benue Trough is a mega-Shear zone, which lies entirely between ttiaerttial exten-
sions of the Romanche and Chain Charcot fractufesi( , ; ,
) S ). The Trough is marked by a 400 km-wide positive axial gravity
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anomaly { ‘ ), which thins to about 70 km in the Upper Benue Trougti(hije,
). ( ) associated these broad axial positive anomalies with the presence of a

thinned crust. Thinned crusts are thought to develop when densemppée material gain access
to and is emplaced at shallow depths in the crust. The broad axial posiivigyggnomalies are
geophysical expressions of these denser materials. After comparisgitimicity map of Africa
for the 1964 to 1975 period with the gravity-deduced lithospheric thinningah#rica,
( ) observed that thinned crusts were not associated with some seismidaléy+ifts, con-
cluding that crustal fracturing and faulting may precede the developnhdtitaspheric thinning.
While the thickness of the crust in the area South of the Yola basin (Figdydas been esti-
mated to be about 34 kn%{ | ), these authors also showed that the crust beneath the
Yola basin is thinned by12 km. Thus, the preferred tectonic origin of the axial positive gravity
anomaly of the Benue Trough is that of a failed rift or an aulacogeni{ ‘ )

| ). However, ( ) has reported the occurrence of a rift, which
is associated instead with axial negative free air and Bouguer gravityaies, which could not
be explained by either crustal intrusions (locally elevated Moho) or magmadierplating. They
attributed this negative correlation between the sediments and the gravitysdatzoasequence
of differences in the flexural strength of the lithosphere during riftind) @mring sedimentation.

Nigeria is entirely located within the Pan African orogenic (mobile) tectonic bett,res expe-
rienced episodes of widespread crustal rejuvenation since the eocarof this tectonothermal
event some 550100 Ma ( J : , ). Hence, NE Nigeria is underlain
by reactivated and heterogeneous crystalline Precambrian crust vethcEous to Quaternary
age sediments infilling the Trough and associated basins. The Upper Beyugh is part of the
more extensive West African rift System (WAS), which in turn, is an afrthe West and Cen-
tral African Rift System (WCARS). The WCARS is a chain of genetically phgsically-related
intra-continental rifts J ) d ) |
and i ) that straddles Africa from Nigeria through Cameroon to the Kenyan
rifts ( ; ). The associated rift basins are a result of lithospheric shear and ex-
tension tectonics of McKenzie (1978) type, resulting from the passsgorese of the African plate
to the opening of the South Atlantic rifts and the stresses generated by theva propagation
of the rift ( ¢ ). Phases of compressional tectonics related to the collision
of the African and Eurasian plates and the onset of major readjustments lialdktige motion
of the African plate are recorded in sediments within the TroughL( , ; |

). The isostatic response has been the passive upwelling of buoyatht marterial, concomi-
tant ductile deformation of the lower crust mainly in the form of necking or thiginand brittle
deformation of upper crustal crystalline basement. This has resultedrallsigsidence and high
angle block-bounding planar normal faultse(nik, ; : ). Such faults are known to
control the distribution, architecture and basin-fill history of sedimentappdenters. The tectonic
setting of the area is consistent with the McKenzie (1978) rift basin madeil( ,

). The Benue Trough runs parallel to the Cameroon line, which is a tectaulicstretching
from Sao Tome and Principe to Nigeriai(on, and : ).
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Crustal extension and subsidence temporarily ceased in the Campanidia( &§o) leading to

the propagation of the Equatorial Atlantic Shear Zones into the study larea: ( )
discussed the presence of sinistral movements along NNE shear faultBerthe Trough using

the “en echelon” disposition of some fold axes in the Middle Benue. The&trairshear move-
ments (marked in figurg.2 using grey-coloured arrows) and folding are thought to have resulted
from the changes in stress patterns which accompanied the propagatienEzfuatorial Atlantic
Shear Zones into the study area as a result of the differential openithg @entral and South

Atlantic Oceansk{ ; ) d . ). This has led to the inversion
of basin-fill ( \ } | ).
( ) and ( ) suggest that the Nigerian basement complex suffered its

most extensive reworking and remobilisation during the Pan-African tettiermal event (5508100
Ma), when the preferred direction of plate motion and fractures was NasthiSouthWest (NE-
SW). The presence of NorthWest-SouthEast (NW-SE) trends in reticisler Nigerian basement
complex rocks have also been interpreted to represent previouskiewand remobilisation in-
duced by the Kibaran tectonothermal event (200 Ma). ( ) show that extensive
granitisation, such as characterised the extensive remobilisation of theiadidgmsement, de-
pletes the magnetite content of extrusive calc-alkaline (Fe-Ti oxidesikcatrich) metamorphic
rock assemblages. By the same process, magnetite may be concentratassiveirgquivalents
of these calc-alkaline rocks, which are of acidic-to-intermediate compositicin; ). Since
bulk rock magnetism depends on the magnetite content of rocks (Séctiag) it is valid to as-
sume that the distribution of magnetic anomalies in NE Nigeria reflects the compasitiba
underlying magnetic basement.

6.2 NE Nigeria TMI anomaly (AT) dataset and its quality.

6.2.1 The dataset.

The TMI anomaly QAT) grid used for this study (Figuré.4) was obtained from reducing two
aeromagnetic total magnetic field intensity (TMI) datasets released for thsrobs(Appendix)

by: (1) GETECH Group Plc., UK; and (2) Dr. Sally Baritt of the ITC, Enschede, The Netherlands.
While GETECH supplied &Ml anomaly QAT) grid, Dr. Baritt's complimentary dataset for the
northern-most part of NE Nigeria were TMT] data supplied in theiraw (un-reduced) state,

as a spreadsheet of observatiofifie first challenge was to reduce Dr. Baritt’s data to the same
specification as the GETECH dataset (Appendixand then to merge the two datasets. Further
details on these two datasets and the procedure adopted to addresh#iesges, are presented
in appendix-.

2GETECH Group Plc., UK is shortened to GETECH in future referencedyrevity
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Figure 6.4: The NE Nigeria TMI anomalyAT) dataset, obtained from merging GETECH and Dr. Barritt’s
grids (Appendix-). Thick and wavy black line is the Nigerian border in the stadea. A magnified version
of this figure is shown in appendix (FigureH.3).

The NE Nigeria aeromagnetic dataset (FigGré) was compiled as part of the African Mag-
netic Mapping Project (AMMP), which lasted from January 1989 to mid 1@22riit et al,
1993 Fairhead et a/.1997). The AMMP was conducted by a consortium of institutions, includ-
ing the Institute of Geophysics and Tectonics (IGT), University of Leadd the ITC, Enschede,
The NetherlandsHarritt et al, 1999. The 1 x 1° (1:250000 scale) TMI anomaly map sheets
show that the flightline directions during surveys were generally NortthiN\dest-SouthSouthEast
(NNW-SSE) and North-South (N-S). The maps also show that the AMMé&@Egnetic data for
Nigeria were collected during the 1975 to 1976 period by three compartkgrizice GeopdV,
Fairey Surveys Limitet™ and Hunting Geology and Geophysics Limit&d

About 50% of these NE Nigeria TMI datasets were obtained at nominal fly@ights (mtc, i.e.
mean terrain clearance) of 500 f£ @150 m), while the remaining 50% were aquired at 2500 ft
(= 760 m). While the flightline spacing was kept constant at 2 km, the tieline sgacarged in
relation to the flying height: 10 km when flying height is 2500 ft; 20 km whenflyiag height

is 500 ft. Furthermore, the maps show that, when the flying height is 250@ flightlines were
oriented 0180 (N-S) and the tielines were oriented Y0 (East-West, W-E). On the other
hand, when the flying height is 2500 ft, the flightlines were oriented330° (NorthNorthWest-
SouthSouthEast, NNW-SSE) and the tielines were orientgd8D (NorthNorthEast-SouthSouthWest,

3The map sheets were provided by Professor C. S. Okereke, DemaxtfrGeology, University of Calabar, Calabar,
NIGERIA.
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NNE-SSW). The direction of the flightlines were perpendicular to the dinectictrike of the ma-
jor geological features in the area. The tielines were oriented perpéadiathe flightlines. These
survey design specifications are typical for geological basin recssarece during petroleum ex-
ploration ( , ).

Although considerable improvements have been achieved in the areatiaf dpsa processing,

( ) indicated that processing artefacts, e.g., long wavelength distortions due
to lack of adequate regional controls may be present in some AMMP stuh-@ifforts to min-
imise these artefacts are reported to inclds( , ): () Filtering off of TMI wave-
lengths hundreds of kilometres (100-800 km) in width, to remove long wagtiisrintroduced
by data processing procedures, like merging and gridditagi{ J ). The Lowes-
Mauersberger spectrum plot obtained for MAGSMagnetic FieldSatellite 1979-1980) dataset
(Figure2.1), was used to initially remove the core and crustal fields from the AMMP Igritt
( ); and (1) The filtered wavelengths in (1) were then replaced with ctddfGSAT TMI data
which had been stably downward-continued to 1 km above the EartlizgcsuOther processing
problems led to a not so smooth merge along the common edges of some AMMRuenis
grids ( J ). This problem may have resulted from errors introduced during the
manual digitisation of the TMI maps. Other sources of this error may be inatiedevelling or
positioning of TMI observations at varying flight heights. Some of thesblpms were observed
in the NE Nigeria dataset (Figufre4).

The geology of NE Nigeria consists mainly of Albian-Pleistocene sedimentaiksr as well as
Precambrian crystalline basement complex and Cretaceous volcanid Ssukon ). While
such sedimentary rocks are generally considered to be non-magnetitjoteeFe- and Mg-
rich crystalline rocks are considered magnetice I i | ! | )
) ). Therefore, the boundaries between these rock-types repiatmfdces/across
which significant magnetic susceptibility contrasik), hence, magnetic anomalies existkely,
). Suchdk interfaces may also occur within sedimentary rocks, generating weak tiagne

anomalies (e.g<10 nT ( | i , ) and<50 nT ( J
)). Fortunately, these weak magnetic anomalies are not detectable at dightshexceeding
300 m ( : ). Since theAT dataset for this study was acquired at an average

mean terrain clearance exceeding 4504m, are considered to derive only from the magnetic
crystalline basement and volcanic rocks underlying the area.

Recently, a higher resolutiahil dataset was acquired (2003 to 2010) by Fugro Airborne Surveys
for the Federal Government of Nigerial{ I ), at 500 m line spacing and 80 m mtc.
At different stages of this research we made efforts (Appefgijxncluding a personal visit to
both the Nigerian Ministry of Mines and Solid Minerals Development, now NigekBnistry

of Mines and Steel Development and the Geological Survey of Nigeriacdrsesome of this
dataset. Oil companies, like Chevron, Total and Shell, with significant sttére¢he study area
were also approached (e.g., figuee) to help extend the study beyond NE Nigeria, but without
success. Consequently, thé dataset in figuré.4is the basis of all interpretations of NE Nigeria
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basement structure and composition in this chapter.

6.2.2 Dataset quality.

No information on pre-survey quality control and calibration was availailéie NE NigeriaAT
dataset. While flightlines had constant spacing of 2 km, tielines were either20kon apart. The
original NE NigeriaAT dataset was thus, a coarse mosaic of cell sizes of 2K km and 2 km

x 20 km, and did not contaifAT data for intervening NE Nigeria locations. Hence, the dataset was
interpolated by GETECH at 211 of the sampling interval onto a 1 ki 1 km grid, to provide data
for unsampled locations (LIS, ). Consequently, approximately 80% of the availabledata
grid for NE Nigeria has been interpolated (Sectif.]). ( ) showed the dependence
of the quality of all post-acquisition data processing on survey desigrifga¢ions. The two
guantities which control the fidelity of discrete frequency-domain and tirmailo datasets are,
respectively, the Nyquist frequendy; ( \ ) and Nyquist wavenumbaery ( | ).
Equation §6.2.1) relatesry, Ay andAx. The 1 km sampling interval imposes a Nyquist frequency,
fn (Equation ¢ )) of 0.5 cycles/ km and Nyquist wavenumbay, (Equation ( )) of T
cycle/ km on theAT dataset from NE Nigeria. Therefore, anomalies on the NE Nigeria dateset
at much higher frequencies than theof the original dataset.

rn andAy specify the limits of wavenumbers and wavelengths that can be accurgiebgeated
within a discrete dataset. Wavelength3 belowAy arealiased, i.e., rolled into wavelengthsAy.
To avoid aliasing, therefore, the power of the radial average specffitiva data must be negligible
forall A < Ay ( ! ). All wavenumber components of the NE Nigeria dataset bejpw T
cycle/ km would have been irrecoverably lost to aliasing due to the filteffegte of re-sampling,
gridding and contouring processes.

fn = % (6.2.1a)
21 T
== — 2.1
N n Ax (6 b)

wherefszﬁ is sampling frequencyix is sampling interval, andy=2Ax is Nyquist wavelength.

The constant sampling interval of 1 km along both flightlines and tielid@s< Ay) means that
the minimumAT wavelength resolvable on the NE Nigeria dataset is 2 km (Equétion). This
limit poses no problem because the regional features of interest to thissétadld usually have
wavelengths in excess of 50 k| ) ).

( ) show that potential field data are adequately sampled once the sampling
interval AX) is less than one—hal%o of the source-sensor separation, i.e., the mean height of the
magnetometer above the magnetic source (the magnetic basement in NE Nig‘mri%);o % of
the flightline spacing chosen for gridding the Nigerian AMMP dataset meettheyion. The

145 of



Chapter 6

resulting high fidelity dataset was not expected to pose any aliasing proltfgresent, however,
aliasing effects could be identified on airborne magnetic maps and theiatieziv as stripes,
which are parallel to the flightlines’¢ : ), and minimised by frequency-domain-
based filtering.

( ) and ( ) show that both the bi-cubic (Akima)
and MINC gridding techniques can spatially alias anomalies when the majo(tased) of the
anomaly is oblique (acute) to the flightline direction, resulting in “boudinage npatten the
new grids. These “boudinage patterns’=of ( ) were not observed in the NE
Nigerian aeromagnetic dataset (Figuire). However, interpolation involves mathematical pre-
diction of anomalies for unsampled locations, and can lead to inaccuratigkarly, navigation
problems may result in incoherences between flightlines. Any inaccurdgeto these sources
will be treated as noise. Although noise content in the NE NigiTialata have been suppressed
(smoothed) by the application of a low-pass upward-continuation (to 1 kmi) ilte )

4 : ) | ), any remaining noise may be amplified to unacceptable
limits when computing spatial derivatives from th& data, especially vertical derivatives when
calculated in the Fourier domaifRd ; * Li, ] , ). Hence,
processes requiring such computations require special attention.

Using the expected value of the power spectrum profile derived froedaced-to-pole (RTP)
ensemble of magnetised blocks( ) ), ( ) defined the amount (%) of
the AT power aliasedHr), a measure of frequency loss, as the ratio between two quariﬁ(m
mean terrain clearance, i.e., mean height of the magnetometer above the maagetient) and
Aw (Equation 6.2.2): .
—2mnh
AW}

F= exp{ (6.2.2)

whereAw refers to the least between flightline spacing and the sampling interval.

Equation (.2.2 holds only whemrAh < 0.5, wherer is the wavenumbeh is the distance between
the magnetometer and the top of the magnetic basementaadhnax— hmin (@mplitude ofh
variations). The optimum ratio foﬂv is 2:1 for AT surveys, 1:1 for vertical gradients &fT
surveys or 1:0.5 for forward-modelling of isolat&d ( | ). Thus, to keep aliased power
below 5% when interpolating/gridding aeromagnetic survey data, the maximurtiflegspacing
must not exceed twice the mean height of the magnetometer above the maguet& tower
sampling rates along flightlines than specified for the flightline spacing will éargimsure high
fidelity of acquired dataieid, ).

Outcropping basement complex rocks dominate more than 45% of the stadylsite basement
complex rocks are readily encountered at shallow deptisKm) in boreholes4 ) ).

These are indications of the genarally highX) TW ratios, i.e., low (Equation (.2.2) of the
NE Nigeria dataset. These quantities seem to reflect the fact that the Nigésiavere acquired
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along flightlines, which were generally perpendicular to the dominant geallogtrike, ensuring
that short wavelength power constitutes a small fraction of the datasei (1 980).

6.2.3 Reduced-to-equator (RTE) of dataset.

This section describes the further processing required to transformelgedAT dataset (Fig-
ure 6.4) to one that could be used for interpretation. A primary processing stepoMaansform

the dataset presented in figuire to its RTE equivalent (Section 3.2), since NE Nigeria straddles
the geomagnetic equator (Appendix Grids of inclination and declination across the area were
required (Figures.5aand6.5h respectively), to transform the dataset to its RTE equivalent. The
inclination of the geomagnetic field vector ranged from about -7 {&igure6.59, while the dec-
lination of the vector ranged from about -5.5 to 2(bigure6.50). Actual ground measurements
of these elements of the geomagnetic field in parts of the study area agresitivalie DGRF
(1945-1985) global field modei-foeghby 1986 1989.
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Figure 6.5: Inclination and declination of the regional DGRF (1945-298NE Nigeria, during mean aero-

magnetic data acquisition date 6 January, 1975. The Nigerian boundary around NE Nigeriadsv/ahin
black.
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Because the dataset (Figtire) covered more than 20n range of geomagnetic latitudes, its RTE
transformation was cumbersome and not at all straight-forward. The stegved were similar
to those ofArkani-Hamed(1989; Swain(2000), including the following:

(1) First, the range of inclinations on the inclination grid for NE Nigeria (Fégub9 was divided
into ten (10) equal parts (bands). Each division was allowed to ovediapent divisions by 0.5
giving a total overlap between divisions df. Then the grid of declination (Figui25h) was also
divided into ten (10) equal bands, each corresponding to the overtalination band;

(2) The mean inclination and declination from corresponding pairs of irt@imand declination
bands were used to transform the entire NE Nig&fadataset to its RTE equivalent, resulting
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in 10 different RTE versions of the dataset. However, each RTE vergas only accurate over
the area defined by the band (sub-grid) used for the transformatitse§uently, based on the
dimensions of the inclination and declination bands, ten (10) accuratelytRhE&formed bands
of AT datasets were extracted from these 10 different RTE versions of theetia

(3) Finally, the 10 accurately-transformed bands of RTE-transfornidlddata grid were merged

to produce the RTE equivalent (Figuies) of the NE NigeriaAT dataset (Figuré.4). Compar-
isons between the ranges of power and the shapes of power spebltEadzftaset in figures.4

and 6.6 (Figure .3, appendix~) show that the RTE-transformed dataset display significant im-
provements in signal power, as power is more focussed along the bditerddénear segments
of the RTE power spectrum. However, although the RTE process coablgeimplifies anoma-
lies, the process introduces azimuth-dependent complexities in anomaly aepland shapes,
resulting in their displacement relative to locations of their sources (Sectios).
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Figure 6.6: RTE of NE NigeriaAT grid (Figure6.4). The Nigerian border with Niger, Chad and Cameroon
is shown. Major cities/towns are shown in white for easynefee. A more annotated, magnified version
of this figure is shown in appendix (FigureH.4).

AlthoughAT can be traced across the RTE grid (Figtir@, linear striations that correlate roughly
with the 150/330 flightline direction, tend to mask some anomalies. These micro-levelling prob-
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lems are, to a lesser degree, obvious on the oridifiarid (Figuret.4), but have been enhanced
by the RTE process. So, further processing ensued with micro-levefiithg alata. The RTE grid
(Figure6.6) was micro-levelled using bidirectional gridding in Oasis moHYfajThe grid was then
filtered to rid it of wavelengths shorter than 3.5 km, usinglagder Butterworth filter with 3.5 km
cut-off wavelength. Figuré.7 presents maps of the resulting short wavelength (Figure and
long wavelength (Figuré.7t) components of the levelled RTE ATl grid (Figure6.6). It is these
derived grids that will be used to map basement structures, their relaperesid depths across
NE Nigeria.
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(a) High-Pass (RTE) grid. (b) Low-Pass (RTE) grid.
Figure 6.7: 3-order Butterworth-filtered versions of the RTE of NE NigeAT grid. The filter cut-off
wavelength 4;) used was 3.5 km, the sampling interval of the Nigerian @dta&hile grid shown in fig-
ure 6.7arepresents all wavelengths less tiiangrid shown in figures.7brepresents all wavelengths ex-

ceeding)¢. Black wavy line in (a) and (b) represent the Nigerian boupdaound the study area. Magnified
versions of these figures are presented in appendkigureH.5).

6.3 Qualitative structural interpretation

| begin by describing observations drawn from both the gridbfwavelengths< 3.5 km (Fig-
ures6.79 and that oAT wavelengths> 3.5 km (Figure5.76). While only brief attention is paid to
figure6.74 a lot more focus is on the grid of longer wavelength RNE(Figure6.75), from which
various spatial amplitude derivatives and Tilt angles have been comprtedd both in further
qualitative and quantitative interpretations (Sectiof). In general, the interpretation strategy |
have adopted for this study is based on the procedure recommendechby=t al (1997 andLi
(2003 for interpreting aeromagnetic data from regions with limited geologic control.

This interpretation involved both the outcrop geology (Figurd and the tectonic framework of
the study area (Sectionsl.2and6.1.3, which were based mainly dienkhelil(1989, Fairhead & Green
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( ) and ¢ ). Qualitative observations made while examining model
AT profiles (ChapteB), “Bishop” model grids (Chapter$ and5) and the Ruhuhu sub-grid from
Southern Tanzania (Appendi®) were also integrated into this interpretation.

6.3.1 Amplitudes, shapes and wavelengths of anomaliesT) from NE Nigeria.

| begin by repeating pertinent conclusions drawn from comparisonskeet®TP and RTE equiv-
alents ofAT datasets in chaptetsto 5: (I) Positive amplitudes were directly located above rocks
with higher magnetisation and/or shallow depths on RTRADfdatasets. This relationship was
reversed on RTE AT datasetsThroughout this discussion, therefodE Nigeria AT will be
described by their actual amplitudes on td (RTE) grid/map (Figure6.6). That way, positive
RTE AT will represent negative RTRAT, and vice versa Consequently, locations of basement
rocks with higher magnetisations and/or shallow depth should positivelglaterwith negative
anomalies on the NE Nigeria (RTE) dataset (Figur@, with positive anomalies indicating loca-
tions underlain by lower magnetisation and/or deep sources; (II) Tlesepolarised RTRAT
were almost half their RTP equivalents in amplitude; (lll) RTE amplitudes danigh the az-
imuth of its source (two-dimensional magnetic edges or faults). Consequéfitlpnagnitudes
were highest for W-E striking edges, intermediate for NW-SE and NE-8Wirgy edges, min-
imum for NNW-SSE and NNE-SSW striking faults, and zero for N-S trendadts; (IV) The
shape ofAT from NNW-SSE and NNE-SSW striking faults depended on their degresmlaition
and linearity, i.e., en-echelon or dissected faults develop dipole-like ananafid (V) All W-E
striking dipolar anomalies were preferentially extended further West astl & their sources.
Unisolated dipolar anomalies from adjacent sources usually interfereddoge anomalies that
were altogether unrelated, both in magnitude and extent, to their causaties bo

As expected, North-South (N-S) trendidd were not observed on the NE Nigeria (RTE) grid
(Figure6.6). Also, while a swarm of NE-SW trendinyT occur, only a handful of NW-SE, NNW-
SSE and NNE-SSW strikinyT are observable on this grid. This observation is important, because
faults with these attitudes have been reported from the combined outerog(d ), geo-
physical data and Side-looking airborne radar, SLARI{ | ) ) studies of parts of
the study area. Comparisons between RTE and RTP of the Ruhuhu gpdridig =, Figures

to £.5) showed that RTE grids sourced from locations at which N-S and nea{MN:20°) trend-
ing sources abound do not image N-S striking sources, but can be dethimaprominent W-E,
NW-SE and/or NE-SW trending anomalies, which result from interfer&eteeen adjacent dis-
crete dipolar anomalies that develop along the discontinuous (en-ecleeiges of these sources
(Figure2.9).

The N-S, NNW-SSE and NNE-SSW trending structures reported fromNEria may very well
have originated from the transmission of regional crustal stressegthpiable sediments, in di-

4The NE NigeriaAT (RTE) grid (Figures.6) will be hereafter referred to as NE Nigeria (RTE) grid or RTE grid.
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rections which may be unrelated to those etched in the underlying magnetdrasand respon-
sible for the observedT. The widespread Santonian (80 Ma) compressional event which reacti-
vated pre-existing dextral Pan African shear zones in the studyldeaai() et al, 1986 Benkhelil et al,
1989, was capable of such un-correlated deformation in the overlying setiimernhat case, N-

S, NNW-SSE and NNE-SSW striking structurés=(1khelil, 1987 1989 Guiraug 1990 will be
limited to the outcropping sediments, and will have no equivalent trends in Hesrient beneath
NE Nigeria, as imaged b&T (RTE) grid. To constrain my efforts at relatidd” shapes and trends
on the RTE grid (Figures.6) to structures reported from NE Nigeria, | will use an equivalent
grid of Bouguer gravity (BA) anomalies, provided by Getech Plc., UK (Fégucd). This grid was
compiled from profiles of various vintages, and presented onxeb5regular grid in Equatorial
Mercator Projection)L|S (1989. BA grids present bulk rock density variations of both the crust
and upper mantle.
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Figure 6.8: Bouguer gravity anomaly (BA) grid of NE Nigeria. Locationsgravity stations from which
the grid was obtained is superimposed to indicate the ladnitsstraint that can be derived from this sparse
dataset within NE Nigeria. The data provides better comgtrautside the study area. White labels refer to
neighbouring countries and selected towns/cities in Négeéx magnified version of this figure, with more
annotations, is shown in appendix(FigureH.6).

The gravity station distribution is sparse within the study area compared withbwigng coun-
tries (Figures.8). Therefore, the BA grid is biased in favour of locations with dense statitos-
ever, the grid is slightly better constrained in the NorthEastern (Maidugariguno-Dikwa area),
NorthCentral (Potiskum-Damaturu), SouthCentral and SouthEast (G&albengo-Jalingo-Yola
area), as well as Western and SouthWestern (Jos-Shendam antsapfphe study area (Fig-
ure6.8). It is mainly at such locations that this grid will be used to constrain infestadtures.
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Negative BA of long wavelengths dominate the African continental crusipemed with its sur-
rounding oceanic crusty( , ). Some of these long wavelength BA were observed (in
blue) in the Western (Jos area), Eastern (Mubi-Bazza area) andE2sitinn parts of NE Nigeria
(Figures6.8 and in appendixH). However, several shorter wavelength anomalies with pos-
itive or negative amplitude are superimposed on the large negative lorgjength BA. These
short wavelength positive BA occur where the crust is thin (mantle is elkvate, shallow),
while negative BA occur where the crust is relatively thick (mantle is dgeénere these short
wavelength anomalies are linear, their trends have been traced and Iglvedes) in figure
(AppendixH). The figure shows that BA with N-S and near-N-SHRD’) strikes occur in the
Northern and Southern parts of NE Nigeria (labelled A-A), while W-E apdr-W-E striking BA
(labelled D-D’) seem to be limited to the SouthWestern and SouthEastern pMNE Nigeria.
NW-SE and NE-SW trending BA (B-B’ and C-C’) also occur. Howevbe BA grid is dominated
by NW-SE trends. Isolated three-dimensional (3D) anomalies also @cgurin the Kaltungo-Biu
area. The variously-oriented linear BA trends confirm the presenbke®fand near-N-S crustal
trends as indicated by ( ) and ( ).

Other observations from the NE Nigeria (RTE) grid (Figaré) include (See figuréi.4 in ap-
pendixH for more annotations): (1AT trend mostly NE-SW; (2T are generally blocky, with
jagged East-West (E-W) directed edges. These may have resultedifoontinuities in the struc-
ture responsible for the observed anomaly; (3) A broad, W-E trendiggtive RTEAT (denoted
by white A in figureH.4) dominates the area bound on its Northern end by the following lo-
cations; Kano, North of Dutse, North of Azare, Daura, Goniri, Maidygand Gamboru. The
Southern limits of this anomaly runs from just North of Bauchi, Biu to about mONorth of
Mubi. The excellent correlation between the central part of this anomalyparts of the nega-
tive BA establishes it as originating from underlying basement soure8sT,he broad negative
anomaly in (3) is dissected on its West by two prominent, but discontinuouS\WHrending pos-
itive RTE anomalies (one is SW of Azare, and the other is NW of Bauchi ppdars to extend
to, and beyond, the Jos area) and on its East by two other anomalies of sih@lacteristics
(Bama town is located between these anomalies). These two sets of anon&alsedh-quarallel
to each other (Black lines in figurie.4), and seem to have originated within the positive (RTE)
anomaly-dominated belt below. The extensive discretisation of the Westdr&astern parts of
the broad negative RTE anomaly in (3) is consistent with the degree ofdrgade that would
be induced by the presence of the N-S and near-N-S striking basemgnes (Figure.6, ap-
pendix H), although invisible on the RTE grid (Figur6), especially when intersected by the
dominant NE-SW striking sources in (4); (5) Above and parallel to thisibeltbelt dominated by
more NE-SW trending anomalies, shown to continue from the Southern pénes study area by
the 5 and 8 km upward-continued equivalents of the Nigerian (RTE) pgéndixF, Figuref-.4);

(6) The Western and Eastern limits of the Benue Trough appears to bediigrkeo prominent
NE-SW trending, positive RTE anomalies (Grey lines in figtiré, appendix-). These anoma-
lies, respectively, extend from about 75 km NE of Lafia to Damaturu fleomd about 50 km East
of Wukari through the North of Jalingo and Numan towards Mubi; and (i@t The Benue Trough

152 of



Chapter 6

(area sandwiched) between these anomalies is not homogeneous is thtigatesub-parallel
NE-SW trending, but negative RTE anomaly. Together, these linear diesrappear to be offset
by several NW-SE and E-W trending anomalies between Keana and G@&falo& (lashed lines
in figure H.4). The offsets are more obvious on the negative anomaly than their adjqosig
tive (RTE) anomalies. Similar trends were mapped from some positive BArg-ig) at these
locations, where they generally correlate with negative RTE anomaliesrésSigu’b and their
upward-continued equivalents shown in figlit€), e.g., axial positive BA in the Benue Trough
correspond to the negative anomalies described in (3) and (4) aboeesafe correlation is ob-
served around Gashua, Dutse and Bauchi. However, significaattdegs from such correlations
were observed in the Jos, Biu and Mubi areas (Marked by black letteEsaBd D in figure-.4,
appendix-). These non-correlations are discussed further below.

A circular, negativeAT, with isolated positivéAT lobes to its North and South seem to mark the
source of the dormant Biu Plateau (Figiéré and black letter C in figurel.4, appendix-). This
volcanic conduit is located some 35 km due West of Biu, with a maximum radias26fkm.
Similar conduits appear to occur some 60 km NNE of Kaltungo (about 50 kiwNNLonguda).

Two major linear anomalies; one trending NE-SW and the other trending NVieS&to intersect
close to the centres of these volcanic conduits (FigareandH.4), where a large (150 km wide)
positive three-dimensional (3D) BA also occurs (Fig@rg. Therefore, the intersecting NE-SW
and NW-SEAT may identify locations beneath which denser upwelling upper mantle materials
may have flown, i.e., thinned crust.

High amplitude, positive (RTEAT (equivalent to negative RTRT) are observed over the Jos
plateau area, as well as the area up to 170 km NW of Mubi (Black lettergiBan figure H.4,
appendix-, respectively), suggesting that the magnetic basement is deeper dbttaams than

in the surrounding areas. In other words, suggest the presence of a basement depression (basin).
But, geological observations from these areas show that plateaustoanef volcanic rocks out-
crop in these areas\| ) } ) ). Therefore the positive
(RTE) AT observed at these two locations may have resulted from the depletion oétitegmd
related phase changesigni ) during granulite facies metamorphism-induced migmatisa-
tion of pre-existing basement/( : ). That these observations derive from deep-seated
sources is confirmed by their correlation with long wavelength negative Balled E and F in
figure (Appendix H), as well as their persistence on the 5 and 8 km upward-continued NE
Nigeria (RTE) grid (Figure-.4).

Anomalies on the high-pass (HP) filtered grid (Figares) will be described mainly in terms of
perceived rates of change of anomaly wavelengths and/or contifigity) (@cross the grid. Vari-
ations inFamp across the grid correlates well with major outcrop features in NE Nigeriagsin
high Famp corresponds to outcropping or shallow crystalline basement (shoeievaythAT) and
low Fampcorresponds to sediment-covered (deeper) crystalline basemerer(ioagelengtAT),
respectively (Compare figures/aand6.?). High Famp (labelled A in black in appendik!, fig-
ure ) dominates much of the study area, especially, the Northern 50% (from &fitticb0"
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N). High Famp (shallow) basement underlie two major parts of NE Nigeria: (i) North and Nvisp
e.g., Gashua, Kano, Sumaila, Ningi and Azare area; and (i) NNE of BiuSicaith of Maiduguri
down to Bazza.

Low Famp(labelled B in black in appendix, figure ) were associated with a relatively smaller
area North of Maiduguri in the Chad basin, the Upper Benue TrougihgGa and Kerri-Kerri
basins) and the Middle Benue Trough (Bashar-Muri and Yola basif®se parts of NE Nigeria
characterised by low,mp correlate well with known crustal depressions, where the basement is
generally expected to be deep. Hence, lawp appears to indicate the spatial limits and orienta-
tions ofbasinal or basin-likestructures, i.e sedimentary depocenterén example occurs in the
area just North of Maiduguri, suggesting the presence of a narrdwlgep basement surrounded
by broad, relatively shallow basement beneath the Nigerian sector ofid liasin.

Intermediateamp (labelled C in black in appendix, figure ) were associated with the vol-
canic conduits and Palaeogene (Tertiary) emplacement of basaltic ingwsidnthe associated
amphibolite-granulite facies metamorphisifvr(ght, ). The area covered by intermediate
Fampinclude the following (Figurel.2): (i) the area~ 100 km North of Jos; (i) the area North, up
to 100 km East, and NE of Lafia through Potiskum, to the South and Soutlof\Ratmaturu; (iii)

the area South of Yola, South of Jalingo and East of Wukari; (iii) the anethSf Damboa, North
and NorthWest of Biu, and Mubi; and (iv) South of Kala, North of DikwelldMonguno, Kukawa
and Damasak to the North, and the area NE and NW of Damaturu. The tiomedé this in-
termediateF,mp locations with isolated short wavelength, negative-to-positive three-diioesl

BA (Figure H.6), as well as with Tertiary alkaline to peralkaline (Biu-Mubi area) and shica
alkaline to tholeiitic (Jos) and alkaline-calc alkaline (Benue Trough) metaricdigniieous as-
semblages of ( ), is evidence of the extent of migmatisation and granitisation of the
basement complex i ) during the opening of the Benue Trough and associated in-
tracontinental basins in NE Nigeri&¢ : ). Trends reported here conform with
those of ( ).

A few generally near-N-S trends were also apparent from the high<{p#2) filtered grid (Fig-
ure6.79, at boundaries between high and intermedkatg, These are traced by the grey lines in
figure (AppendixH). Inferences based dfymp variations require further refinements, e.g.,
integration with enhanced versions of the RTE dataset.

The inferences and conclusions | have reached above, as wellsegsient, interpretations can be
erroneous, if the unknown details relating to the acquisition and initial psougsf the NE Nige-

ria dataset (Sectiofi.2.], and figure5.4) were to have resulted in a significantly biased dataset.
If that were the case, important anomalies on the dataset may have beesdmasioducing
significant errors to my interpretations for NE Nigeria.

5See appendixl, figureH.2 for basin and other locations cited in this section.
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6.3.2 Location and trends of basement-involved faults, andtber structures in NE
Nigeria.

Locations of 2D and non-2D structural edges from RTE of the compléstitih” model grid were
only effectively mapped by integrating estimates from the “Tilt-Dep#), the Second vertical
derivatives (SVD), Analytic signhal amplitude (ASA), Local wavenum{#¥/), Horizontal gradi-
ent magnitude (HGM) 08 (HGM6)) and HGM of AT (HGMAT)) methods (Chaptersand6,
and appendix).

Results obtained from comparing locations of structural edges estimateglthsse functions
from RTE and RTP equivalents of “Bishop” model grids (Sectiéns2, and5.6) and a
Southern Tanzania subgrid (Appendixshow that:

() NW-SE, NE-SW, ENE-WSW, WNW-ESE and W-E striking structures on BIF and RTE
grids correlated strongly and positively;

(I NNW-SSE and NNE-SSW (#H20°) trending structures showed no correlations at all;

(Il The relative spatial density or frequency and closeness of NNW-88EBE-SSW trending
structures relative to NW-SE, NE-SW, ENE-WSW, WNW-ESE and W-Eisigiktructures on any
grid was critical to the degree of destructive interference observeddngrid. The further W-
E extension of W-E trending anomalies and dipolar anomalies from NNW-88EAIE-SSW
trending structures was the main source of the destructive interfer@nomély cancellation) and
AT losses on RTE grids;

(IV) Because of the indirect dependence of Tilt ang®Bsand local wavenumber adk the “Tilt-
Depth”, LW and HGMg) methods were able to equally image edges of both subtle and domi-
nant sources. While LW and HGly| maxima represent locations of source edges;, 0 contour
marked equivalent locations for the “Tilt-Depth” method. However, adjac®/ or HGM o) max-

ima may interfere to generate secondary maxima, requiring constraint basestimates from
ASA, HGM(AT), SVD and®@ of the same\T dataset;

(V) While 6 estimates for relatively well isolated 2D structures were very reliable asidret®
interpret, only HGMaT), HGM(g), ASA and LW estimates that are coincident or closest &md/
or SVD estimates should be treated as certain;

(V) The presence of near-N-S #20°) striking edges on RTE grids were indicated by isolated
linear frequency changes across SVD of these grids. These ealgdse anapped from isolated
linear stacks of short wavelength, E-W trending zero contours of the, 81d maxima of the
HGM,at), ASA, LW and HGMg). Every maxima location trace (scores 1 to 43¢t ]

) from the HGMaT), ASA, LW and HGMg) methods is required to effectively map locations
of near-N-S edges, by inference, from RTE grids; and
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(V1) Anintegrated approach to edge location estimation from RTA&Tofrids should commence
with ASA and HGMa,r), then SVD and, and finally LW and HGM, .

The NE Nigeria (RTE) grid was transformed to its spatial vertical and hot& alerivatives, from
which 'special functions’[{ ' ) or enhancedK , 4 , )
grids were derived. Enhancements applied to NE Nigeria (RTE) grid (€igw) included the
second vertical derivatives (SVD), horizontal gradient magnitudeNlhr)), analytic signal am-
plitude (ASA), local wavenumber (LW), Tilt angle#Y), and horizontal gradient magnitude @f
(HGMg)).” The potential advantages to interpretation that transforming the NE NigeFia) (R
grid to its 6 and HGMg) equivalents were outlined in sectian

Here, enhanced versions of NE Nigeria (RTE) grid (Figur@ will be used to map the horizontal
locations, trends/continuity of, and relationships between anomalous magneatitires in the NE
Nigeria basement, with attempts made to correlate major structures observedcohémced with
the outcrop geology of ( ), ( ); ( ) and

( ) and long wavelength Bouguer gravity anomaly map (Figugg However, since near-N-S
(N+20) striking edges generate spuriahi that can make it difficult to correctly image non-N-S
striking edges, extreme caution will be exercised when correlating clismTs.

Figurest.93 ) and ) respectively, present the SVD, the additive invers@,0ASA
and HGMa,r) equivalents of the NE Nigeria (RTE) gridThe LW and HGMg) equivalents of
these grids are shown in figurésl.1aand ) respectively. HGNhr), ASA, LW and HGMg,
are absolute values (non-directional), hence, are not affected layitpahanges (Sectiofs
and5.3).

| begin by examining the grids in figures9g ) and for similarities between
structural trends already indicated on the grids in figliies and , with special interest

in confirming the presence or absence of near-N-S striking basemeatusés. The ASA grid
(Figure ) is dominated by the characteristic pearly or dipole-like anomalies, some ofiwhic
align to form ’strings of pearls’ (Figuré.8), especially, in the area North of latitude®180’ N
(AppendixH, figure ). Such anomalous strings occur above discontinuous (en echelan), ne
N-S striking magnetic sources and their edges in RTE datasets (S&ctiéh Similar near-N-S
striking anomalies occur at similar locations, and are shown along with othretstisess dashed-
black lines, on the HGM~y) map (Appendix, figure ), as well as on the SVD (Appendix,
figure ). Examples of near-N-S striking anomalies occur in the Dikwa, Bama anzeBaea
(NE part of the study area), and in the Gashua area (Northern pdtie sfudy area). On these
grids, other linear features of the magnetic basement appear to be limited tontige@rea and
the area South of latitude 1®0’ N, where mainly well-defined NE-SW and NW-SE striking
magnetic edges occur, as well as the area just South of Bundi and Meofiguhe Chad basin),

5The HGMe) is also recently introduced special functiore( | ).

7Additive inverse off translatesd of RTE amplitudes to their correct polarities. This correction addresslasity
changes observed betwe@wf RTP and RTE grids (Sectich3.2). Throughout this chapter, reference$twill imply
its additive inverse.
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Figure 6.9: SVD and 6 maps of NE Nigeria. These maps were derived from the Low-Rised AT
grid (Figure6.7b). Locations of structural edges are estimated using SVD=#D-6 0 contours. Magnified
versions of these figures are presented in appendkigureH.7).
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Figure 6.10: ASA and HGM,t) maps of NE Nigeria. Maps were derived from the Low-Pass GH&T
grid (Figure6.76). Local maxima of ASA or HGNjy) estimate locations of structural edges. Magnified
versions of these figures are presented in apperidbigureH.9).

where a prominent W-E trending anomaly occurs. It was nearly impossibideépendently map
isolated anomalies (structures) from the LW and H@gMnaps (Figure>. 11), as well as the SVD

map (Figure6.99. These maps were integrated mainly to map lateral extents, since locations
dominated by sedimentary rocks in figure?, i.e., deep basements (depocenters) were gener-
ally characterised either by greenish-yellow coloured SVD anomaliesgidgipH, figureH.723),
light-green to greenish blue LW anomalies (Appenidixfigure H.92), or greenish-blue to deep
blue HGM,T) anomalies (Appendixi, figure H.85) and HGMg, anomalies (Appendix, fig-

ure H.9h).
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Figure 6.11:LW and HGMg) maps of NE Nigeria. Maps were derived from the Low-Pass &4&T grid
(Figure6.70). Local maxima of LW or HGMp, estimate locations of structural edges. Note that valuas th

tend very close to 0 have been masked from the LW grid (Figur&g. Magnified versions of these figures
are presented in appendix(FigureH.9).

More than all other functions, more plausible anomalous structures with sliréetions other
than N+-20° were imaged on th@ map (Figure5.9b), e.g., in the Jos area. Integrating interpreta-
tions from8 and SVD maps allowed the mapping of intricate tectonic structures of the NEi&liger
basement. Especially obvious from these functions was the relationshipdretvanspressional
and transtensional structures in the Gombe, Kaltungo, Numan and BiuTaisanay reflect the
independence of derivatives fromdk. Locations of magnetic structural edges (contacts) have
been extracted from all grids shown in figui$s, 6.10and6.11, using methods described in sec-
tions4.5and5.3. These locations are presented in appenrdikiguresF.5, F.6 andF.7), but have
been integrated to infer the fault locations presented in figur& with trends on thé location
estimates map (Figuresh) as the main basis. To ease comparisons, locations where sediments
and/or basement-sediment contact outcrop in NE Nigeria (Figaydave been superimposed on
inferences presented in figuiel 2.

The difference between the character of my interpretation of the Tandataiset (Figure .5) and

that of figure6.12 or H.10 is that the former only considered edge locations for sources on the
Ruhuhu grid (Tanzania), while the latter have superimposed edge locatiorates on inferences

of basement configuration between edge locations for sources in NEidNigée inclusion of
inferences of basement configuration from entire special functios gfillE Nigeria defines the
principal difference in character between interpretations for NE Nigatiithose for the Ruhuhu
area of Tanzania (Figure.5).

Fault (source edge) orientations across NE Nigeria (Figurd® display four distinct sub-parallel
sets: (I) three NE-SW striking sets; (Il) at least four NW-SE trendietg;qIll) three nearly N-S
trending sets; and (IV) one W-E striking set. NW-SE trending faults ecosNE-SW trending
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Figure 6.12: Gross magnetic basement structure map of NE Nigeria, slgothien major tectonic units in
the basement. Elevated basement is loosely used to reppesssible basement horsts (where they occur
within deep basement) or plutonic, granite-like emplacetmévhere they occur within the “homogeneous
basement”). Locations of outcropping sediments and/athast-sediment contact in NE Nigeria extracted
from figure 6.2 is superimposed to ease comparisons. A magnified versiogurfi. 12is shown in ap-
pendixH (FigureH.10).

faults in the Maiduguri, Mubi, Kaltungo, Jalingo and Shendam areas of NErd. Sets of NE-
SW striking faults occur across the Jos-Bauchi axis, Shendam-Yaankiar South of Jalingo,
Gombe area, as well as the area North of Potiskum, Damaturu and Maid8gtsiof NW-SE
striking faults occur: in the Gashua-Maiduguri-Bama axis; about 40 kmdfiBazza, extending
NW through Potiskum to the Dutse areas; in the Kaltungo-Yola axis; and im¢ael&0 km NE of
Lafia. Sets of N-S striking faults occur: North of Bazza; and Gashha.only set of W-E striking
faults occur in the Awe-Lafia area.

Sincef > 0on RTP and RTE — 1 datasets only occur over footwalls or the upthrown sides of ver-
tical faults (Figure3.1), masking all locations wher@ < 0 on the NE Nigeriad grid (AppendixF,

figure F.9), leaves locations where probably elevated basements (possibly basemsts or plu-

tons) occur (Figure>.12). These® anomalies were constrained using SVD, ASA and HgM
anomalies (Figures.9g 6.10aand 6.100). Along with both the NE Nigeria (RTE) and gravity
datasets (Figures 6 and6.8, respectively), these anomalies were also used to map probable loca-
tions of dormant volcanoes (or volcanic plugs) in the area (Figura. The possible distribution

of “basin-like” structures (i.e., locations of long wavelength anomalies) urdig. 1 2was mapped

by integrating observations on rates of change and/or continuiy pas well as SVD, HGNjr),

ASA, LW and HGMg) anomaly wavelengths.
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The HGMar) grid remarkably resolved linear structures that correlate well with thosthen
additive inverse ofd grid. These grids show several NE-SW trending linear anomalies, which
are offset by a few NW-SE striking features. A major NE-SW featurelvesl on these grids
corresponds to the axial positive Bouguer anomaly of the Benue Trdinihextensive basement
horst, identified using the direction of increasifigFigure -.8), up to 50 km in width, extends
from about 30 km NW of Makurdi to the Kaltungo area (distancez@&50 km) where it appears
to have aided the emplacement of the Kaltungo Inli&er{ | ). This axial basement
horst is intersected by NW-SE trending linear edges in the Shendantleedduri area, and the
area South of Kaltungo. In the Muri area, the horst bifurcates into twes dor about 50 km,
where it is bisected by the NW-SE trending Northern boundary fault ofvtha basin. Onex
25 km thick NNE-SSW arm runs under the Gongola basin, around the kivdstendary of the
Kaltungo Inlier and terminates in the vicinity of the root of the Biu volcano (aiu&t85 km
NW of Biu). The secondv 15 km thick NE-SW arm, appears to thicken in the vicinity of its
intersection with the NW-SE trending Northern boundary fault of the Yokrhaifurcating into
two NE-SW trending horst structures. The Western arm of these 10rl%ike NE-SW horsts
runs through the middle of the Kaltungo Inlier, while the other arm circumvest&#stern side
of the Kaltungo Inlier. These two then meet up and terminate at the root ofitheoBano. Other
structures identified in the magnetic basement of NE Nigeria include: (1)203®n wide, NE-SW
trending horstin the area SW of Jos. The propagation direction of tiséstaucture coincides with
the linear NE-SW striking outcrops of basalts in the area (Figurg (Il) the NE-SW trending
linear anomalies which mark the limits of the Benue Trough. The location andtatiiam of
these basement horsts and other linear structures clearly indicate the ahibeecGulf of Guinea
transform faults in NE Nigeria/ ) } | ). The linear
NE-SW propagation direction and continuity of SVD, HGl) and positived anomalies, as well
as their correlation with axial positive gravity anomalies in the Lower Benoedh ( |

) ) ) ¢ 4 ) are further proofs of the tectonic
origin of the Benue Trough.

The Jos, Kaltungo, Longuda and Mubi areas, well documented fordb&ropping tholeiitic (al-
kaline) basalts and undifferentiated crystalline basement faliriosi{elil ) \

) , ), were also mapped as basin-like (Figare?). Hence, the following questions
arise: (1) Why are these areas identified as basinal features? () iCloei that magnetisations in
rocks of these areas are low, even though they are mainly igneous?

Tholeiitic (sodic and potassic) basalts are believed to be fractional cryatallizproducts of
silica-rich primary basaltic magma¢ | ), which are deficient in Fe and Ti5(anj

). These basalts, common to orogenic belts like the Pan African belt in Nidwoiaally
have lower Fe:Tiratios and are, therefore, weakly magnétie(; ). However, basalts which
crystallize at low oxidation states are highly magnetic i ), e.g., Olivine basalts are
characteristically strongly magnetic, and can be several orders of magmitare magnetic than
calc-alkaline (tholeiitic) basalts = ). If theses rocks were not calc-alkaline
in composition and of Tertiary age, the observed decreased magnetisatiorbe explained in
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terms of: (1) the presence of remanent magnetisation (Sectioy or, (2) self-demagnetisation
effects ( , ) , ). Self demagnetization occurs when the di-
rection of the net resultant (effective) magnetisation of anomalous magraties is different
from that of the inducing magnetisation vectar{ ; ). Itis at its maximum in
magnetic materials with large susceptibilitiés> 0.1 S.1. Units, , ). For such
materials, the direction of net magnetisation is normal to their sides (facesihas, the geome-
try of the anomalous magnetic bodyr¢ | ). In conclusion, the inclusion of the
Jos, Kaltungo and Mubi areas in the basinal areas of NE Nigeria (FigiBeis a consequence
of its basement originating from silica-rich magmas. Incidentally, intermedit#e od change in
anomaly wavelengths on NE Nigeria grids, e.g., the SVD grid (Figuie) correlate remarkably
well with the Mubi, Kaltungo and Jos magnetite-deficient basements. Othes arglerlain by
similar basement were thus inferred to include the Gombe, Bauchi, Yola, dathmy dissected
axial basement horsts of the Benue Trough, as well as, a belt (up tm4Qide) located about
30 km North of Monguno and Gubio in the NNE corner of the study area.

6.3.3 Attitude of basement faults in NE Nigeria.

A major consequence of the inverse-squared relationship betwieamd depth or distance from
the anomaly source (Equation §.7)) is thatAT amplitudes decay rapidly with increasing distance
away from sources. Consequently, wheh datasets from vertical magnetic edges are upward-
continuedP=0 contour lines for such datasets diverge outwards, away from tesed

( ) showed tha®=0 contour lines diverged symmetrically away from vertical edges, lyumas
metrically away from dipping magnetic edges,as continuation heights incretisey proposed
this continuation-induced spreading as a means for identifying dipping imverdional struc-
tures. This technique was tested using fMiodatasets: (1) the CBM (RTP) grid (Figu#e59; and

(1) an extract from the NE Nigeria (RTE) dataset (Figure€l), covering the area between the
North of Kaltungo and South of Bilg-transformed versions of the un-continu&@ dataset are
shown, respectively, in figureés13aand

Subsequently, thAT datasets were upward-continuédiransformed and th@8=0 contour lines
from the resulting grids were co-plotted for comparison. While the CBM (Rd&aset was
upward-continued to 1, 3, 6, 10, 20 and 30 km, the extract from NE Mig&TE) grid was
upward-continued to 2, 4, 8, 10, 20 and 30 km. The zero contours eldtiiom thef-transformed
versions of these upward-continu&@ datasets are shown, respectively, in figuréssband

The basement beneath the CBM grid, like that beneath NE Nigeria, is obgeterous magnetic

composition. However, unlike the CBM grid which is dissected only by versitattural edges or

magnetic susceptibility contrasts (Sectibfi.?), attitudes (dips) of structural edges in the Nigerian

basement are unknown. By examining attitude8 ef 0 contours at well isolated, vertical 2D and

non-2D edges inferred from the CBM grid, a technique was develameidferring the attitudes
161 of



Chapter 6

80 (Deg.)

@
Q
<]

N
~
o

N
a
S

N
»
3]

-~ 225§ »

)

Q

=]
T

3
o

150

Horizontal distance (km
S
Horizontal distance (km)

a N 9
S o & &
T T

&

o
N
&

o=d P - .. B DD e o S NN N N S
0 25 50 75 100 125 150 175 200 225 250 275 300 [¢] 25 50 75 100 125 150 175 200 225 250 275 300
Horizontal distance (km) Horizontal distance (km)

(a) 6 of "complex Bishop model”, CBM (RTP) grid. (b) 8=0 contours for upward-continued CBM grids.

£
‘©
v—1175 ...............................
k3
é 11.5 T T
=
51125
=z
E 1 - ol s
B 6 625 65 675 7 725 75 775 8 825 85 875 9
UTM Eastings (x 10° m)
(c) 6 of extract from NE Nigeria (RTE) grid.

£ onl e S e
2 11.75 — X »
v LI € 7 }
~— L
S 15p) L J =
: o)) YNl
g5 7 7 PN <. o TNE :
: T = T ) S
5 11 = z i = iy ‘

6 625 65 675 7 725 75 775 8 825 85 875 O

UTM Eastings (x 10° m)

(d) 6=0 contours for upward-continued extract from NE Nigeria grid.

Figure 6.13: A comparison betweeél = 0 contour lines for upward-continued versions of the CBMPRT
grid and an extract from NE Nigeria RTE grid: (8)grid for CBM (RTP); (b)8 = 0 contours for CBM
(RTP) is in red, but in blue, black, green, magenta, cyan aod, when upward-continued, respectively,
to 1, 3, 6, 10, 20 and 30 km; (&) grid for an extract from the Kaltungo area of the NE Nigerid @R (d)

6 = 0 contours for8 grid in (c) is in red, but blue, green, gold, magenta, cyanlamesvn, when upward-
continued, respectively, to 2, 4, 8, 10, 20 and 30 km.

of prominent faults mapped from the NE Nigeria dataset.

Results fromB-transformed upward-continued CBM (RTP) grids show that contraryitd & Karinen
(2010’s observationsg=0 contour lines stack on each other whailefrom vertical contacts suf-

fer minimum interference (Figure 131, e.g., the two-dimensional (2D) contact running through
grid nodes (100,175) and (275,250), as well as nodes (50,40) @bdg7(). The asymmetric di-
vergence 08=0 contour lines observed in figuiel 3bwere, mainly, consequencessfr interfer-

ence due to critical anomaly source width-to-depth requirements{eag 2001andFlanagan & Baip
2012hH. Even then,8=0 contour lines for the first four continuations stack nicely on the edges
of these sources. Observations fré&m0 contour lines fromB-transformed NE Nigeria (RTE)

grid extract (Figure5.130 appear to be similar to those made in figire3h Based on these
observations, and in order to assess the attitudes (relative to the veldita) pf the faults iden-
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tified in NE Nigeria (Figure5.12), the RTE grid was upward-continued to 5, 8, 20 and 30 km.
These upward-continued NE Nige®d grids were transformed to the#-equivalents6=0 con-
tours obtained from thegg grids are presented, for clarity, in two separate figures (Figures

and ). Examples of9 grids obtained from these upward-continued NE Nigeria (RTE) grid
are presented (Appendix Figures and ). The dominantly overlapping = O contour
lines (Figures.14) indicate great depths of origin for long wavelength components of NErMige
AT dataset.
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Figure 6.14: Maps showing the spread 6f= 0 contours of NE Nigeria (RTE) dataset (Black contour in
(a)) away from structural edges/faults. FigGré4aalso show® = 0 contour for the 5 km (Red) and 8 km
(Green) upward-continued grids equivalertts= O contours for the 8 km (Green), 20 km (Blue) and 30 km
(Gold) upward-continued equivalents are shown in figiurelh Magnified versions of these figures are
presented in appendix (Figure ).

Based on the overlap or otherwise &0 contour lines in figures.14, fault segments or entire
faults shown in figure have been sub-divided into vertical and/or dipping faults. Also, the
axes of three-dimensional (3D) or near-3D structures have beetifigifirom closures 06=0
contour lines. These structural classifications are presented in figufeand will be used to
propose a synopsis of the tectonic history of NE Nigeria in chapter

6.4 Depth estimates from semi-automatic inversion methods.

Depths of edges of magnetic structures in NE Nigeria were estimated usingjiftieepth" and
local wavenumber (LW) methods, whilst assuming that major structures imghean be approx-
imated by vertical, 2D magnetic contacts. These methods were chosen Inagkseovations in
chaptersl andb. Also estimating depths using "Tilt-Depth" and LW methods was straight-fakwar
since the methods do not require using a moving window.
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Figure 6.15: Attitude of prominent faults and volcanic features in NE &lig basement, inferred using

6 = 0 contours of variously upward-continued NE Nigeria (RTE}g. Attitudes were inferred from the

overlap or relative separation betwe@r{6)=0 contours in figures.14 Faults and volcanic features were

originally presented in figure.12. Geological basins in these vicinities are labelled, ie livith figuret.2,

to provide context. Locations of outcropping sediments/@nidasement-sediment contact in NE Nigeria

extracted from figuré.2is superimposed to ease comparisons. A magnified versiogurefi. 15is shown

in appendix- (Figure ).

The "Tilt-Depth" method was implemented in two modes, usinggtke+45 andf < +£27 ranges.
The input grid used for depth estimation was the 3.5 km Low-P#ser@er Butterworth filtered
NE Nigeria (RTE) grid (Figures.75). Estimates from each method were corrected for the 1 km
upward-continuation of the dataset (Appené)x and are presented in figurésL.6and , re-
spectively.

Representative profiles across these depth estimate grids (Figuigs } and ) are
shown in figure5.18 These, along with other profiles (AppendixFiguresr.10, andF.12),
whose paths are shown in figures 6 y and , were chosen such that, wherever possi-
ble, they were located within th&= +27 and+ 45 distance on the "Tilt-Depth" method estimates
grid (Figure6.17), as well as transect the Chad basin, Gongola/Kerri-Kerri basina,bésin and
the SW corner of the study area, on all depth estimates grids. In genmfillep of estimates
from the LW and@ < 427 range-based “Tilt-Depth” methods display remarkably good correla-
tion. The LW method provided the deepest and most erratic estimates, whle-the27-based
“Tilt-Depth” method provided smoother, intermediate estimates. Several attenugiag running
averages to smooth and minimise rapid serrations of LW profiles prior to plotngrtiiles, re-
sulted in poorly correlating and less satisfactory LW depth profiles.

164 of



Chapter 6

8° 9° 10° 11° 12°
400000 600000 800000

13° 14°
1000000

g aHo

1400000

1000000
13° 14°

Depth (m)
-860 427 715 958 1193 1494 1823 2196 2638 3169 3842 4747 6132 8536 20293

Figure 6.16: Local wavenumber (LW) method depth estimates. Superimpaedelected profiles, which
are also shown in figuré.17 and compared in figures 18 F.10 F.11andF.12 A magnified version of
figure6.16is presented in appendix (FigureH.13).

Next, | use averages of the depths estimated from the three methods (Figusesd 6.17),
constrained by the qualitative structure map in figaré2, as well as configurations indicated
along the various profiles above (Figure$8and appendices.1( F.11andF.12), to generate a
depth-structure map (Figure19), for sediment-covered parts of NE Nigeria only. Mean depths
to magnetic basement across the area are also shown as varioushedalontour lines, at 2 km
intervals in the figure. Since sediments are generally non-magnetic, basipts in figures. 19

are equivalent to sediment thicknessi¢mpson 1987 Reeves2005 Reynisson et g1.2009.
However, because depths were inferred from contact/edge locatidndoanot account for fault
throws, depths on figure.19represent minimum sediment thickness. These minimum estimates
requirex 40% of their values to be added to the isopach contour value to correctdnemors

in their estimation.

These figures show that basement horsts, with depths ranging fram Bkm in the Maiduguri
area to about 2.5 km, dominate the NE Nigeria basement. Variously-orieigecetd rhomboid
depocenters, with maximum sediment thickness exceeding 10 km and widtlisgdrom 25
to 50 km, appear to occur in the basement beneath the Chad basin, GorgdlEé€ri basins,
Yola basin, Muri-Bashar and the SW corner of the study area. Excephé Yola basin, these
depocenters are completely isolated, at depth, from adjacent depessitside the study area.
These “Tilt-Depth” and LW methods estimates agree very well with trendscefintebasement
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Figure 6.17: “Tilt-Depth” method depth estimates, froéh= £45 and@ = +27 ranges. Superimposed
are selected profiles from which variations in basementhdefstom “Tilt-Depth” and LW methods are
subsequently compared in figur@s § F.10, F.11andF.12. Magnified versions of figures.14aandH.14b
are presented in appendix(FigureH.14). 166 of 264
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Figure 6.18: North-South (NS) and East-West (WE) profiles showing theatims in depths estimated
using local wavenumber (LW) arfl= +-45 andf = +27-based “Tilt-Depth” methods from SouthWestern
Chad basin, NE Nigeria. “Tilt-Depth” method profiles werdraxted from figures.17, while LW method
profiles were extracted from figure16 Note the relative stability of “Tilt-Depth” method estites. The
locations and identities of these profiles were shown in égérl7and . Cities/towns (Figures.15
close to profile locations are shown in black, while fuchsioured labels indicate profile parts outside NE
Nigeria.

depth estimates from high-resolution aeromagnetic datai{d!e ) p.18 and | ),

as well as with estimates frot ( ), who showed (from well data) that basement rocks
were encountered at generally shallow depths (below 2 km) throughewtdaldy area, but that
narrow structural indentations in the basement also occur within which setihieknesses were
in excess of 2 km.

The Kanadi and Albarka wells, with total depths of 3,048 and 3,470 m, ctgely ( |
), and the Kemar - 1, Murshe - 1, Tuma - 1 and Ziye - 1 wells with total depths8o2.8, 2.7
and 2.9 km, respectively{ | ) encountered only fluvio-deltaic sedimentary succes-
sions. These wells show that depths to basement in this area well exciemds 2he Chad basin
(NE parts of the study area). But the poor constraint on the locationssé thells in the cited pub-
lications ( | : | ) means that it was difficult to conclusively

compare these well depths with “Tilt-Depth” and LW estimates at those locakiongever, in this
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Figure 6.19: Depth-structure map of sedimentary basin area of NE Nigdrdaving the major depositional
centers and horst structures. Faults, horsts and basiesaweacted from figuré.12. To be corrected, esti-
mates require= 40% of their values to be added to the isopach contour vahmsrs The location of pro-
files, as well as approximate locations of some explorat@lsypresented in previous studies of parts of the
study area are also shown. Well locations were extracted frgbovbo (1980, Olugbemiro et al(1997),
and Obaje et al (2004). Information presented are limited to the basin area eecdy the basement-
sediment contact in figur@ 2. A magnified version of this figure is shown in appendixFigureH.15).

area of the Chad basin, “Tilt-Depth” and LW estimates (Figure) were also in good agreement
with the deep depocenter (deep basement) implied by the inference of logelysddimentary
fill (>10 km) from 2D seismic sectiong\(bovbo et al, 1986).

In the Kerri-Kerri/Gongola basin area (Upper Benue Trough), the 3lkep Kolmani River - 1
well (Obaje et al. 2004 Epuh et al, 2012, Figure 12), as well as the Kuzari - 1 and Nasara - 1
wells, which were drilled to depths of about 1.7 k@laje et al.2004), encountered only sedi-
mentary rocks. These wells, as well as inferences from 3D seismic [datén ¢t al, 2012 also
agree well with the “Tilt-Depth” and LW estimates presented in figufie),

Profiles indicate that the Kaltungo Inlier and the basaltic plateau of the Laranac (Figuré.?)
are surface expressions of a 20 to 50 km wide basement horst whighdexfrom the surface
down to depths of about 5 to 6 km. The Kaltungo-Dadiya axis appears torbmdted by shallow
basement horsts that are about 25 km in width, at their tops (Figut€slandF.119. These
separate the Kerri-Kerri/Gongola basins from the Bashar-Muri b&sjuet.2). The area South
of Kaltungo is underlain by shallow basement rocks, which appear éadlower in the Jalingo
area.
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6.5 Distribution of magnetic susceptibilities in NE Nigeria.

Apparent magnetic susceptibilities were obtained for NE Nigeria, using titteD@&pth”-analytic
signal amplitude method (Secticn5.5. The method required a grid containing maxima of the
analytic signal amplitude, ASA grid (Figure 109, as well as a grid containing estimates of
depth at these contact locations. Depths estimated using the “Tilt-Depth” medredused (Fig-
ureH.140). The resulting apparent magnetic susceptibility contradts grid is presented in fig-
ure 6.20. Susceptibility values obtained could neither be directly related to the geaege of
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Figure 6.20: Relative magnetic susceptibility contrasts estimatedN& Nigeria using “Tilt-Depth”-
analytic signal amplitude method (Equation$.9¢). These estimates were derived from the Low-Pass
NE Nigeria (RTE) grid (Figures.75). An interpretation of thesék estimates is presented in figuie’ 1.

rock susceptibilities[fobrin & Savi, 198§ Telford et al, 1990 nor to the sparse susceptibility
estimates available for parts of the Benue Trough. Estimated magnetic susitg@#imates
from parts of the Benue Trough include those by:Ajakaiye (1981 who indicated that they
range from 0.009 to 0.0097 Sl Units for rocks in the Benue Trough, withvenage of 0.012 Sl
Units for granite and granitoid basement rocks; and,/A(i)bakar et al(2010); Shemang et al.
(2007 using 0.012 Sl Units for the basement rocks in the Gongola basin ardaaibtaagnetic
susceptibilities of, respectively, 0.0476 Sl Units and from 0.302 to 0.384n8&, for basic and
ultrabasic intrusive rocks of NE Nigeridhemang et a(2001)’s estimates are more than one or-
der of magnitude higher than those/giubakar et al(2010). In order to avoid discrepancies such
as these, susceptibility contrastsk) estimated for NE Nigeria using the “Tilt-Depth”-analytic
signal amplitude method (Figure20) were interpreted qualitatively, since the data must be re-
lated in some way to the magnitude of the susceptibility that is responsible forahgiasignal
amplitude (ASA) peaks at these locationsapighian 1972 MaclLeod et al.1993.
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Figure 6.21:Relative magnetic susceptibility distribution map for Nig8ria basement. This map is based
on the susceptibility estimates shown in figGre(. Geological basins in these vicinities are labelled, ie lin
with figure 6.2, to provide context. Locations of outcropping sediment/anbasement-sediment contact
in NE Nigeria extracted from figure.2 is superimposed to ease comparisons.

A qualitative interpretation map derived from figuie2Ois presented in figuré.21, which ex-
presses the relative composition (magnetic susceptibility distribution) of basémesath NE
Nigeria as a function of specific range of susceptibilities (Figufe). The map characterises the
magnetic susceptibility of NE Nigeria basement rocks asL@ly, whenk < 5 (Coloured blue in
figure6.21); (2) Medium, whenk is from 5 to 9 (Coloured green in figufe21); (3) Intermediate
whenk is from 9 to 13 (Coloured gold in figure.21); and, (4)High, whenk > 13 (Coloured
brown in figure5.27). Figure6.2 lindicates that basement rocks with the highest magnetic suscep-
tibilities (Brown-coloured) are associated with NE-SW trending structuwmahe Benue rift,

the area around Maiduguri in SW Chad basin, as well as, the Jos,,Arat€&ashua areas.
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Discussion and conclusions

7.1 Discussion

7.1.1 General observations from comparing RTE and RTP of profg and gridded
model AT datasets

The “Tilt-Depth” method requireAT datasets to be transformed to their RTP or RTE equivalents
before the method is applied. “Tilt-Depth” method of locations and depths oidimensional
(2D) contacts of various effective inclinations of magnetisatipy {epths £nog), strikes &) and

dips d) were obtained from RTP and RTE equivalentddfdatasets, which were generated along
profiles across these contacts (Chapler Comparisons between these estimates show errors in
“Tilt-Depth” method estimates to be invariant to changes in source depthsesitive to changes

in the inclination of effective magnetisatiop)and dips ¢) of sources. At error limits 0f-20%,

the method effectively imaged locations and determined depths of 2D contaetsdip ranges
from 75 to 108, 3 = 180+ 25° and Koenigsberger ratio (&)1.

Analyses of the relationship between @, 3 and ¢ (Section ) show that the simplification

of remanence-laden anomalies afforded by collinear magnetisafionsl80+ 25°) results from
effective magnetisation directiorp) being kept aK 10° from a (Figures ; and3.17).
These figures also show that deviations betwe€RTP or RTE) andp are< 10° for all directions

of remanent magnetisatioff), when Q<0.2 (Figure3.11). Consequently, the effects fon RTP

or RTE of datasets for which priori information suggests Q<0.2 can be treated as negligible,
though not collinear ( ) and ( ) suggest that € 0.5 in the
continents.

Errors in “Tilt-Depth” method location estimates were insensitive to changesg isttikke of these
well isolated idealized vertical contacts at RTP or RTE. This was expeoteRTP estimates,
since unlike RTE anomalies, RTP anomalies are not affected by shapgesh@misotropy). But,

IRTP or RTE implies that induced magnetisation directiohié either vertical or horizontal, respectively.
2TheB = 180+ 25° range expresses collinearity between induced and remanent matimesigaath, ).
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RTE AT amplitudes were at their highest for East-West striking contacts. Along weih tibital
horizontal derivatives, these amplitudes decreased systematically aratamically as contact
strike changed from East-West to zero for North-South striking contacts

The complex “Bishop” model (CBM) dataset meets th@s® andd specifications, hence can be
correctly transformed to its RTP or RTE equivalent. However, becauseeas of the CBM dataset
vary, and often cross-cut each other, the dataset contains intgresromalies whose locations
and depths are known. Locations of the edges of these sourcesls@eestimated from RTP and
RTE equivalents of the CBM dataset, using the “Tilt-DeptB) (mnethod. These estimates were
compared with equivalents obtained from five additional methods: the 8eeotical derivatives
(SVD), Analytic signal amplitude (ASA), Local wavenumber (LW), as wadl the Horizontal
gradient magnitude (HGM) of (HGMg)) and HGM of AT (HGM,7)) methods (Chapters
andb), to complement the “Tilt-Depth” method. The following observations resulteh these
comparisons:

(1) Positive amplitudes of RTP anomalies and their derived functions aretlgitocated above
sources with higher susceptibilities and/or shallow depths, while negativealies are located
above sources with lower susceptibilities and/or deep depths. This reldfiagnseversed for RTE
anomalies. Hence, additive inversesBadnd SVD of RTE anomalies were required to bring these
anomalies in phase with their RTP equivalents, for comparison.

(2) Sources (structural edges) of all strikes or azimuthal orientatioluyding North-South (N-S),
are imaged/preserved on RTP datasets. However, N-S edges are ged iomRTE datasets. This
is because RTE anomaly amplitude and shape vary with the strike of theiesoar@nisotropy
Consequently, RTE amplitudes are highest (at half their RTP equivafen&)W striking edges,
intermediate for NW-SE and NE-SW striking edges, minimum fer29° (NNW-SSE and NNE-
SSW) striking edges, and zero for N-S trending edges. Consequidriystriking edges cannot
be imaged from RTE datasets.

(3) NNW-SSE and NNE-SSW striking edges may also not be preserveRirangrids, unless
they are well isolated and with extensive linear segments. This is becaude-like anomalies
with E-W trends develop where linear edges are dissected (Figdré/Vhen in close proximity
to other anomalies these dipolar anomalies interfere to displace the resultmglgrigeends from
those of their sources. The frequency and relative proximity of NNVE-&81 NNE-SSW trending
sources relative to other sources is critical to the degree of interieraaevell as the preservation,
of anomalies observed on RTE datasets.

(4) 6 serves as an automatic-gain-control (AGC) filter by equally enhancinidesand dominant
anomalies. Thug reflects changes in the depths, rather than the amplitudes, of anomaless edg
across grids. Howevefl was more sensitive to anomaly interference from adjacent anomalies.
Consequently, locations estimated from éhe 0 contour require constraints from SVD locations,

in particular.
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(5) Depths of 2D and non-2D edges mapped from RTP and RTE grids elgained using the
“Tilt-Depth”, LW and ASA methods. The error in estimates obtained fromedent locations on
both RTP and RTE datasets were also compared.These comparisonsathdiel Tilt-Depth”
and LW methods to underestimate the actual depth of sources on the datdletshe ASA
method severely underestimated and overestimated depths from thes¢ésdatids®epth” and
LW estimates were, thus, easier to utilise and interpret.

(6) Errors in depths estimated for 2D contacts were: (i) 25% (RTP) aftl B5TE) for |6] <
27-based "Tilt-Depth" method; (i) 35% (RTP) and 40% (RTE) f6f < 45-based "Tilt-Depth"
method; and (iii) 25% (RTP) and 30% (RTE) for LW method.

(7) Errors in depths estimated for the Northern and Southern non-28sexf3D sources were:
(i) 35% (RTP) and 45% (RTE) fo®| < 27-based "Tilt-Depth" method; (ii) 40% (RTP and RTE)
for |6| < 45-based "Tilt-Depth" method; and (iii) 30% (RTP) and 40% (RTE) for L\Whmod.

Maximum depth errors were generally higher for non-2D than they war@D contacts. They
were also higher for RTE than they were for RTP grids. This error métion was presented in
tables4.6and

Since these methods are based on the assumption of 2D basement soomtastg with con-
stant strike, infinite thickness and width), and geological sources rsatisfy these assumptions,
departures from these assumptions and local interference effectsutiresly invoked to explain
these errors\( | , ; ). However, ( ) show that
significant errors£30%) in depths estimated from profile datasets can also result when the as-
sumption that basement has infinite thickness is invalid. For example, s8%b error may be
introduced to "Tilt-Depth" method estimates when the thickness-to-depth ratfeahagnetic

Th . . Th L
source,7 is9orl0¢( [ ). Consequently, the? ratio for NE Nigeria will
be explored when discussing the Nigerian dataset in order to apply @&tdemprrections to depths
estimated for the area.

7.1.2 Mapping NE Nigeria basement

The observations above (Sectionl.l) were applied to the NE Nigeria RTE grid (Figufed).
Fortunatelyg and SVD of the NE Nigeria RTE grid (Figuf29h) show the study area to be domi-
nated by relatively well-defined, and relatively well-isolated, serieslated NE-SW, NW-SE and
E-W linear structures, which | interpret to be faults. By integrating locatistisnated from thé,
LW, ASA, SVD, HGM(Q) and HGMAT) methods, more subtle and intricate structural imprints in
the NE Nigeria basement are obvious. The basement is dominated byedorealrangements of
basement horsts and depressions, which are generally bound byHatu#zceed 200 km in length
(Figure ). Basement horsts in figure 12 represent locations where lithospheric extension
have emplaced hotter upwelling upper mantle material at shallower depttettémaned, lower
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density NE Nigeria continental crust. From observations of the Main EthidRifi,

( ) showed that such segmented magmatic intrusions characterise maturehefie. Horsts,
along with the dormant volcanic features, were mainly imaged using ted (Figure6.90), by
exploiting the fact that positiv@ values only occur above higher susceptibility sources.

Four distinct trends were observed in the mainly sub-parallel fault sejaré.12). These in-
clude: (1) three dominant fault sets with NE-SW strikes; (2) four fauk sgth NW-SE strikes;
(3) three nearly N-S striking fault sets; and (4) two E-W striking fault.s8tgh variations in
the orientation of structural features reflect variations in orientations wiirthnt tectonic (ten-
sile and/or compressive) stresses across the area. NE-SW strikitsgdecur in the Jos-Bauchi
axis, Shendam-Yankari axis, South of Jalingo, Gombe area, and NoRbtiskum, Damaturu
and Maiduguri; NW-SE striking faults occur in the Gashua-Maiduguri-Baris, NW of Bazza
through Potiskum to Dutse areas, Kaltungo-Yola axis and NE of Lafia;si#8ng faults occur
North of Bazza and Gashua; while E-W striking faults occur in the Awealafid Yola areas.
These trends are in good agreement viiti ( ), ( ) and

( ) (Figure 6.2). The dominant NE-SW faults appear to have steep, near-vertical Eigs (
ure ). Lower than average relative magnetic susceptibilities characterise rtod \Western
and Southern halves of the study area (Figuf&l), suggesting that relatively homogeneous up-
per crustal assemblages dominate these locations. However, highewvérageasusceptibilities
characterise locations that were directly associated with the propagatirg Bé.

Grids of depths estimated for the area using the LW and “Tilt-Depth” methods leen used
to further constrain locations of apparently deep basement (FigliBe Averages of these esti-
mates are presented in figuiel9° Since sediments are mainly non-magnetic, and depths were
determined only at contact/edge locations, basement depths presenteddf figare equivalent
to minimum sediment thickness, and do not account for fault thréws ; : ¢

i ] ). Sediment thickness commonly exceeded 8 km in the discrete de-
positional centres that are scattered across the otherwise shallow (Ontod2dp) NE Nigeria
basement.

The onlya priori crustal thickness information available for the study area, with which to examin
the validity of the infinite basement thickness assumed during depth estimation [

), are from gravity and seismic profile studiesHzyj ( ) and
( ), respectively. Crustal thicknesses determined from gravity profiles across the BeougiT
and Yola basin were=24 and 19 km, respectively-{ ¢ ) and 23 km for the
Cameroon extension of the Yola basi#( | ). The Conrad and Mohorovicic discon-
tinuities in the adjoining uplifted cratonic margins were estimated to be at dept2sei4.5 and
34 km, respectivelyg | ).” With a minimum crustal thicknes3 ) of ~20 km over

3The “Tilt-Depth” method was implemented in two modes, usbhg +45 and® = +27 ranges.

4The locations of gravity profiles ¢f ( ) are shown in figuré

5The Conrad discontinuity represents the seismic boundary betweengieanm lower crust, while Mohorovicic
discontinuity represents the boundary between the crust and mantle.

174 of



Chapter 7

the basinsz=35 km (normal crust) flanking the rift and average estimated deftbof@@bout 2 km

(Figures and ), — ( [ ) ranges from 10 to 17. Therefore, there is
no need to correct depths estimated for NE Nigeria for additional ert@rsalfinite thickness of
basement.

Since the methods underestimate depth by about 30% (Téhiesnd 5.7) the 2 km interval
isopach contours shown in figufe19 require 30% of its current value to be added to correct
for the error in its underestimation. Consequently, sediment thicknessesdet1 km in the dis-
crete depositional centres that are scattered across the otherwisesgk@lkan deep) NE Nigeria
basement. These depths agree well with the total depths of wells completeth@séreent, whose
locations are also shown in figuie

The depocenters are mainly rhomb-shaped basins, typical of strésesecharacterised by lo-
calised compressions within an overall tensile regifie , ). Faults, basement horsts
and depocenters are generally orientated ENE-WSW in Chad basinyWB-&ongola/Kerri-
Kerri and Bashar-Muri basins, and NW-SE to E-W in Yola basin (Figuie). In general, base-
ment horsts trend mainly NE-SW, are generally sandwiched between fhidkgr in the Southern
parts of the study area, and continuous for long distances, often ineat&50 km, unless where
they are displaced by NW-SE striking faults. These 25 to 50 km thick stiestire located on the
positive gravity anomaly reported to occupy the axis of the Benue trotigii ,

), and are shown on thé grid (Figure6.96) to persist beneath and around the Kaltungo In-
lier and Longuda plateau, to the volcanic base of the Biu Plateau. Theseistsiare, therefore,
related both in their origin, and mineralogical compositions, which are wedirteg in outcrop
studies of rocks of the area.

7.1.3 Propositions and synopsis of tectonic evolution

According to ( , Figure 1), the main mechanism of plate motion and thin-
ning and/or rifting of the lithosphere is the combined influence of frictionedds on the base
of the lithosphere due to asthenospheric convection, deviatoric tensimesses within thinned
lithosphere as a consequence of an elevated Mohorovicic discontimdtiaafield stresses trans-
mitted from plate boundaries. These stresses repeatedly exploit lineam#rgdamsement (sites
of structural weakness) by rejuvenating them during tectonic everds, aviower than normal
stress levels[{ , ) : 4 ) ). Far-field
lithospheric stresses are often invoked to explain the origins of deformat@gwhere in the Be-
nue Trough £ ) ) | ) ¢ ), using the exten-
sional rift basin model of ( ). This model accounts only for the instantaneous litho-
spheric response to extensional stresses and ignores contributionghé other two lithospheric
influences, which correspond to post- and syn-rift adjustments to tthstaing ( ,

)
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The mainly NO40 to 065and N115 to 135trends on the structure maps (Figufes2and )
are consistent with the various directions of maximum principal stm3sr{easured in Cretaceous

rocks in the areal | ) Figure 10).0; was directed NNE-SSW during the Middle
Cretaceous, NW-SE to NNW-SSE during the Late Cretaceous, and N-SEe$W during the
Tertiary ( | ) Figure 10). These variations must reflect local variations in tectonic

controls of events in NE Nigeria.

By carefully examining basement trends in figéré2, a new sequence of events, which includes
observations that indicate local contributions from post- and syn-riftiénites is presented for
the tectonic evolution of the study area (Figur€). This sequence also incorporates the fol-
lowing general principles on rift propagation: (1) The preferredddiom of rift propagation is
always perpendicular to the direction of the least compressive stresg iithtbsphere \(ink,

), hence dependent on the state of deviatoric (differential) stress in tbsgitere. There-
fore, direction of propagation of continental rifts must change to refal changes in the
regional stress field\(nk, ); (2) New fault systems may be induced in competent base-
ment ( ] ); (3) Propagating rifts induce different amounts of extension
in different parts of a progressing rift. Hence, rifts in continental nasse diachronous/(nk,

) > ); and (4) Propagating rifts may proceed in one or more direc-
tions, contemporaneously, with or without components of extensieni{n, ).

Locations and orientations of two estimated faults and the basement halsticlaed between
them correlate perfectly with the two major outcropping faults that link the Katiuniger to both
the Zambuk Ridge and the Biu Plateau (Figuies?and6.19. These correlations, as well as the
persistence and spatial relationships of NE Nigeria basement strugitoesle the basis for infer-
ring directions of tectonic stress propagation, barricade or breachingsathe area (Figuréel).

The study area is dominated by high angle (near-vertical to vertical) faigare6.15, which
were determined from the co-plotting 8= 0 contours of progressively upward-continued equiv-
alents of the RTE dataset (Figu@el4). Optimally aligned high angle faults are easier to reacti-
vate ( , ) by strike-slip than dip-slip transfer faults ¢ , ) )

), particularly, where strike slip dominates compressionsGe; ) , ). Con-
sequently, the main mechanism of propagation of the Benue rift in NE Niges#rike-slip
movements, which preferably exploited transfer faults along pre-exidtiear zones of structural
weakness composed of mylonites, cataclasites and fault breccia, esgl308&km long Kaltungo
lineament, along which the Kaltungo Inlier lies|§ , ) | ). Well
over 60 km of sinistral strike-slip movement has taken place along sucheB&mugh shear
zones { ¢ ). Associated with these displacements were crustal extensions
of ~65 and 55 km in the Gongola and Yola basins, respectivety | ¢ ), and
~95 km extension accompanied 14 km thinned crust over a 300 km distance in the Benue
Trough ( ‘ ).

6 ocations cited are indicated in figurel.
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Figure 7.1: Inferred directions of propagation of the Benue rift, Mesioztectonism, and sedimentary
features of NE Nigeria. Tectonic map reflects the combinéshtations of basement faults inferred from
figures6.12and6.15 Coloured arrows are used to indicate the direction of pyapan of the Benue rift
(Single-headed green, chocolate or yellow arrows), catémis of stress barriers, i.e., main axes of strain
(Arrows with double-heads pointing in opposing directiprand the net/resultant direction of shear strain
(Grey single-headed arrows). Inferred basins with sediamgill > 1 km (Deep-brown shading), dormant
volcanoes (Black) and the orientation of their major axedgoloured lines), as well as outcropping sedi-
ment fill (Light-grey shading), sediment-basement conf@obwn lines), faults (Black lines) and volcanic
rocks (Dark Gray) are also shown.

The rhomboid geometry of the basement depressions (basins) andthosgires (Figuré.19 are

typical expressions of pull-apart basins, indicative of compressgireds regimes at play under
generally tensile stress regimés/(lin & Nur, 1982 Bonini et al, 1997 Gurbuz 2010). However,

while the amounts of crustal thinning reported from parts of the study aréd km;Fairhead & Okereke
1990 may be consistent with the dominantly pure shear strain regimes required by ttenzie

(1979 model, the amount of extension is not. For instance, 3 to 9 times more crutgakien
occurred in the Benue Trough than in the East African Rifti(head & Greey1989.

Combined with the dispositions and compaositions of outcropping basemeis (it Kaltungo
Inlier and Zambuk Ridge and Tertiary volcanics) in the Kaltungo, Zambukguda and Biu areas
(Figure6.2), their inferred equivalents, as well as the density of faults mapped inrttze(Rig-
ure6.12), these structures seem to reflect origins in transient, mixed (transitmmssfktensional
to compressional) stress regimes. Such regimes seem to be more chai@ofetis flexural can-
tilever model {Vernicke & Burchfie] 1982) than theVicKenzie(1978 model.Ramsey & Chester
(2009 show that hybrid deformation fabrics (with transitional confining pressuare to be ex-
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pected in such terrainsTherefore, transpressional and transtensional deformation in the are
may have been more widespread in the basement than is generally thoubrgspansible for
the complex and often chaotic deformation recorded3by ( ), ( )

and ( ).” Hence, the propositions below apply the model/af

( ) to structures presented in figures 2and

(1) The Benue Rift propagated into the study area from its SouthWestern(Gulf of Guinea)
along NE-directed vertical and dipping lineaments/faults (Figurd. These trends suddenly
changed to E-W in the Lafia, Keana, Awe and up to Shendam area. Tlistiesl that signifi-
cant rejuvenation of mainly E-W lineaments and deflection of the propagdtimgcurred in the
area. The arcuate trend of horst structures in this area, as well agithiaim of the first rhomboid
basin between these horsts, suggests emplacements by compressiored,ragd the occurrence
of flow barriers ( , ) in the area. Local compressions in this part of the rift could
have resulted from collision between the otherwise free, NorthEastespapating rift and the
Precambrian-Jurassic wall rocks of the Jos Plateau (FigurgsThis sudden restraint may have
induced vortex flow and rapid volume changes in the melted crustal/mantle matessalsiated
with the rifting process, resulting in significantly boosted differential se®ss

Basement expressions of this turbulence include temporary reactivatiorear-E-W trending

lineaments/faults, and the near-E-W deflection of the main axis of rift pedfwag and associated
horst structures. The generally E-W orientation of structures in thiscaieaides with those in-

ferred for far-field extensional stresses in the area South of the atedyi.e., Middle and Lower
Benue Troughk ] ) ‘ ), perhaps indicating that max-
imum extension in the Benue Trough occurred in this area, since strainlis@agentrated along

lineaments { ) ).

Location of prominent basement horsts correlate well with those of the lamglength axial pos-
itive gravity anomalies of ( ), at generally shallow depths (<2 km), except
at locations of transcurrent faults (Figuiel9. Hence, these prominent horsts are interpreted to
represent emplacements of deep/lower crustal materials at shallow depths.

(2) Since rifting progressed into the continent along a NorthEasterlytaire ‘

), and stresses related to rift propagation dissipated in this direction, thka¢sikand strength
of the unstretched crust, as well as resistance to rifting must also haeasectin a NorthEasterly
direction.

(3) Coincident movements along continental extensions of the Romanch€taid Charcot

"This is because extensional and shear deformation fabrics repegsemembers of a continuous transition from
tensile to compressive stress regimes, while hybrid fractures aregeddiuring mixed (transitions from extensional

to compressional) stress regimésa( : ).
8 ( )'s model adequately incorporates ( )’s model with post- and syn-rift
adjustments to crustal thinning( \ ).

9Relatively small strains are associated with extension features, heragriniipal axes of stress and strain are
often coincidentf [ ).
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fracture zone £ , ) ‘ ) S ) seem

to have combined with transpressional stresses in the Lafia, Keana am@rda, to reactivate
NE-SW trending lineaments and faults in the outcropping basement compléx &lwdt NE of

the area (Figure.12). This set of faults dominates the Shendam-Jos axis and extends through
the Bashar-Muri and Kerri-Kerri/Gongola basins, respectively, inktoZambuk Ridge and Chad
basin, and serve as major conduits by which strike-slip stresses wesenttig@d in NE Nigeria
basement.

(4) NorthWesterly extensions between these transform fault-contrdllees W striking, high an-
gle faults allowed crustal/sub-crustal melts to be emplaced at shallower dbasigsnent horsts),
reactivating the NW-SE trending faults that cross-cut NE-SW equitalidmoughout the study
area. ( ) observed that strain in the locality of similarly segmented rifts were
frequently accommodated through axial dike intrusions resulting in the ribdisdn of builtup
stresses and continued propagation of the rift.

The dispositions of these NW-SE faults relative to basins, the generallyethW-SE horsts,
and the good correlation between NE-SW faults and horsts with the ParaAffGOG:-50 Ma)
age inlier of Older granite in the Kaltungo area (Figar8), along the main axis of the Benue Rift
and its sinistral displacement by a post-Pan African mega fal#dti( , ), suggest this
trend to be the main path by which significant transpression-related stranesdigsipated into
extensional features in the basement.

(5) The configuration of near-vertical and vertical faults suggestditleamajor centres of stress
may have seen to the thorough reactivation of NE Nigeria (Figuie They include:Centre 1
consisting of the Lafia, Awe, Keana and area South of Shendam, whiamigdted by E-W
trending structuresCentre 2 consisting of the area North and East of Shendam, North and NW
of Jalingo, and up to Biu. Mainly sub-parallel NE-SW structures dominateatigia. Significant
terminations of major NW-SE striking faults and horsts against these NE-Sklhgtstructures
occur in the areas between Yankari and Biu as well as the area to it<Ieas$te 3 or Yola basin
area, where E-W faults dominate shorter NW-SE and NE-SW treéDelstre 4 consisting of the
area North of Biu and between Damboa, Goniri, Sumaila, Potiskum, Azarbliagd This area
appears to be dominated by a massive E-W oriented basement whosérfioerral details were
transparent to the methods usedience, an alternative interpretation could be that this apparently
homogeneous structure resulted from interference between adjoiniigrénding RTE anoma-
lies from N-S and/or near-N-S trending basement structures (Sectiérisand4.3); Centre 5
consisting of the narrow area due North of Mubi, through Bama and Dikv&ash of Monguno,
where near-N-S structures cross-cut NE-SW and NW-SE structame<entre 6 consisting of

the area North of Potiskum, Damaturu and Maiduguri. Here, NE-SW stascaue offset by near
E-W and WNW-ESE structures.

(6) Faults, horsts and volcanic features of the basement are strainaticalistructures (e.g-; [

10Note that data were missing for parts of this area (Figufe
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). Hence, significant strains are induced in basement rocks in anddatbase six centres
as the rifting process is either allowed to proceed, interrupted or deflelcted reactivated linea-
ments in the crust. The near-vertical to vertical faults shown in figureeem to serve as conduits,
barriers or baffles to rift propagation-related stress transmissionofijluitsallow steady-state
transmission of stress; (ibarriers barricade or deflect stress transmission; or Gafflestem-
porarily barricade transmission and subsequently fail as ambient stes=ds bearing capacities
of barriers.

(7) Apart from the stress barricading event in the Lafia area, baraed/or baffles should be
mainly located where NW-SE trends intersect or terminate against NE-S\stries, locations at

which trends oblique to previous propagation trends are reactivatet.iSersections or termi-
nations occur mainly in Centres 2, 3, 5 and 6. Some of these barrierssaaded with inferred

volcanic plugs and correlate well with the Kaltungo Inlier, as well as outcof@ertiary basalts

in the Biu and Longuda areas (Figurés and6.12).

(8) Under the generally compressive stress regime, the sudden sfiekamd crustal reorgani-
sation that should characterise barriers and baffles may easily induidevcdume changes and
turbulent flows, with components of vortex flow in the melted crustal/mantle materidlsis
should result in high angle (quasi)-thrust faulting of significantly boodi#erential stresses in the
crust.© Stresses so amplified can be readily translated to transpressional regimes ( Y

), further increasing the incidence of strike-slip faulting, while shorteaimdjinverting sedimentary-
fills of previously extensional depocenters or basinsn(e!l, i Y ).
This may explain the rhomboid shape of basins (Figirs) and high incidence of vertical
faults in sedimentary rock outcrops reported throughout the UppereBérmugh { ,

) | ) and Chad basin’( ) ).

(10) Vortex flows at these barriers/baffles may have induced largereiiffial stresses>(100
MPa) at shallow depths (about 2 km) in the cruist( i , Figure 1), leading to quasi-
thrusting along high angle faults. This would have temporarily elevated theoMohlted lower
crust assemblages and created the alkali-rich magma chambers from vehi@htibry basalts de-
rive. The presence of such deeply-rooted mafic-to-ultramafic rdckerya shallow depths was in-
voked by ( ) to explain the large magnetic susceptibility values required to in-
terpret %D forward models oAT data from this area. According t® ( ), the range
of temperatures at which basalts are erupted is 1100 to°C2%thich are typical ranges of tem-
peratures in the Earth’s mantle. Injections of similar magma into propagatingiffaegments
by contemporaneous depletion of adjacent magma chambers have beeredkg :

) | ). Models of syn-rift migrations of magma( , ) allow for
the presence of large differential stresses at shallow depths in the crus

11vortex flow is used to describe spinning motion about an imaginary axis vatHirid.

12 (2017, Figure 1) show that the magnitude of differential stresses induced ilowre crust of ex-
tensional terranes during normal, strike-slip or thrust faulting may exkd®0 MPa at depths 6£10, 6 or 2 km,
respectively.
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The disposition of faults and horsts in Centre 2 and the different compasitiche the Kaltungo
Inlier, Zambuk Ridge and Biu Plateau show that the Kaltungo Lineament, athgarallel faults
as well as horsts were exploited, at different geologic times, to emplace togsanic rocks.
Consequently, these locations may be preferred targets in explorationigasfid commercial
deposits of geothermally-emplaced and/or supergene enrichments of metiplhides and ox-
ides. Such mineralisations occur SouthEast of the study &real( J ).

(11) It seems that the Yola Arm of the Benue Trough (Yola basin) deedl@fter NW-SE trends,
which generally terminate against NE-SW trends in Centre 2, were reiectii@relieve the strain
localised in the Kaltungo area by baffles located in the Yankari and SW BasdFigure’.1).
This proposed origin of the Yola basin is well supported by the corretgrure between inferred
directions of stress barriers 1 and 2 (Figuré and the trend of the Yola Arm. For instance, anal-
yses of remotely-sensed lineaments show the dominant trend to be WNW-BBE liamurde
area ( S ), where Aptian sediments outcrop in thel00 km long and 15 km wide
Lamurde Anticline. This location correlates well with the WNW-ESE striking higgle faults
that must have temporarily barricaded the NorthEasterly propagation dgftiheading to signif-
icant basement uplift in the Lamurde area and reactivation of extensitdealBd short near-N-S
trends, ultimately forming the Yola Arm.

Another evidence for this proposed origin is provided by a linear alignrotmtferred volca-
noes in the Kaltungo and Longuda areas, which sugge25° clockwise rotation away from
the Kaltungo Lineament, along a clearly deflected fault in the Dadiya ardikelthe existing
interpretation which was inconsistent with an overall NorthEasterly sinisilie-slip movement
across the Upper Benue Troughe( | ), the current interpretation is consistent with this
sense of transcurrent movement throughout the study area (Siraglechedeep-blue arrows in
figure7.1).

(12) Basement horsts and their bounding faults converge in the vicinityatiikgo, Zambuk
Ridge and Biu, where a major NW-SE stress baffle separates the stadptaravo major tectonic
domains: (1) Upper Benue Trough; and (2) Gongola/Kerri-Kerri/Cbasin. The disposition of
structures in the area (Figurésl.2and ) and the directions of tectonic stress propagation or
barrier inferred from them (Figure.1) suggest larger intensity and more chaotic deformation in
the area South of an imaginary line defined by Azare, Potiskum, Sumaila,ijGoBama (The
Upper Benue Trough domain) than North of this line (The Chad basin domain)

(13) Net displacements in the Upper Benue Trough, along with resistantteebmassive, rigid

basement in Centre 4 may have served to deflect and transmit crustaliextand sinistral shear
displacements, mainly, through NE-SW trends in the Gongola/Kerri-Kesinbdo a network of

NE-SW and NW-SE trends in the Biu, Goniri and Damboa areas. The @nbiorthEasterly

propagating stresses were then deflected by means of near-N-S toeredstivate NE-SW and
NW-SE trends in the Chad basin, circumventing the rigid basement in Centre 4.
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(14) NE-SW trends in Northern Cameroon and Central Chad Republesnare optimally lo-
cated for reactivation by the, possibly amplified, NorthEasterly propagatiesses, than equiva-
lent trends in SW Chad basin (Nigeria). Hence, more rift-related deformatiended reactivated
lineaments in these areas, ultimately dissipating strain to the East Niger Basim, Réigab-
lic ( J ) ¢ ), than to the SW Chad basin. Thus, lin-
eaments in the SW Chad basin area were largely shielded from the extBasiyeCretaceous
reactivation. This explains the ENE-WSW trend of the SW Chad basin,edtoatigraphy is well
documentedH ) ) , ) ) ).

(15) The Yola and SW Chad basins appear to have developed as shiefifie@ures. This is a
view which is contrary to the generally accepted claim of the existence afea f&m of a rift
beneath the Gongola basin (e gl ) ).

7.1.4 Significance to petroleum exploration

This study shows that discrete depocenters (Figufg), with sediment thickness exceeding
10 km, occur throughout NE Nigeria (Sectiarnl.?). After correcting for its underestimation by
about 40% (Tables.6 and5.7), sediment thickness generally exceeds 11 km in the discrete depo-
sitional centres that are scattered across the otherwise shallow (<3N Nigeria basement.
These depths agree well with the total depths of wells completed in the baserhesg, locations

are also shown in figure. 19, as estimates from seismic sectiofis!{ \ ). However,

if rift propagation along these depocenters were along pure shatmelied strike slip faults, in-
ferences drawn from 2D seismic datasets like thosévof ( ) may not be enough

for evaluating the petroleum play and prospect in these depocentars,mire shear strike slip
faults do not involve vertical displacemeniss( , ) [ ).

Exploratory wells in NE Nigeria appear to be located above basement hatrstsal depths that
are consistent with the isopach contours (Figure). ~ Hence, these wells could not present the
complete sedimentary succession of the depocenters, a key requiremsmtdessful hydrocar-
bon exploration. However, source rock evaluations using drill cuttiraya fvells suggest the exis-
tence of significant potentials for hydrocarbon generation at intermetkaths in the Chad basin

( ) ; | ; ) ) and Gongola/Kerri-
Kerri basin ( | ). Adequate structural styles required for migration and entrapment
of hydrocarbons exist A( \ ] , ; , ). However, the oc-
currence of basin inversion in the Chad basini{ ) ), and the fact that hydrocarbon

finds continue to elude prospectors, are indicative of a more compleXxeaetrglay in the study
area. Therefore, the key to successfully exploring these basins li¢gimadly positioning wells to
exploit the axis of depocenters\( , ).

13Well locations were extracted fror ( ), ( ), ( ),

( ) and ( ).
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This study shows that the SW Chad (Bornu) basin is underlain by a singheraly NE-SW
trending,~ 100km x 50 km graben (Figuré.19 with sediment fill exceeding 10 km along its
trough (Sectiory.1.2). Figure , along with profiles across the basin (e.g., figaresh show

it to be completely isolated from the adjoining Central Lake Chad, Termit, agdINEdji basins
of Chad, Cameroon and Niger Republics. Isolation of the basin is enbyrttk intersection of
a nearly N-S striking basement horst on which is centred a dormant wlraits East, and a
generally NorthEasterly massif of reworked basement horsts that liegwwere North of the
basin.

Although depocenters are genetically related, based on strain intensittes/pd from relations
between structural elements in figuie 2 and the inferred tectonic propagation stress directions
(Figure7.1), these depressions (basins) belong to two distinct sub-tectonic dorfigitiee Upper
Benue Trough (Gongola/Kerri-Kerri/Bashar-Muri basins); andli2)Chad basin domains. Since
intensity varies across these domains, the structural style and deformedtidn ¢haracterising
them should also vary. So also should the exploration strategy adopteadodomain.

7.1.5 Significance to seismic hazard preparedness

Significant seismic hazards characterise the study area. The density sfrtictural elements
etched into the NE Nigeria basement (Figaré?) reflects the amount of reworking induced by
far-field tensional stresses associated with rifting and crustal readjutstinehe Benue Trough.
These stresses were transmitted along major faults that originated in the Guihafa { )
; €1990). (1987, (198)and (2009
indicate that seismicity across regional faults in parts of West Africa aneorieected:
( ) implied such a relationship between thé™@&f July, 1984 Accra, Ghana earthquake and
coincident seismic events in and ljebu-Ode, Nigeria. Consequentlyefptopagations of crustal
rupture due to buoyant mantle materials beneath NE Nigeria are bound ttyraqueéss and re-
activate these generally weak and incompetent zones in the basemenialfspeverse faults
with significant dips to relieve focussed strain. Such sudden changdatio stresses trigger
earthquakesi{ , ), as dynamic stresses associated with such reactivations in ex-
tensional regimes are more easily exploited than in purely compressionaleseill, ).
Further stresses induced by the resulting geodynamic reorganisationlsoatyigger volcanic
activity ( ) ).

Unfortunately, like faults in the Wenchuan area of Sichuan Province,eOlirich were gener-
ally considered aseismic until @a7.9 magnitude earthquake struck the area di W&y 2008
( ) ] 3 ; ) ), faults in the study area are also treated as aseis-
mic. However, figures and show that extensive basement horsts and their bounding
faults converge in the vicinity of Yankari, Kaltungo, Longuda and Biu.lScmnvergence of faults
and basement structures have been associated with the highest fatdtedipecorded for the
Wenchuan earthquakeés|( | ). ( ) also stress the significant rates at
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which the resulting strain may be transmitted through adjoining fault segments.

Seismological and Global Positioning System (GPS) studies of the Wenelantnguake, com-
bined with Interferometric Synthetic Aperture Radar (INSAR) measurenstots that a maxi-
mum vertical slip o6 m accompanied by5 m lateral slip in a dextral sense was associated with
a rupturex~320 km long ¢ | ). The Wenchuan earthquake claimed over 70,000 lives,
injured well over 400,000 people, displaced over 5 million people!CEF, ) 3

).

7.2 Conclusions

7.2.1 Locating structural edges from RTE grids

The “Tilt-Depth” method requireAT datasets to be transformed to their RTP or RTE equivalents
prior to application of the method. | have compared estimates of locations ofadoas edges
from RTP and RTE equivalent datasets, and find that the degree @at@mn between edges
from equivalent anomalies depend on the geometry and orientation aesottoor correlations
are mainly caused by RTE-induced shape (amplitude and phase) ctangeisotropy. Com-
parisons show that NW-SE, NE-SW, ENE-WSW, WNW-ESE and E-W stikivo-dimensional
(2D) structures correlate strongly and positively, and can be identifiddogrtainty from RTE
datasets. NNW-SSE and NNE-SSW anomalies show positive correlatiare wburces are well
isolated, and poor-to no correlation where they are not and anomaliefeiate8uch edges are
difficult to identify with any certainty from RTE grids.

E-W striking dipolar RTE anomalies occur where NNW-SSE and NNE-SSWirgjr2D edges are
dissected. Where these anomalies are not sufficiently isolated on RTEtgadsisually interfere
to produce anomalies that are altogether unrelated, both in magnitude, axtetrend, to their
sources.

RTE anomalies from non-2D Western and Eastern edges of E-W oriemezddimensional (3D)
sources, are preferentially extended further to the West and Eastsef sources. These extensions
potentially increase the risks of further interference with adjacent ananaligo, these non-2D
edges have a generally N-S trend, making these edges difficult to identi®f B datasets.

Tests using profile datasets show that error in “Tilt-Depth” method estimates imeariant to
changes in source depths, but sensitive to changes in the effectivaiion of magnetisation
() and dips of sources. At error limits of 0-20%, the method effectively eséisnacations and
depths of 2D contacts when dip is within the Z51° < 105 range, inclination of remanent mag-
netisation relative to induced magnetisation is within the £53° < 205 range (magnetisations

14see glossary (Sectiai) for full meanings of acronyms.
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are collinear), and Koenigsberger ratio (Q) of remanent to induced etiagtion amplitudes: 1.
Relationships between @, B andg suggests that the simplification of remanence-laden anoma-
lies due to magnetisations being collinear results from deviatiorg fobm a of < 12° when
Q<1.” Similar deviations occur betweepfrom a, for all B values, when @0.2. Hence, re-
manent magnetisation is negligible for RTP or RTE datasets vahaniori information suggests
Q<0.2.

Analyses of the relationship between &, 8 and ¢ show that the simplification of remanence-
laden anomalies afforded by collinear magnetisations &5 < 205) results from effective
magnetisation directiong) being kept at< 10° from a (Figures ; and ). These
figures also show that deviations betweeRTP or RTE) andp are < 10° for all directions of
remanent magnetisatiof3), when Q<0.2 (Figure3.11). Consequently, the effects Bfon RTP or
RTE of datasets for which priori information suggests Q<0.2 can also be considered negligible,
though not collinear.

The complex “Bishop” model (CBM) dataset met theseQ and dip specifications, hence was
easily transformed to its RTP or RTE equivalent. Sources of the CBM datelsese locations
and depths are known, vary in shape and orientation, and sometimesotassch other. Con-
sequently, anomalies from adjacent and/or cross-cutting CBM sourteefened, complicating
the spatial relationship between locations of anomalies relative to their spespecially on the
RTE dataset. The combined effects of source geometries, source tiviesand anomaly inter-
ference on “Tilt-Depth” method estimates of locations of CBM source edge axamined using
RTP and RTE equivalents of the CBM dataset. These “Tilt-Depth” method desmeere then
compared with equivalents obtained using second vertical derivatwB)(&nalytic signal am-
plitude (ASA), local wavenumber (LW), as well as the horizontal gradieagnitude (HGM) of
8 (HGMg)) and HGM of AT (HGM 1)) methods.

Positive amplitudes of RTP anomalies and these derived functions aré¢lydicaated above
sources with higher susceptibilities and/or shallow depths, while negatoraalies are located
above sources with lower susceptibilities and/or deep depths. This retapanseversed for RTE
anomalies. Hence, additive inversesfodind SVD of RTE anomalies were required to bring these
anomalies in phase with their RTP equivalents, for comparison.

0 presented an elegant automatic-gain-control (AGC) filter for imaging alesnaf all ampli-
tudes and wavelengths on RTP grids. However, interference due toetbenge of NNW-SSE and
NNE-SSW on RTE grids affect8 anomalies more, as comparisons with grids of other phase-
based methods (LW and HGW)) show. Hence, interpreting RTE datasets require a suite of meth-
ods to image NNW-SSE, NNE-SSW and N-S striking sources.

The presence of N-S and/or near-N-S trending 2D edges can besthfeom RTE grids, using
linear stacks of short wavelength E-W striking maxima of H@M, ASA, LW and HGMg, of

15The 155 to 20% range expresses collinearity between induced and remanent matioesigaah, ).
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RTE grids. Only location grids containing all maxima traces (i.e., includifg
( ) scores 1to 4) should be used for this purpose, since the short wgtreteends that identify
these edges are otherwise removed.

Correspondences between the zero contours of SVIParidRTE grids indicate estimates at their
correct orientations and locations, irrespective of source geomdteyNbrthern and Southern
edges of 3D sources are well imaged by additional correspondeetveseén HGMar), ASA, LW
and HGMy).

The HGMx,t), ASA, LW and HGMg) methods are sensitive to noise and generate secondary or
false maxima from interference anomalies. Therefore, only locations ahvesitomates from all
these methods are coincident with, parallel or close8taad/or SVD estimates are to be retained
as certain, for inclusion in the final RTE interpretation.

Barring interference from adjacent anomalies, locations of NW-SESMEENE-WSW, WNW-
ESE and E-W striking anomalous edges can be determined from any RT,Eagtlee level of
confidence of an equivalent RTP grid, as long as these trends domieaRTth grid (both in
frequency and density) relative to NNW-SSE and NNE-SSW trendingedgnly the Northern
and Southern non-2D edges of 3D sources can be determined with teftain RTE grids.

7.2.2 Depths of structural edges from RTE grids

The "Tilt-Depth" method is sensitive to contributions from non-magnetic basetogography to

the AT dataset. Hence, the method requires datasets to be upward-continuetd pisaleploy-
ment. Comparisons between actual source depths and their estimates fRoor RTE of such
datasets show "Tilt-Depth" method estimates fre@i7 < 8 < 27 range to be more accurate than
those from the-45 < 8 < 45 range. Depths estimated for vertical 2D and non-2D contacts from
RTP or RTE dataset using the27 < 6 < 27 range-based “Tilt-Depth” method were compared
with estimates from the local wavenumber (LW) and analytic signal (ASA) nakstiett equivalent
locations on the actual and estimated depth grids. The error in these estihmateglables.7)

that:

(1) the “Tilt-Depth” and LW methods underestimate the actual depth of sporcgridded datasets.
The ASA method provides both severely underestimated and overestimatbd ftem these
datasets. “Tilt-Depth” and LW estimates were, thus, easier to utilise and ieterpr

(2) “Tilt-Depth” and LW methods underestimate 2D edges from RTP grid bo®5% of their
actual depths. These sources are underestimated by up to 35% of thairdepths from RTE
grids;

(3) actual depths of the Northern and Southern non-2D edges of Bzeoon RTP grids are
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underestimated by up to 30 and 35%, respectively, by the LW and “Tilt-Deptthods;

(4) only the "Tilt-Depth" method consistently underestimates 2D and non-BEacts from RTE
grids. by up to 40%; and

(5) the LW method overestimates and underestimates 2D and non-2D contactRTE grids.
Error in these estimates ranged from -30 to 5% and from -40 to 10%,qtsge.

However, when LW and“Tilt-Depth” estimates were limited to equivalent locatimm the RTP
and RTE grids, these methods underestimated depths of 2D contacts byQ¥b foodh RTP and
RTE grids, but underestimated non-2D contacts by up to 40% from the Ra@'ETgble5.10).

7.2.3 Structural features of the basement

The structural map of NE Nigeria obtained from this study (Figufe) show that the basement is
dissected by mainly NE-SW trending faults, against which NW-SE faults maintyitate. These
are mainly high angle (near-vertical) faults, which are basement expnessf crustal lineaments
that have been reactivated several times during episodes of tectomityactie relationship be-
tween these inferred faults and other structures in the basement, alongutgitbinformation,
have been used to establish their control on tectonic strain dissipationigimg af basin defor-
mation style, the geometry of extensional features like basement horstscatidns of volcanic
relicts.

"Tilt-Depth" and Local wavenumber method depth estimates show that disiggteenters occur
in all parts of the study area (Figufel9. These were mainly half grabens. In particular, the
depocenter in SW Chad basin appeared to be completely isolated, and vagtmontunication
with the adjoining basins in Cameroon, Chad and Niger Republics. Oncectexlrfor thex
40% underestimation, "Tilt-Depth" and Local wavenumber methods depgledsnom 0 to about
11 km, and agree well with depths obtained from boreholes across thesstal(Sectioli.4, and
Figure6.19, and from seismic data interpretation in the Chad basin. The basementiseaaitly
shallow depths (<0.5 km), and frequently occurs at depths <2.5 km @®whorsts) within
depocenters or basins (Figuie.9).

187 of



Bibliography

Abubakar, Y. 1., Umegu, M. N., & Ojo, S. B., 2010. Evolution of GongolaibaUpper Benue
Trough, NorthEastern Nigeri&sian Journal of Earth Science¥(2), 62—72.

Adighije, C., 1979. Gravity field of Benue Trough, Nigeridature Journals282, 199-201.

Affleck, J., 1957. Discussion of V. Baranov’s paper, "A new methbidterpretation of
aeromagnetic maps, Pseudogravimetric anomalki&stphysics22(2), 382—383.

Airo, M.-L. & Wennerstrom, M., 2010. Application of regional aeromagnétta in targeting
detailed fracture zonedournal of Applied Geophysicg1(2-3), 62—70.

Ajakaiye, D. E., 1981. Geophysical investigation of the Benue trougheview, Earth
Evolutionary Sciengel, 126—-136.

Ajakaiye, D. E., Hall, D. H., Millar, T. W., Verheijen, P. J. T., Awad, M. B., &@S. B., 1986.
Aeromagnetic anomalies and tectonic trends in and around the Benue Tiiggtia,Nature
319 582-584.

Ajakaiye, D. E., Daniyan, M. A., Ojo, S. B., & Onuoha, K. M., 1987. The Jfty 1984
SouthWestern Nigeria earthquake and its implications for the understarfdimgtectonic
structure of NigeriaJournal of Geodynami¢3(3-4), 205-214.

Alalade, B. & Tyson, R. V., 2010. Hydrocarbon potential of the late @extas Gongila and Fika
Formations, Bornu (Chad) basin, NE Nigedaurnal of Petroleum Geolog$3(4), 339-354.

Amponsah, P. E., 2004. Seismic activity in Ghana: Past, present and,#tunals of
Geophysics47(2/3), 96-111.

Arkani-Hamed, J., 1988. Differential reduction-to-the-pole of regionagnetic anomalies,
Geophysicss3, 1592-1600.

Arkani-Hamed, J., 2007. Differential reduction to the pole: Revisi@ehphysics72, L13-L20.

Avbovbo, A. A., 1980. Basement geology in the sedimentary basins ofidjg&eology 8(7),
323-327.

Avbovbo, A. A., Ayoola, E. O., & Osahon, G. A., 1986. Depositional atrdctural styles in
Chad Basin of Northeastern Nigeriehe American Association of Petroleum Geologists
70(12), 1787-1789.

Aydin, A. & Nur, A., 1982. Evolution of pull-apart basin and their scaleapdndencelectonics
1(1), 91-105.

Baranov, V., 1957. A new method of interpretation of aeromagnetic mapsdpgravimetric
anomaliesGeophysics22(2), 359-383.

Baranov, V. & Naudy, H., 1964. Numerical calculation of the formula dfuetion to the
magnetic poleGeophysics291), 67—79.

Barraclough, D. R., 1987. International Geomagnetic Reference HieéFourth Generation,
Physics of the Earth and Planetary Interip#s8, 279-292.

Barritt, S. A., Fairhead, J. D., & Misener, D. J., 1993. The African MagnMapping Project,

188



Chapter 7

ITC Journal 2, 122-131.

Bath, G. D., 1968. Aeromagnetic anomalies related to remanent magnetismanieaiock,
Nevada Test Siteseological Society of America Mempirl0, 135-146.

BBC News, 2012. China earthquake,
http://news.bbc.co.uk/1/hi/in_depth/asia_pacific/2008/china_quake/defauRag® accessed
on Wednesday, 7/11/2012, and last updated at 14:24 GMT, Thurkgi@g/2012.

Beard, L. P., 2000. Detection and identification of North-South trendingetagstructures near
the magnetic equatoGeophysical Prospecting8, 745—-761.

Behr, W. M. & Platt, J. P., 2011. A naturally constrained stress profilatiitahe middle crust in
an extensional terrangarth and Planetary Science LetteB03 181-192.

Belley, F., Ferré, E. C., Martin-Hernandez, F., Jackson, M. J., D4aD., & Catlos, E. J., 2009.
The magnetic properties of natural and synthéftie,, Mg;_x)2SiO, olivines,Earth and
Planetary Science Letterd84, 516-526.

Benkhelil, J., 1982. Benue Trough and Benue Ch@ieglogical Magazingl192), 155-168.

Benkhelil, J., 1987. Cretaceous deformation, magmatism, and metamorphisniowéee
Benue Trough, Nigerigzeological Journal22(Thematic Issue), 467—-193.

Benkhelil, J., 1989. The origin and evolution of the Cretaceous Benugyfirdligeria),Journal
of African Earth Science8(2/3/4), 251-282.

Benkhelil, J. & Robineau, B., 1983. Le fosse de la Benoue est-il un Bfi?etin des Centre de
Recherches Exploration-Production Elf-Aquitaiél), 315-321.

Benkhelil, M., Guiraud, J. F., & Saugy, L., 1989. The Bornu-Benueaugip the Niger Delta and
its Offshore: Tectono-sedimentary reconstruction during the Creta@aliTertiary from
geophysical data and geology,@eology of Nigeriaedited by C. A. Kogbe, chap. 15, pp.
277-309, Rock View (Nigeria) Limited, 2nd edn.

BGS, 2000. Groundwater Quality: Tanzania, http://www.bgs.ac.uk/downldadessed online
on 12/09/2010.

BGS, 2011. Magnetic poles, http://www.geomag.bgs.ac.uk/education/poles.html.

Biggs, J., Amelung, F., Gourmelen, N., Dixon, T. H., & Kim, S.-W., 2009. InS#Rervations of
2007 Tanzania rifting episode reveal mixed fault and dyke extensionimmature
continental rift, Geophysical Journal International 79, 549-558.

Blakely, R. J., 1996Potential theory in gravity and magnetic applicatio@ambridge University
Press, Cambridge, UK.

Blakely, R. J. & Simpson, R. W., 1986. Short Note: Approximating edge®ofce bodies from
magnetic or gravity anomalie§eophysics51(7), 1494-1498.

Blakely, R. J., Brocher, T. M., & Wells, R. E., 2005. Subduction-zonematig anomalies and
implications for hydrated forearc manti@gology 33, 445-448.

Bonini, M., Souriot, T., Boccaletti, M., , & Brun, J., 1997. Successiveagtnal and oblique
extension episodes in a rift zone: Laboratory experiments with applicatithe tBthiopian
Rift, Tectonics16(2), 347—-362.

BP, 2012. BP Statistical Review of World Energy, www.bp.com/statisticalre\Ratrieved
October 25, 2012.

189 of



Chapter 7

Briggs, I. C., 1974. Machine contouring using minimum curvat@eophysics39, 39-48.

Brodie, R. C., 2002. Airborne and ground magnetic&G@ophysical and remote sensing methods
for regolith exploration, edited by E. Papps, vol. 144, pp. 33-45, CRCLEME.

Burke, K., 1976. The Chad Basin: An active intra-continental basintonophysi¢s36,

197-206.

Burke, K., 1977. Aulacogens and continental brealdm). Rev. Earth Planet. Scb, 371-396.

Butler, D. K., 2003. Implications of magnetic backgrounds for unexplamtddance detection,
Journal of Applied Geophysics§4, 111-125.

Caen-Vachette, M. & Umeji, A. C., 1988. Geology and geochronologyefikene area:
Evidence for an Eburnean orogenic cycle in South-Central Nigéoianal of African Earth
Sciences (and the Middle Easf)1), 121-126.

Cain, J. C., Wang, Z. G., Schmitz, D. R., & Meyer, J., 1989. The geomagspaittrum for 1980
and core crustal separatioeophysical Journal Internationa®7, 443—-447.

Campbell, W. H., 2003ntroduction to geomagnetic field€ambridge University Press, UK.

Carter, J. D., Barber, W., Talt, E. A., & Jones, J. P., 1963. The geolbgsrts of Adamawa,
Bauchi and Bomu provinces in Northeastern NigeBialletin Geological Survey of Nigerja
30, 1-109.

Chandler, G., 2010. Putting Nigeria on the mgprth Explorer, 1, 16—-19, Published by Geosoft
Inc., Canada.

Chapra, S. C., 2012pplied Numerical Methods with MATLAB for Engineers and Scientists
McGraw-Hill, New York, 3rd edn., ISBN: 978-0-07-340110-2.

Clark, D. A. & Emerson, D. W., 1999. Self-demagnetizatiBreview 79, 22—-25, Australian
Society of Exploration Geophysicists.

Commonwealth, 2011. Commonwealth country profiles: Nigeria.,
http://www.thecommonwealth.org/YearbookHomelnternal/138917/.

Cook, K. L., 1950. Quantitative interpretation of vertical magnetic anomalies\@ins.,
Geophysicsl5(4), 667—686.

Cooper, G. R. J. & Cowan, D. R., 2006. Enhancing potential field data diters based on the
local phaseComputers and Geoscien¢@2, 1585-1591.

Cordell, L. & Grauch, V. J. S., 1982. Mapping magnetic basement zoorsderomagnetic data
in the San Juan Basin, New MexicBEG Expanded Abstra¢iSravity and Magnetic Maps
2, 246-247.

Cordell, L. & Grauch, V. J. S., 1985. Mapping basement magnetizatioeszivam aeromagnetic
data in the San Juan basin, New Mexico.The Utility of Regional Gravity and Magnetic
Anomaly Mapsedited by W. J. Hinze, pp. 181-197, Society of Exploration Geophysicis
Society of Exploration Geophysicists, Tulsa, Oklahoma, USA.

Corti, G., Bonini, M., Sokoutis, D., Innocenti, F., Manetti, P., Cloetingh, S., 8iildeta, G.,
2004. Continental rift architecture and patterns of magma migration: A dynaralgsis based
on centrifuge modelglectonics23, TC2012.

Cratchley, C. R., P.Louis, & Ajakaiye, D. E., 1984. Geophysical andoggeal evidence for the
Benue-Chad Basin Cretaceous rift valley system and its tectonic implicalimmsal of

190 of



Chapter 7

African Earth Science£(2), 141-150.

Daly, M. C., Chorowicz, J., & Fairhead, J. D., 1989. Rift basin evolutioAfiica: The influence
of reactivated steep basement shear zondayarsion Tectonigsedited by M. A. Cooper &
G. D. Williams, vol. 44 ofSpecial Publications pp. 309-334, Geological Society, London.

Dobrin, M. B. & Savit, C. H., 1988Introduction to geophysical prospectinglcGraw-Hill Inc.,
USA., 4th edn.

Ebinger, C., Ayele, A., Keir, D., Rowland, J., Yirgu, G., Wright, T., Belagh®!., & Hamling, .,
2010. Length and Timescales of Rift Faulting and Magma Intrusion: TheRféing Cycle
from 2005 to PresenfAinnual Review of Earth and Planetary Scierng® 439-466.

Ekwueme, B. N., 1990. Rb-Sr ages and petrologic features of Preizammbcks from the Oban
massif, SouthEastern Nigeriarecambrian Research7(3-4), 271-286, Geochemistry and
Mineralization of Proterozoic Mobile Belts Series.

Epuh, E. E., Olorode, D. O., & Nwilo, P. C., 2012. Analysis of GongolaiBdgpositional
sequence using seismic stratigrap@ypbal Journal of Pure and Applied Science and
Technology2, 9-21.

Everitt, B. S., 2006The Cambridge Dictionary of StatisticsSambridge University Press, 2nd
edn.

Fairhead, J., 1988. Late mesozoic rifting in africaJirassic-Jurassic Riftingedited by
W. Manspeizer, vol. 22 ddevelopments in Geotectonicpp. 821-831, Elsevier, Amsterdam.

Fairhead, J. D., 1988. Mesozoic plate tectonic reconstructions of thie@k8outh Atlantic
Ocean: The role of the West and Central African rift syst@ectonophysicsl55 181-191.

Fairhead, J. D., 2007. Gravity and magnetics in today’s oil and minerasind(Extensively
updated in 2006), Course notes, GETECH c/o School of Earth Sciddog®rsity of Leeds,
Leeds LS2 9JT, UK.

Fairhead, J. D. & Binks, R. M., 1991. Differential opening of the Cdreiral South Atlantic
Oceans and the opening of the West African rift systéectonophysicsl87, 191-203.

Fairhead, J. D. & Binks, R. M., 1992. A plate tectonic setting for Mesoaztis of West and
Central Africa,Tectonophysic213 141-151.

Fairhead, J. D. & Green, C. M., 1989. Controls on rifting in Africa andrdggonal tectonic
model for the Nigeria and East Niger rift basidsurnal of African Earth Science8(2/3/4),
231-249.

Fairhead, J. D. & Okereke, C. S., 1987. A regional gravity study ofkset African rift system
in Nigeria and Cameroon and its tectonic interpretati@ttonophysics43 141-159.

Fairhead, J. D. & Okereke, C. S., 1988. Depths to major density contaséath the West
African riftsystem in Nigeria and Cameroon based on spectral analygeavity data, Journal
of African Earth Science3(5/6), 769-777.

Fairhead, J. D. & Okereke, C. S., 1990. Crustal thinning and extebgio@ath the Benue Trough
based on gravity studiedournal of African Earth Sciences (and the Middle Eas1)3-4),
329-335.

Fairhead, J. D. & Williams, S. E., 2006. Evaluating normalized magnetic disggaor
structural mappingSEG Expanded Abstra¢@5(1), 845-849.

191 of



Chapter 7

Fairhead, J. D., Misener, D. J., Green, C. M., Bainbridge, G., & Reforilv., 1997. Large scale
compilation of magnetic, gravity, radiometric and electromagnetic data: Thexmgaration
strategy for the 90s, iRroceedings of Exploration '97: Fourth Decennial International
Conference on Mineral Exploratigredited by A. G. Gubbins, pp. 805-816, GEO/FX, Paper
103.

Fairhead, J. D., Williams, S. E., & Flanagan, G., 2004. Testing magnetic leazsanamber depth
estimation methods using a complex 3D test mo8EIG Expanded Abstrac®3(1), 742—-745.

Fairhead, J. D., Salem, A., Williams, S., & Samson, E., 2008. Magnetic intetipretaade easy:
The Tilt-Depth-DipdK method SEG Expanded Abstract®7, 779-783.

Fairhead, J. D., Salem, A., Cascone, L., Hammill, M., Masterton, S., & Sams@2)EL. New
developments of the magnetic Tilt-Depth method to improve structural mapping of
sedimentary basin§eophysical Prospectin®9(6), 1072—1086.

Fairhead, J. D., Stanislav, M., Green, C. M., Masterton, S., & Yousif, M2&L2. Regional plate
tectonic controls on the evolution of the West and Central African Rift 8ystdth a focus on
the Muglad Rift Basin, Sudaigudanese Association of Petroleum Geoscientists (SAPEG)
Journal, pp. 14-29.

Farr, T. G., Rosen, P. A,, Caro, E., Crippen, R., Duren, R., Henslglo®rick, M., Paller, M.,
Rodriguez, E., Roth, L., Seal, D., Schaffer, S., Shimada, J., Umland, heYyet., Oskin, M.,
Burbank, D., & Alsdorf, D., 2007. The shuttle radar topography misdRavjews of
Geophysics45, RG2004 (1-33).

Finlay, C. C., Maus, S., Beggan, C. D., Bondar, T. N., Chambodut, Arr@ka, T. A., Chulliat,
A., Golovkov, V. P., Hamilton, B., Hamoudi, M., Holme, R., Hulot, G., Kuang, W., ¢lais,
B., Lesur, V., Lowes, F. J., Luhr, H., Macmillan, S., Mandea, M., McL&nManoj, C.,
Menvielle, M., Michaelis, I., Olsen, N., Rauberg, J., Rother, M., Sabak#&, Tangborn, A.,
Toffner-Clausen, L., Thebault, E., Thomson, A. W. P., Wardinski, i, &g & Zvereva, T. .,
2010. International Geomagnetic Reference Field: The Eleventh Geme@eophysical
Journal International 1833), 1216—-1230.

Finn, C. A. & Morgan, L. A., 2002. High-resolution aeromagnetic mappihngpicanic terrain,
Yellowstone National Parklournal of Volcanology and Geothermal Reseadcth, 207-231.

Fitton, J. G., 1980. The Benue trough and Cameroon Line - A migrating sfeayin West
Africa, Earth and Planetary Science Letteb(1), 132—138.

Flanagan, G. & Bain, J. E., 2012. Depth Extent - An Overlooked Pararnimetéagnetic Depth
Estimation EAGE Expanded Abstracts

Flanagan, G. & Bain, J. E., 2012. Depth Extent - A Practical Example innéiag Depth
Estimation EAGE Expanded Abstracts

Fossen, H., 201tructural GeologyCambridge University Press.

Frere, M., 2010. Airborne geophysical coverage of the FedemalBRi of Nigeria: Phase 1
Interpretation, Tech. rep., Fugro Airborne Surveys.

Friis-Christensen, E., LUhr, H., Hulot, G., Haagmans, R., & Purucker2®9. Geomagnetic
research from spackEps Trans. AGU90(25), 213-214.

Garland, G. D. ., 1971ntroduction to geophysics. Mantle, core and crugt. B. Saunders Co.

192 of



Chapter 7

Genik, G. J., 1992. Regional framework, structural and petroleuecéspf rift basins in Niger,
Chad and the Central African Republic (C.A.RIgctonophysic13 169-185.

Gerovska, D. & Aralzo-Bravo, M. J., 2006. Calculation of magnitudematig transforms with
high centricity and low dependence on the magnetization vector direGmophysics71(5),
121-130.

Gerovska, D. & Stavrev, P., 2006. Magnetic data analysis at low latitugleg magnitude
transformsGeophysical Prospecting4, 89-98.

GETECH, 2007. Tanzania aeromagnetic data, Confidential ReportSs;GETECH Plc., UK.

Girdler, R. W., 1983. Processes of planetary rifting as seen in the riftiddpeeakup of Africa,
Tectonophysic®94, 241-252.

Grant, F. S., 1985. Aeromagnetics, geology and ore environmentsghéfite in igneous,
sedimentary and metamorphic rocks: An overvigsepexploration23, 303—333.

Grant, F. S. & West, G. F., 196®terpretation theory in applied geophysjdédcGraw-Hill Book
Company, USA.

Grauch, V. J. S. & Hudson, M. R., 2007. Guides to understanding tioeragnetic expression of
faults in sedimentary basins: Lessons learned from the central Rio &rdadNew Mexico,
Geospherg3, 596—-623.

Grauch, V. J. S., Hudson, M. R., & A.Minor, S., 2001. Aeromagnetic esgion of faults that
offset basin fill, Albuquerque basin, New Mexigdeophysics66, 707—720.

Grauch, V. J. S., Bauer, P. W., & Kelson, K., 2004. Preliminary interficetaf high-resolution
aeromagnetic data collected near Taos, New Mexichiew Mexico Geological Society
Guidebookvol. 55th Field Conference @eology of the Taos Regionpp. 244—-256.

Gubbins, D., 2010. Terrestrial Magnetism: Historical Perspectives-ahde Prospect§pace
Science Review455 9-27, 10.1007/s11214-010-9675-6.

Guiraud, M., 1990. Tectono-sedimentary framework of the early Cretac€ontinental Bima
Formation (Upper Benue Trough, NE Nigeridpurnal of African Earth Science$0(1/2),
341-353.

Guiraud, M., Ajakaiye, D. E., & Ugodulunwa, F. X. O., 1989. Charactgiis of Late
Cretaceous NE-SW sinistral wrench faults in the Upper Benue Trougjefid) using
Microtectonic and Aeromagnetic Datiurnal of African Earth Science9(1), 9-21.

Guiraud, R., Binks, R. M., Fairhead, J. D., & Wilson, M., 1992. Chronglagd geodynamic
setting of Cretaceous-Cenozoic rifting in West and Central Afiffeatonophysic®13
227-234.

Gunn, P. J., Maidment, D., & Milligan, P. R., 1997. Interpreting aeromagneti id areas of
limited outcrop, AGSO Journal of Australian Geology and Geophysld$2), 175-185.

Gunnlaugsson, H., Helgason, O., Kristjansson, L., N@rnberg, P., RasmH., Steinporsson, S.,
& Weyer, G., 2006. Magnetic properties of olivine basalt: Application todylahysics of the
Earth and Planetary Interiorsl54, 276—289.

Gurbuz, A., 2010. Geometric characteristics of pull-apart basinpsphere2(3), 199-206.

Hall, D. H., 1959. Direction of polarization determined from magnetic anomalasnal of
Geophysical Researcf4(11), 1945-1959.

193 of



Chapter 7

Haney, M., Johnston, C., Y., L., & Nabighian, M., 2003. Envelopes of D 2D magnetic data
and their relationship to the analytical signal: Preliminary res8IEG Expanded Abstracts
22, 592-595, 73rd Annual International Meeting, Society of Exploratieoghysics.

Hansen, R. O. & Pawlowski, R. S., 1989. Reduction to the pole at low latitoylggiener
filtering, Geophysicsb4(12), 1607-1613.

Hill, D. P., 2008. Dynamic stresses, coulomb failure, and remote triggeBunggtin of the
Seismological Society of Ameri@8, 66—92.

Hogg, R. V. & Craig, A. T., 1995Introduction to Mathematical StatisticMacmillan, New York,
5th edn.

Hood, P. J. & Teskey, D. J., 1989. Aeromagnetic gradiometer progfaine @seological Survey
of CanadaGeophysics54(8), 1012-1022.

Hudson, M. R., Grauch, V. J. S., & Minor, S. A., 2008. Rock magneticadtarization of faulted
sediments with associated magnetic anomalies in the Albuquerque Basin, Rae@ifgn
NewMexico,Geological Society of America Bulletih2(0(5-6), 641-658.

Hulot, G., Olsen, N., Thtebault, E., & Hemant, K., 2009. Crustal concealfrggnall-scale
core-field secular variatioiggeophysical Journal International 77, 361—-366.

Hulot, G., Balogh, A., Christensen, U. R., Constable, C. G., Mandea, MIs&rON., 2010. The
Earth’s Magnetic Field in the Space Age: An Introduction to TerrestrialMésigm, in
Terrestrial Magnetismedited by G. Hulot, A. Balogh, U. R. Christensen, C. Constable,

M. Mandea, & N. Olsen, vol. 155 dpace Sciences Series of ISSip. 1-7, Springer, The
Netherlands, 1st edn.

IAGA Working Group V-8, 1996. International Geomagnetic Referdriedd, 1995 revision,
Physics of the Earth and Planetary Interip87, 23—-26, IAGA (International Association of
Geomagnetism and Aeronomy) Division V, Working Group 81.

IEA, 2011. World Energy Outlook 2011, http://www.worldenergyoutlook/.o0Rgtrieved October
24, 2011.

lloeje, N. P., 1981A New Geography of Nigeridongman Nigeria, Ikeja, Nigeria, Nigerian
edn., ISBN: 058260396 X.

Ingersoll, R. V., 1988. Tectonics of sedimentary bassological Society of America Bulletin
10011), 1704-17109.

Jia, Z. & Meng, L., 2009. Magnetic gradients produced by a 2D homagengolygonal source,
Geophysics74(1), L1-L6.

Kampunzu, A. B., Caron, J. H., & Lubala, R. T., 1993. The East Africlinmagma genesis and
astheno-lithospheric dynamisigpisodes9, 211-216.

Karner, G. D., Studinger, M., & Bell, R. E., 2005. Gravity anomalies of sedtarg basins and
their mechanical implications: Application to the Ross Sea basins, West Ant&téith and
Planetary Science Letterg35 577-596.

Kaufman, A. A., Hansen, R. O., & Kleinberg, R. L. K., 200®inciples of the magnetic methods
in geophysicsElsevier, Oxford, UK.

Keating, P. & Zerbo, L., 1996. An improved technique for reduction to tie pt low latitudes,
Geophysics61(1), 131-137.

194 of



Chapter 7

Keranen, K. & Klemperer, S. L., 2008. Discontinuous and diachroegakition of the Main
Ethiopian Rift: Implications for development of continental risarth and Planetary Science
Letters 265 96-111.

Key, R. M., 1992. An introduction to the crystalline basement of Africaiynirogeology of
Crystalline Basement Aquifers in Africaedited by E. P. Wright & W. G. Burgess, no. 66 in
Geological Society Special Publication, pp. 29-57, The Geological §aufi¢€ondon.

King, G. C. P, Stein, R. S., & Lin, J., 1994. Static stress changes and theririg of
earthquakesBulletin of the Seismological Society of Ameyig4(3), 935-953.

Kogbe, C. A., 1983. Geological interpretation of Landsat imageriesadcZentral Nigeria,
Journal of African Earth Science$(3/4), 213-220.

Kogbe, C. A., 1989. Paleogeographic history of Nigeria from Albian timesseology of
Nigeria, edited by C. A. Kogbe, chap. 14, pp. 257-275, Rock View (Nigeriajited, 2nd edn.

Koopmans, B. N., 1986. A comparative study of lineament analysis froierdift remote
sensing imagery over areas in the Benue Valley and Jos Plateau Nigiaational Journal
of Remote Sensing(12), 1763-1771.

Krahenbuhl, R. A. & Li, Y., 2007. Influence of self-demagnetizatioretfffon data interpretation
in strongly magnetic environmentSEG Expanded Abstrac6, 713—717, SEG/San Antonio
Annual Meeting.

Kusznir, N. J. & Ziegler, P. A., 1992. The mechanics of continental exterand sedimentary
basin formation: A simple-shear/pure-shear flexural cantilever mddelpnophysic15
117-131.

Kusznir, N. J., Roberts, A. M., & Morley, C. K., 1995. Forward andenree modelling of rift
basin formationGeological Society, London, Special Publicatiod®1), 33—-56.

Lahti, I. & Karinen, T., 2010. Tilt derivative multiscale edges of magnetiadehe Leading
Edge 29, 24-29.

Langer, C. J., Bonilla, M. G., & Bollinger, G. A., 1987. Aftershocks andace faulting
associated with the intraplate Guinea, West Africa, earthquake of 2ibere1983Bulletin
of the Seismological Society of Amerig&(5), 1579-1601.

Lanza, R. & Meloni, A., 2006The Earth’s Magnetism: An introduction for Geologists
Springer-Verlag Berlin Heidelberg.

Lawal, K. M., Umego, M. N., & Ojo, S. B., 2005. New insight into the geologytaf chad basin,
Nigerian Journal of Physicd/0l. 17S 165-170.

Leeder, M. R. & Gawthorpe, R. L., 1987. Sedimentary models for exteakio
tilt-block/half-graben basins, iGeological Society of London, Special Publicationg.
139-152, Geological Society London, UK.

Lelievre, P. G. & Oldenburg, D. W., 2009. A 3D total magnetization inversipplicable when
significant, complicated remanence is pres&spphysics7/4(3), L21-L30.

Lelievre, P. G., Oldenburg, D. W., & Phillips, N., 2006. 3d magnetic inverfomotal
magnetization in areas with complicated remaneB8&; Expanded Abstrac¢igp. 953-957,
SEG Annual Meeting in New Orleans.

Leu, L.-K., 1981. Use of reduction-to-the-equator process for ntagdata interpretatiorSEG

195 of



Chapter 7

Expanded Abstract®roceedings of the 51st Annual International Meeting of the SEG, Los
Angeles, California.

Li, X., 2003. On the use of different methods for estimating magnetic dépth]_eading Edge
November, 1090-1099.

Li, X., 2008. Magnetic reduction-to-pole at low latitudes: ObservationscandiderationsThe
Leading EdgeAugust, 260-270.

Li, Y. & Oldenburg, D. W., 2001. Stable reduction to the pole at the magnetiateq
Geophysics66(2), 571-578.

Li, Y., Shearer, S., Haney, M., & Dannemiller, N., 2004. Comprehensipecagghes to the
inversion of magnetic data with strong remanent magnetizaieiG Expanded Abstracisp.
1191-1194, 74th Annual International Meeting.

Li, Y., Yang, VY., & Liu, T., 2010. Derivative-based techniques for lggical contact mapping
from gravity dataEarth Science21(3), 358-364.

Lin-ping, H. & Zhi-ning, G., 1998. Discussion on SMagnetic interpretatisimg the 3-D analytic
signall by Walter R. Roest, Jacob Verhoef, and Mark Pilkingt@epphysics63, 667—-670.

Lowell, J. D., 1995. Mechanics of basin inversion from worldwide exasjpteBasin Inversion
edited by J. G. Buchanan & P. G. Buchanan, vol. 88, pp. 39-57, GiealdSociety Special
Publication.

Lowes, F. J., 1974. Spatial power spectrum of the main geomagnetic fiklekénapolation to the
core,Geophysical Journal of the Royal Astronomical Socigéy 717—730.

Luo, Y. & Xue, D.-J., 2009. Stable reduction to the pole at low magnetic latitygedbability
tomography, http://www.agu.org/wps/ChineseJGeo/52/04/ly.pdf.

Luo, Y., Xue, D.-J., & M., W,, 2010. Reduction to the pole at the geomagnetiateq
http://www.agu.org/wps/ChineseJGeo/53/06/ly.pdf.

Lyatsky, H., 2004. The meaning of anomaBSEG Recorde9(6), 50-51.

MacLeod, I. N., Jones, K., & Dai, T. F., 1993. 3-D analytic signal in therprietation of total
magnetic field data at low magnetic latitudesploration Geophysi¢c24, 679-688.

Macmillan, S., 2007. IGRF, International Geomagnetic Reference Fielthaegclopedia of
geomagnetism and paleomagnetigdited by D. Gubbins & E. Herrero-Bervera,
Encyclopedia of earth sicences series, chap. Part 9, pp. 411sgd@ger, Dordrecht, The
Netherlands.

Mandl, G., 2000Faulting in Brittle Rocks. An Introduction to the Mechanics of Tectonic Faults.
Springer-Verlag, Berlin, Heidelberg.

Martin, A. K., 1984. Propagating rifts: Crustal extension during contalaifting, Tectonics
3(6), 611-617.

Matheis, G., 1989. Short review of the geology of the Chad basin in Nigaraeology of
Nigeria, edited by C. A. Kogbe, chap. 19, pp. 341-346, Rock View (Nigeriajited, 2nd edn.

Maurin, J., Benkhelil, J., & Robineau, B., 1986. Fault rocks of the kalbirgeament (ne
nigeria) and their relationships with the benue troujlurnal of the Geological Society of
London 143 587-599.

Maus, S., 2010. An ellipsoidal harmonic representation of earthSs litedsphagnetic field to

196 of



Chapter 7

degree and order 72Geochem. Geophys. GeosyQ0601511).

Maus, S. & Haak, V., 2002. Is the long wavelength crustal magnetic fietdrated by induced
or by remanent magnetisatiordgurn. Ind. Geophysical Unigi(1), 1-5.

Maus, S., Sazonova, T., Hemant, K., Fairhead, J. D., & Ravat, D., 2Qfiibridl geophysical
data center candidate for the world digital magnetic anomaly @apchemistry Geophysics
Geosystem$(6), Q06017.

Maus, S., Yin, F., Luhr, H., Manoj, C., Rother, M., Rauberg, J., Michak|i§tolle, C., &
Muller, R. D., 2008. Resolution of direction of oceanic magnetic lineations ey th
sixth-generation lithospheric magnetic field model from CHAMP satellite magnetic
measurement§eochemistry Geophysics Geosysten®07021(1-10).

Maus, S., Barckhausen, U., Berkenbosch, H., Bournas, N., BagderChilders, V., Dostaler, F.,
Fairhead, J. D., Finn, C., von Frese, R. R. B., Gaina, C., Golynsky,u8k4R., Luhr, H.,
Milligan, P., Mogren, S., Muller, R. D., Olesen, O., Pilkington, M., Saltus, R.,
Schreckenberger, B., Thébault, E., & Tontini, F. C., 2009. EMAG2: #&@min resolution
Earth Magnetic Anomaly Grid compiled from satellite, airborne, and marine niiagne
measurement§eochemistry Geophysics GeosystelisQ08005 (1-12).

Maus, S., Alken, P., & Nair, M., 2010. Geomagnetic and electric field models,
http://mwww.geomag.us/models/, Last modified: Sunday, 26-Sep-2010 1512®02

Maus, S., Macmillan, S., McLean, S., Hamilton, B., Thomson, A., Nair, M., & Raliths2010.
The US/UK World Magnetic Model for 2010-2015, Tech. Rep. NESDISINC., NOAA.

McCurry, P., 1989. A general review of the geology of the Precamloidiower Palaeozoic
rocks of Northern Nigeria, iseology of Nigeriaedited by C. A. Kogbe, chap. 1, pp. 13-37,
Rock View (Nigeria) Limited, 2nd edn.

McEnroe, S. A., Fabian, K., Robinson, P., Gaina, C., & Brown, L. L., 2@ustal magnetism,
lamellar magnetism and rocks that rememBg#ements5, 241-246.

McKenzie, D., 1978. Some remarks on the development of sedimentarldaaith and
Planetary Science Letterd40, 25—-32.

McLean, S., Macmillan, S., Maus, S., Lesur, V., Thomson, A., & Dater, D042The US/UK
World Magnetic Model for 2005-2010, Tech. Rep. NESDIS/NGDC-htidhal Oceanic and
Atmospheric Administration (NOAA), USA.

McMullan, S. R. & McLellan, W. H., 1997. Measured is betterProceedings of Exploration
'97: Fourth Decennial International Conference on Mineral Exploratiedited by A. G.
Gubbins, pp. 805-816, GEO/FX, Paper 103.

Merrill, R. T., McElhinny, M. W., & McFadden, P. L., 1996he magnetic field of the Earth,
paleomagnetism, the core, and the deep marileademic Press, London.

Miller, H. G. & Singh, V., 1994. Potential field tilt a new concept for locatidmpotential field
sourcesJournal of Applied Geophysic82, 213-217.

Minty, B. R. S., 1991. Simple micro-levelling for aeromagnetic d&teploration Geophysi¢c22,
591-592.

Moskowitz, B. M., 1991 Hitchhiker's Guide to Magnetispinstitute for Rock Magnetism,
Environmental Magnetism Workshop held 5-8 June 1991 at the Instituidick Magnetism.

197 of



Chapter 7

Murat, R. C., 1972. Stratigraphy and paleogeography of the Cretaegmliower Tertiary in
southern Nigeria, il\frican geologyedited by T. F. J. Dessauvagie & A. J. Whiteman, pp.
251-266, Ibadan University Press, Ibadan, Nigeria.

Nabighian, M. N., 1972. The analytic signal of two-dimensional magnetigeisogith polygonal
cross-section: Its properties and use for automated anomaly interpre@¢iophysics37(3),
507-517.

Nabighian, M. N., Grauch, V. J. S., Hansen, R. O., LaFehr, T. R., Y).l\y. P., Phillips, J. D., &
Ruder, M. E., 2005. The historical development of the magnetic method laraxipn,
Geophysics7((6), 33ND—-61ND.

Nettleton, L. L., 1971Elementary gravity and magnetics for geologists and seismologists
Monograph Series No. 1, Society of Exploration Geophysics, Tulsa.USA

NGDC, 2010. Estimated values of magnetic field properties,
http://ngdc.noaa.gov/geomag/magfield.shtml, 16th May, 2010.

NGSA, 2006. Geological map of nigeria, Tech. rep., Nigerian Geolo§ualey Agency
(NGSA).

Obaje, N. G., Wehner, H., Abubakar, M. B., & Isah, M. T., 2004. Nashwell, Gongola Basin
(Upper Benue Trough, Nigeria): Source-rock evaluatimurnal of Petroleum Geolog27(2),
191-206.

O’Connell, M. D. & Owers, M., 2008. A line spacing compression methodaaniiproved
minimum curvature operator for grid interpolation of airborne magnetic garxploration
Geophysics34(3), 148-154.

Odeyemi, |., 1981. A review of the orogenic events in the Precambriamesdef Nigeria, West
Africa, Geologische Rundschar0, 897-909, 10.1007/BF01820170.

Ofoegbu, C. O., 1985. Interpretation of an aeromagnetic profile atlre€3enue Trough of
Nigeria,Journal of African Earth Science8(3), 293—-296.

Ofoegbu, C. O., 1986. Preliminary results from a pseudogravity stutheddenue Trough,
Nigeria,Journal of African Earth Science§(2), 187-192.

Ofoegbu, C. O., 1988. An aeromagnetic study of part of the Upper@&&mugh, Nigeria,
Journal of African Earth Scienceg(1), 77-90.

Okereke, C. S., 1988. Contrasting modes of rifting: The Benue Trond!Cameroon Volcanic
Line, West Africa,Tectonics7(4), 775—784.

Okosun, E. A., 1992. Cretaceous ostracod biostratigraphy from Basid in Nigeria,JJournal of
African Earth Scienced.4(3), 327-339.

Olade, M. A., 1978. Early Cretaceous basalt volcanism and initial coriéihefting in Benue
Trough, NigeriaNature 273 458-459.

Olsen, N., Hulot, G., & Sabaka, T. J., 2010. Measuring the Earth’s MagiRield from Space:
Concepts of Past, Present and Future Mission$eirestrial Magnetismedited by G. Hulot,
A. Balogh, U. R. Christensen, C. Constable, M. Mandea, & N. Olsen18® of Space
Sciences Series of ISSpp. 65—-93, Springer, The Netherlands, 1st edn.

Olugbemiro, R. O., Ligouis, B., & Abaa, S. I., 1997. The Cretaceoussarithe Chad Basin,
NE Nigeria: Source rock potential and Thermal maturdgirnal of Petroleum Geologg20(1),

198 of



Chapter 7

51-68.

Parasnis, D. S., 199Principles of applied geophysic€hapman and Hall, London, UK.

Paterson, N. R. & Reeves, C. V., 1985. Applications of gravity and ntags@rveys: The
state-of-the-art in 198%;eophysics50(12), 2558—2594.

Pedersen, L. B., Rasmussen, T. M., & Dyrelius, D., 1990. Constructiooroponent maps from
aeromagnetic total field anomaly ma@sophysical Prospectin@8, 795-804.

Peters, L. J., 1949. The direct approach to magnetic interpretation amedtgpl application,
Geophysicsl4, 290-320.

Petters, S. W. & Ekweozor, C. M., 1982. Petroleum geology of Benuedgfrand Southeastern
Chad Basin, NigeriagdAPG Bulletin 66(8), 1141-1149.

Phillips, J. D., 1997. Potential-Field Geophysical Software for the PGiMe2.2,
http://pubs.usgs.gov/of/1997/0725/report.pdf.

Phillips, J. D., 2000. Locating magnetic contacts: A comparison of the haakgradient,
analytic signal, and local wavenumber methods;0th Annual International Meeting, Society
of Exploration Geophysics Expanded Abstraetd. 19, pp. 402—-405.

Phillips, J. D., Hansen, R. O., & Blakely, R. J., 2007. The use of curgatupotential-field
interpretationExploration Geophysi¢c$8, 111-119.

Pilkington, M., 2007. Locating geologic contacts with magnitude transforms ghetec data,
Applied Geophysic$3, 80—89.

Pilkington, M. & Keating, P., 2004. Contact mapping from gridded magneti& da comparison
of technigquesExploration Geophysi¢c85, 306—311.

Pilkington, M., Snyder, D. B., & Hemant, K., 2006. Weakly magnetic crust infGaeadian
Cordillera,Earth and Planetary Science Lette28 476—485.

Pozza, M. R., Boyce, J. I., & Morris, W. A., 2004. Lake-based magmeéipping of
contaminated sediment distribution, Hamilton Harbour, Lake Ontarion, Cadadiaal of
Applied Geophysi¢c$7, 23-41.

Press, W. H., Teukolsky, S. A., Vetterling, W. T., & Flannery, B. P., 19@2merical Recipes in
C: The Art of Scientific Computingambridge University Press, 2nd edn., ISBN 0521431085.

Purcaru, G., 2008. The Great Sichuan Earthquake of May 12, 2008 .9) - An Unpredictable
Earthquake, http://www.agu.org/meetings/fm08/fm08-sessions/fm08_S31B.lusnlré&ns.
AGU, 89 (53), Fall Meet. Supplement, Abstract S31B-1919.

Purucker, M. E. & Clark, D. A., 2011. Mapping and Interpretation ofltiteospheric Magnetic
Field, inGeomagnetic Observations and Modealdited by H. B, M. M, & K. M, vol. 5 of
IAGA Special Sopron Book Serieschap. 13, pp. 311-337, Springer, Netherlands, ISBN:
978-90-481-9858-0.

R. Hartley, A. B. Watts, J. D. F., 1996. Isostasy of Afri€arth and Planetary Science Letters
137, 1-18.

Rahaman, M. A., 1989. Review of the basement geology of South-Weigenia, inGeology
of Nigeria, edited by C. A. Kogbe, chap. 14, pp. 39-56, Rock View (Nigeria) Limigsd edn.

Ramsey, J. M. & Chester, F. M., 2004. Hybrid fracture and the transitam &xtension fracture
to shear fracturd\ature 428 63—66.

199 of



Chapter 7

Ravat, D., Hildenbrand, T. G., & Roest, . W., 2003. New way of procgssear-surface
magnetic data: The utility of the Comprehensive Model of the Magnetic Figld Leading
Edge August, 784—-785.

Reeves, C., 200Reromagnetic Surveys: Principles, Practice & Interpretafi@gosoft Inc.,
Canada.

Reeves, C. V. & Wu, C., 1989. Adequate sampling in magnetic profiling, gwuton of
closely-spaced magnetic sources and their importance to image-enhahteshaigues for
magnetic anomaly maps, Tech. rep., European Association of Exploratmph@scists,
Presentation at the 51st Meeting and Technical Exhibition (29 May-2 1988), West Berlin.

Reford, M. S., 1964. Magnetic anomalies over thin sh&eenphysics294), 532-536.

Reford, M. S. & Sumner, J. S., 1964. Aeromagnetiespphysics29(4), 482-5116.

Reford, S., 2010. Processing and interpretation of airborne geigphgata: Phase Il,
http://www.mmsd.gov.ng/Downloads/Reford_Process_Interp.pdf.

Reid, A. B., 1980. Aeromagnetic survey desi@gophysics45, 973-976.

Reid, A. B., FitzGerald, D., & Flanagan, G., 2005. Hybrid Euler magnetiefnasnt depth
estimation: Bishop 3D testsSEG Expanded AbstractSEG International Exposition and 75th
Annual Meeting, Houston, USA.

Reynisson, R. F., Fanavoll, S., Waag, G., & Ebbing, J., 2008. Feasibiliy stu
electromagnetic, gravimetric and aeromagnetic methods in sub-basaltic SeERNGE,
Expanded Abstract§0th EAGE meeting, Rome, Italy.

Reynisson, R. F., Ebbing, J., & Skilbrei, J. R., 2009. The use of potdigididata in revealing
the basement structure in sub-basaltic settings: An example from the Magenwifshore
Norway, Geophysical Prospecting7, 753—771.

Reynolds, J. M., 1997An introduction to applied and environmental geophysichn-Wiley &
Sons, UK.

Roberts, P. H. & Glatzmaier, G. A., 2000. Geodynamo theory and simulaiavsgws of
Modern Physics72(4), 1081-1123.

Rosendahl, B. R., 1987. Architecture of continental rifts with speciakresfce to East Africa,
Annual Review of Earth and Planetary Scient® 445-503.

Sabaka, T. J., Olsen, N., & Purucker, M. E., 2004. Extending compsareemodels of the
Earth’'s magnetic field with Orsted and CHAMP daBeophysical Journal International 59,
521-547.

Salem, A., Williams, S., Fairhead, J. D., Ravat, D., & Smith, R., 2007. Tilt-Depth rdetho
simple depth estimation method using first-order magnetic derivafives| eading Edge
26(12), 1502-1505.

Salem, A., Williams, S., Fairhead, J. D., Smith, R., & Ravat, D., 2008. Interpratatimagnetic
data using tilt-angle derivative§eophysics73(1), L1-L10.

Schliter, T., 2006Geological atlas of Africa: With notes on stratigraphy, tectonics, economic
geology, geohazards and geosites of each couBypyinger, 2nd edn., with contributions by
Martin H. Trauth.

Shemang, E. M., Ajayi, C. O., & Jacoby, W. R., 2001. A magmatic failed rifela¢imthe

200 of



Chapter 7

Gongola arm of the upper Benue trough, Nigerigiyrnal of Geodynami¢c82, 355-371.

Shen, Z.-K., Sun, J., Zhang, P., Wan, Y., Wang, M., Birgmann, R., 2énGan, W., Liao, H., &
Wang, Q., 2009. Slip maxima at fault junctions and rupturing of barrienagtine
2008Wenchuan earthquakéature Geoscienc®, 718—724.

Sheriff, R. E., 2002Encyclopaedic dictionary of applied geophysi€gophysical Reference
Series No. 13, Society of Exploration Geophysicists, Tulsa, USA, 4th edn

Silva, J. B. C., 1986. Reduction to the pole as an inverse problem and lisadiom to
low-latitude anomaliesGeophysicssl, 369—382.

Smellie, D. W., 1956. Elementary approximations in aeromagnetic interpret&@mphysics
21, 1021-1040.

Smith, R. A., 1959. Some depth formulae for local magnetic and gravity anom@kephysical
Prospecting7, 55-63.

Smith, R. S. & O’Connell, M. D., 2005. Interpolation and gridding of aliasedghysical data
using constrained anisotropic diffusion to enhance tre@eésphysics70(5), V121-V127.

Smith, R. S., Thurston, J. B., Dai, T. F., & MacLeod, I. N., 1998. i$PJ the improved source
parameter imaging metho@eophysical Prospecting6, 141-151.

Smith, S. W., 2003The Scientist and Engineer’s Guide to Digital Signal Procesditeyvnes,
USA.

Spector, A. & Grant, F., 1970. Statistical models for interpreting aerontiagiteta, Geophysics
35(2), 293-302.

Stanley, J. M., 1977. Simplified magnetic interpretation of the geologic comddhan dike.,
Geophysics42(6), 1236-1240.

Storti, F., Rossetti, F., & Salvini, F., 2001. Structural architecture and dispiant
accommodation mechanisms at the termination of the Priestley Fault, Northerna/lchod,
Antarctica,Tectonophysics841, 5-12.

Stuart, G. W., Fairhead, J. D., Dorbath, L., & Dorbath, K. C., 1985. Aseisefraction study of
the crustal structure associated with the Adamawa Plateau and GarouaaRir@dn, West
Africa, Geophysical Journal of the Royal Astronomical Sogiefyl), 1-12.

Swain, C. J., 1976. A FORTRAN program for interpolating irregularlycggiadata using the
difference equations for minimum curvatugmputers and Geosciencés231-240.

Swain, C. J., 2000. Reduction-to-the-pole of regional magnetic data witle field direction,
and its stabilisation at low inclinationgxploration Geophysi¢81, 078-083.

Telford, W. M., Geldart, L. P., & Sheriff, R. E., 1998pplied geophysi¢cEambridge University
Press, Cambridge, UK, 2nd edn.

Thébault, E., Purucker, M., Whaler, K. A., Langlais, B., & Sabaka, RQ@L0. The Magnetic
Field of the Earth’s Lithosphere, iferrestrial Magnetismedited by G. Hulot, A. Balogh,

U. R. Christensen, C. Constable, M. Mandea, & N. Olsen, vol. 155paice Sciences Series
of ISSI, pp. 95-127, Springer, The Netherlands, 1st edn.

Thompson, D. T., 1982. EULDPH, A new technique for making computsiste depth
estimates from magnetic dataeophysics47(1), 31-37.

Thurston, J. B. & Smith, R. S., 1997. Automatic conversion of magnetic datepihddip, and

201 of



Chapter 7

susceptibility contrast using the SM method Geophysics60(3), 807-813.

Thurston, J. B., Smith, R. S., & Guillon, J. C., 2002. A multimodel method for degtimation
from magnetic datazeophysics67, 555-561.

TPDC, 2010. Current oil and gas exploration activities, Tanzanid). Tep., Tanzania Petroleum
Development Corporation (TPDC).

Turner, J. P. & Williams, G. A., 2004. Sedimentary basin inversion and piate shortening,
Earth-Science Review85, 277-304.

Twiss, R. J. & Moores, E. M., 199&tructural GeologyW. H. Freeman and Company, New
York, 2nd edn.

Udo, R. K., 1970Geographical Regions of Nigerigddleinemann Educational Books, London,
Nairobi.

ULIS, 1988. The African Gravity Project (AGP), Tech. rep., Unsigr of Leeds Industrial
Services (ULIS).

ULIS, 1993. African Magnetic Mapping Project, Tech. rep., Universiti.eeds Industrial
Services (ULIS).

UNICEF, 2009. Sichuan earthquake: One Year Report, Tech. reiedJNations International
Children’s Emergency Fund (UNICEF).

USGS, 2012. Magnitude 7.9 - Eastern Sichuan, China,
http://earthquake.usgs.gov/earthquakes/eginthenews/2008/us2008@8ryan.php, Page
last modified: October 28, 2012 05:05:12 UTC; accessed Wednesd&52012.

USGS/VHP, 2011. Glossary of Volcano and Related Terminology: Basalts,
http://vulcan.wr.usgs.gov/Glossary/volcano_terminology.html, Last upda®¢ti/06, by Lyn
Topinka; Accessed 19/02/2011.

Vacquier, V., Steenland, N. C., Henderson, R. G., & Zietz, |., 19%&rpretation of
aeromagnetic map$o0. 47 in Memoir, Geological Society of America.

Verduzco, B., Fairhead, J. D., Green, C. M., & MacKenzie, C., 2004 isights into magnetic
derivatives for structural mappinghe Leading Edge23, 116 —119.

Vink, G., 1982. Continental rifting and the implications for plate tectonic reitoogons,
Journal of Geophysical Resear@v(B13), 10,677—-10,688.

Walter, T. R., Wang, R., Acocella, V., Neri, M., Grosser, H., & Zschal@09. Simultaneous
magma and gas eruptions at three volcanoes in Southern Italy: An edwtgigger?,
Geology 37(3), 251-254.

Webring, M., 1981. MINC: A gridding program based on minimum curvatGngen File Report
81-1224, U.S. Geological Survey.

Wernicke, B. & Burchfiel, B. C., 1982. Modes of extensional tectonlosynal of Structural
Geology 4(2), 105-115.

Whitehead, N., 201Montaj Grav/Mag Interpretation: Processing, Analysis and Visualilization
System for 3D Inversion of Potential Field Data for Oasis montaj v7.1 - Tutarid User
Guide Geosoft Incorporated, Release date: 2/8/2010.

Wickerham, W. E., 1954. The gulf airborne magnetic gradiom&egphysics191), 116-123.

Williams, S., 2004Extended Euler deconvolution and interpretation of potential field data from

202 of



Appendix

Bohai Bay, ChinaPh.D. thesis, Department of Earth Sciences, School of Earth and
Environment, University of Leeds, Leeds, U.K.

Williams, S., Fairhead, J. D., & Flanagan, G., 2002. Realistic models of bas¢mpegraphy for
depth to magnetic basement testi8§G Expanded Abstraci®l, 814-817.

Williams, S. E., Fairhead, J. D., & Flanagan, G., 2005. Comparison of gt Beconvolution
with and without 2D constraints using a realistic 3D magnetic basement ni@e@hhysics
70(3), L13-L21.

Wilson, B. C., Helmstaedt, H., & Dixon, J. M., 1992. Deformation and Intrugidbeeply
Buried Rocks: Creep, High-Angle Ductile and Brittle Shear, and Conmgr8kear Arrays., in
Basement tectonics 7: Proceedings of the Seventh International €@ooéeon Basement
Tectonics.edited by R. Mason, vol. 1, pp. 83-92, Kluwer Academic, Dordrecbstén, MA.

Wilson, C. R., Tsoflias, G., Bartelmann, M., & Phillips, J., 1997. A high prenisieromagnetic
survey near the glen hummel field in texas; identification of cultural and setémyeanomaly
sourcesThe Leading Edgel6(1), 37—42.

Winch, D. E., Ivers, D. J., Turner, J. P. R., & Stening, R. J., 2005 n@&@emetism and Schmidt
guasi-normalizationGeophysical Journal International 60, 487-504.

Woakes, M., Rahaman, M. A., & Ajibade, A. C., 1987. Some metallogeneticre=sati the
Nigerian Basemenflournal of African Earth Science8(5), 655-664.

Wright, J. B., 1985Geology and mineral resources of West AfriGeorge Allen and Unwin,
London, With contributions from D. A. Hastings, W. B. Jones and H. R. Wilka

Wright, J. B., 1989. Volcanic rocks in Nigeria, Geology of Nigeriaedited by C. A. Kogbe,
chap. 1, pp. 13-37, Rock View (Nigeria) Limited, 2nd edn.

Wright, T. J., Ebinger, C., Biggs, J., Ayele, A., Yirgu, G., Keir, D., & Stofk, 2006.
Magma-maintained rift segmentation at continental rupture in the 2005 Akimglgpisode,
Nature 442 291-294, 20 July 2006.

Zhang, J., 2001. An analysis of the accuracy of magnetic sourcedmmiyietry determined from
the 3D analytic signalseophysics66, 579-581.

Ziegler, P. A. & Cloetingh, S., 2004. Dynamic processes controlling evalwfaifted basins,
Earth-Science Reviews4, 1-50.

Zoback, M. D., 2007Reservoir Geomechanioc€ambridge University Press.

203 of



Appendix A

Attitude and amplitudes of the main or dipolar geomag-
netic field.
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Appendix B

“Tilt-Depth” method estimates from two-dimensional (2D)
magnetic contacts.
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Figure B.1: Testing computer codes using the independendefadm vertical, E-W magnetic 2D contacts
at RTP on susceptibility contrastak).
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Figure B.2: Effects of inclination of induced magnetisatiom)(on the shape and amplitude of derivatives
of AT from vertical, E-W, 2D contacts in the Southern geomagr®inispherea ranged from 0 to -9Q
(a) Vertical derivatives; and (b) Total horizontal derivas.
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Figure B.5: Effects of the strike azimuth of vertical, 2D contacts ontforder Cartesian derivatives (total

horizontal derivatives, THDR and vertical derivatives)tbéir AT (RTP). THDR is"ﬁ%, while vertical

derivative is"%. Note that amplitudes and shapes of derivatives are the, sasspective of the strike of
2D contact.
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Figure B.6: Effects of the strike azimuth of vertical, 2D contacts ontfosder Cartesian derivatives (total

horizontal derivatives, THDR and vertical derivatives)toéir AT (RTE). THDR is 22T, while vertical

aH
derivative is"%. Amplitudes and shapes of derivatives vary systematidaily a maximum when contact

strikes East-Westy{= 0°) to 0 when the contact strikes North-South= 90°), unlike when contacts were
at RTP (Figure3.5).
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“Tilt-Depth” method applied to “Bishop” model AT grids.

T ol

File View FFT Conv Utl Help
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alse.. ... .
N : 88.7, 250.9 Map: 69338, 325471 Z:-2797.2
N ETECH Resolve v1.255
(a) Depth of basement. (b) Magnetic susceptibility.

Figure C.1: Enhanced (GETgrid") visualization of the input grids for “Bishop” models: (a®e grid as
in figure4.25 (b) Same grid as in figuré.2h

magd_25.grd
Fle View FFT Conv Utl Help

m Grid: 101.9, 256.2 Map: 75956, 328118 Z: 137.41
GETECH Resolve v1.255
(a) SBM grid. (b) CBM grid.

Figure C.2: Enhanced (GETgritM) visualization of the “Bishop” modeAT grids for inclination of in-
duced magnetisation of 25a) SBM grid, same as in figure35 and (b) CBM grid, same as in figure3h

“ Grid: 133.7, 264.9 Map: 91838, 327456 £: 4.106
N GETECH Resolve v1.255
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Figure C.3: Enhanced (GETgrid") visualization of the simple “BishopAT model (SBM) grids: (a) Same
as in figuret.4g and (b) Same as in figure4h
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(2) RTP (b) RTE

Figure C.4: Enhanced (GETgritM) visualization of the complex “Bishop” model (CBM) gridsi)(Same
as in figure4.55 and (b) Same as in figuresh

.
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80 (Deg.

0 »
0 25 50 75 100 125 150 175 200 225 250 275 300
Horizontal distance (km)

(a) 6 of SBM grid (RTE).

Horizontal distance (km)
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Horizontal distance (km)

(b) 6 of CBM grid (RTE).

Figure C.5: 8 equivalents of RTE-transformed simple and complex “Bishopdel (SBM and CBM) grids
(Figures4.3aand4.31). Note that negativé® anomalies on figures.5aandC.5bcorrespond, respectively,
to positive@ anomalies on figure$ 6aand4.7a Hence, the additive inverse - 1) of 6 grids (Figures!.6b
and4.71) were computed, respectively, from figutesSaandC.50 for comparison with their equivalet
of RTP grids (Figureg.6aand4.79).
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(a) Total horizontal derivative(THDR).
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(c) 6 = 0 and fault scarp edges. (d) Factors of SVD and ASA derivatives.

Figure C.6: Examples showing how locations of edges on the input basegniels in figures!.2aand

were extracted. The THDR grid (Figufe 69 could not outline the inflection points (edges), so SVD was
applied to the grid. The SVD grid (Figure 65 enhanced more features than are relevant to the study. The
6 = 0 contours of the SBM (RTP) grid (Figure4 did a better job of tracing the location of edges of the
basement fault scarps as shown (Figureq. The best trace of edge locations on the variable basemidnt g
(Figure ) was obtained after applying SVD and analytic signal amgét (ASA). To further enhance
the locations for extraction, the resulting grid was mlikig by a certain factor, as reflected by the large Z
value shown (Figur€ .60).
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N GETECH Resolve v1.255

Figure C.7: An attempt to extract the actual locations of structuralesdgn the model “Bishop” base-
ment grid, using analytic signal amplitude. Figure alsovghtraces of edges using maxima or peaks) of
fault scarps (Black-coloured traces obtained from mettidgd a<ely & Simpsor(1986), introduced in sec-

tion2.5.2
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Figure C.8: 8 = £27 estimates from CBM (RTP and RTE) grid sources. Maximurimegés from CBM
(RTP and RTE) grid were generally deeper than the range nabdepths of BM sources (Figu#edh).
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Estimates from “Bishop” model TMI anomaly (AT) grids
using other methods.
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Figure D.1: Comparisons between estimates of edge locations on CBM ¢RRFE) TMI anomaly grids.
Estimated location plots are colour-coded for easy ideation of the method used: HGM; (Yellow);
SVD (Pink); LW (Red);6 (Brown, dashed line); and HGM, (Green). Because of the wider spread of ASA
estimates, they were not included here. In this figure, edémfrom LW were plotted first, followed by
HGM gy, HGM(a1) and SVD estimates. FigureSis equivalent to this figure, but includes ASA estimates.
Note that figures here are cleaner, and the ASA can be redinteal later to constrain interpretations.
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Figure D.2: Demonstrating the additional clarity gained by editingreated locations obtained from CBM
(RTP) grid, usingdGM (1) method. Continuity of HGIVhr) peaks (edges) reduced as lower class peaks
were removed. Location estimates in figure?b are more representative of actual CBM sources (Fig-
ure4.80) and easier to interpret than those in figirea
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Appendix E

Comparisons between interpretations from RTP and RTE
of a Southern Tanzania TMI anomaly (AT) grid.

E.1 Introduction

Geological complexities presented in field-derived (rAdl)datasets can be more challenging than
those offered by the “Bishop model” grids considered in chaptarsed>. Complexities may result
from cross-cutting relationships between magnetic structures (e.g., etea@us basement ter-
rain, dykes, other intrusives, etc.) with more varied susceptibility contaast&or strike. Field de-
rivedAT datasets also contain systematic and random measurement errors.déameag itomatic
methods evaluated in chapterand5 will now be further examined in terms of their effectiveness
in locating magnetic sources, using a r&dl dataset. Since the main focus of this section is to
evaluate the effect of RTE-induced azimuthal anisotropy on sourcédoaastimates from such
AT grids, the real dataset used here must be transformable to both RTA EnEC8hsequently,
AT dataset from Southern Tanzania, where the average inclination aflidatiea of the geo-
magnetic field £43° and—4°, respectively) allowed for valid RTP and RTE transformations, was
preferred.

E.1.1 Regional tectonic framework and geological setting of Soutlhe Tanzania

The geology and tectonic framework of Southern Tanzania presentedrdlg extensively on
extracts from ( ), ( ) and ( ). A modified geological map of the
area, derived from these sources is presented in figuire

The tectonic fabric of the Tanzanian basement complex consist both lofbggad structures (Fig-
urek.1) preserved from four major tectonic events including the Permo-Triassédkbp of Gond-
wanaland, as well as the post-Cretaceous and the on-going, regiosial @xtension which char-
acterises the East African continental margi® DC, ). The major regional tectonic elements
include a NNW-SSE rift, a E-W graben, a NNE-SSW aulacogen and thelatgral wrench fault,
which is directly related to the drift of Madagascar from Eastern AfricinduLate Jurassic-
Middle Cretaceous times PDC, ).

Early phases of rifting of the crust during extension produced intesiag)(basins and passive

margin (rift) basins along the Indian Ocean coasts of Tanzania. Theasfh® include the Man-

dawa basin (NE of the Masasi Spur) and Ruvuma basin (SE of the M&@ai The Selous basin

is located south of the NNE-SSW trending aulacogen. The E-W trending fRatfigh cross-cuts

the aulacogen and coastal rifts. Most of these and related featuesssgivto the Southern Tanza-
224
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Figure E.1: Geological map of Southern Tanzania showing non-magnetitreentary and possibly domi-
nantly magnetic basement rocks (Maodified fram S (2000, Schluter(200§ andTPDC (2010). The pink
rectangle shows the limit of the availakdd data from this area (Sectidn.?). Brown, Black and Blue-
coloured rectangles show areas where basement strucfungsrest to this study might be located, in the
Mandawa, Ruhuhu, and Upper Selous basin areas. Insetpblitiap of Tanzania shows the location of
Southern Tanzania.

niaAT grid (FigureE.?).

E.1.2 Southern TanzaniaAT dataset

The dataset was originally acquired by GeoSurvey International, f8x7 io 1979, at 1 km flight-
line spacing, with 10 km tieline spacing, and 120 m flying height (AGL) usit@eametricsM
G-803 proton precession magnetometer. A proceaSedlata grid was provided by GETECH
Plc., UK for this study as a 250 m upward-continued and 250 m linked grid immblest Confor-
mal Conic projection (Spheroid: Clark 1880). This dataset was notgpane African Magnetic
Mapping Project (AMMP). Prior to its release for this study the data had leselled and IGRF-
reduced GETECH 2007. In order to minimise interference from higher frequency anomalies,
the dataset was further upward-continued by 250 m, so that the total watiin height of this
dataset (Figuré.2) is 500 m. The attitude of the geomagnetic field in Southern Tanzania (average
inclination and declination 0£43° and—4°, respectively) allows for the easy transformation of
the AT dataset (Figuré .2) to both its RTP and RTE equivalents.

E.2 Methodology and processing adopted
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Figure E.2: Southern TanzaniAT grid. Grid was upward-continued to 500 m. Brown, Black andeBI
coloured rectangles represent the areas shown in figureA subgrid of theAT grid shown here will
be extracted from each of these enclosed areas. These dsibgli be enhanced and the one with the
most complicated structural relations will be retainedftother evaluation. White X and solid white circle
symbols represent wells abandoned within basement anchent!i, respectively.

E.2.1 Extracting subgrids from Southern Tanzania TMI anomaly (AT) grid. The approxi-
mately 522 kmx 612 km coverage of Southern Tanzali@ grid (FigureE.2) meant that the
grid was too large for use for detailed evaluation of locations estimated uaigus methods.
Hence, three smaller gridsubgridg were extracted, respectively, from the Mandawa, Ruhuhu,
and Upper Selous basin areas, based on complexity of basement ardi¢ipate¢he geological
map (Figure=.1). These subgrids are shown in figuresg E.3bandE.3cand are, respectively,
Mandawa, Ruhuhu or Selous subgrid, to reflect their location over phttee Mandawa basin,
Ruhuhu basin or Northern Selous basin drea.

E.2.2 RTP and RTE of AT subgrids from Southern Tanzania.

A measure of simplification is attained when anomalies are transformed to theioRRPE
equivalents (Sectiofi.3). This remains true when the direction of remanent magnetisatigh is
30 relative to the direction of induced magnetisation (Sectich4). Hence, anomalies on the
Mandawa, Ruhuhu and Selous subgrids (Figuires; E.3band E.39 must be transformed to
their respective RTP and RTE equivalents, to simplify anomalies prior to theaton of semi-
automatic methods of source edge location and depth estimation.

The Definitive Geomagnetic Reference Field (DGRF) elements, requiredrsférm each sub-
grid to its RTP and RTE equivalents, are presented on fahld hese elements were used to trans-
form each subgrid (Figures.3g E.3bandE.3cto its RTP and RTE equivalents. RTP and RTE
equivalents of the Mandawa, Ruhuhu and Selstisubgrids are also presented in figare).

1selous will henceforth refer to Northern or Upper Selous.
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Figure E.3: AT and their RTP or RTE equivalents: (a) Mandawa basin areaedtie (RTP) (Figure=.30)

appear to be simple and isolated, with major NW-SE and mind/WNSSE and NNE-SSW trends; (b)
Ruhuhu basin area, whefd (RTP) of various shapes and orientations, including neatiNSouth (near-
N-S), occur (Figure=.39); (c) Selous basin area, where major NW-SE, NNW-SSE, NNE/3&d minor
N-S trendingAT (RTP), that are simple and isolated, occur (Figure?); (d), (e) and (f) are, respectively,
RTE equivalents of grids in figures 3d E.3eandE.3f. While sources striking in all directions are imaged

on the RTP grids, North-South (N-S) sources are not imagelTdhgrids. Whether sources withdhp0°

strikes are imaged or not depends on their degree of ispnldid/-SE, NNW-SSE and NNE-SSW trending

sources are imaged on RTE grids.
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Table E.1: Geomagnetic field elements f&T subgrids extracted from Southern Tanzania grid (Fig-
ureskt.33 and ).

subgrid | TMI(nT) | Incl. (°) | Decl. )
Mandawa| 33672 | -42.22 | -3.67
Ruhuhu 33461 | -45.2 -4.05
Selous 33655 | -42.5 -3.45

E.3 Comparisons between location estimates from RTP and RTE &T grid

Previous work (Sectiong and 4.4, and chapteb) shows that, in the absence of anomaly

interference, Tilt anglesA) of RTP data give clear indications of the horizontal location of the
edges of anomalous magnetic structures. Phisoperty was exploited to compare RTP versions

of the three subgrids in terms éf anomaly complexity: character, size, degree of isolation and
relationships:

The RuhuhuAT subgrid (Figure=.31) was preferred for evaluating RTP and RTE location esti-
mates, sincéd anomalies on this subgrid were more complex. Therefore, SVD, [AGMASA,

8, LW and HGMy) equivalents of the RTP and RTE of the Ruhuhu grids (Figtirésand )
were obtained. Estimates of edge locations on the Ruhuhu (RTP and Ri@)dsuhave been
extracted from the SVD, HGMT), ASA, 6, LW and HGMQ) grids. These extracted locations are
presented in figure.4 (RTP in red, and RTE in blue).

Comparisons between the structural map obtained from the RTE and RTE#hah® grid (Fig-
ureE.5) show that all, including the abundantd20° trending edges in the Eastern and Southern
parts of Ruhuhu grid, were well imaged on the RTP map (Figute). On the contrary, the abun-
dant N-20° trending edges were not imaged at all on the RTE map (Figur&€s. The map also
shows that mainly NE-SW, NW-SE and E-W edges are more likely to be imagedimrctirrect
locations on RTE grids. However, locations where near-N-$Z08F) trending edges occurred on
the RTP grid are dominated by prominent E-W trending anomalies on the RTE-gideE.4),
generated from interference between close discrete dipolar anomaligls advelop along dis-
continuous (en-echelon) 2D edges (Figurd.

2This decision assumed that edges of magnetic sources in the aregiass, \and with 2D contact-like cross-section
(Section ).
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NE Nigeria dataset.

Introducing the available NE Nigeria TMI (T) dataset.

The TMI anomaly grid used for this study (Figutes) was obtained from reducing Dr. Sally
Barritt's dataset (Figuré.1b), and then merging them with the GETECH Group Plc., UK dataset

(Figure

).” The procedure adopted is described below:

() Reduction of TMI data from Dr. Sally Baritt (Figure ).

(a) First, | restored the background TMI value (25000 nT) indicatetheroriginal TMI

(b)

(©)

(d)

map sheets to the dataset.

( ) recommended the Definitive Geomagnetic Reference field (DGRF)
for removing the Earth’s core sourced magnetic field contributions frormetagsur-
veys conducted over relatively short time spans, or within the same geetiagpoch.
Hence, a sub-grid (Figure?) of the 1945-1985 DGRF ; ), which de-
scribes the Earth’s main (dipolar) magnetic fielgyfe Equation £.2.3) for the survey
period girca 15t January, 1974) was subtracted from Dr. Sally Baritt's dataset.

The dataset was also corrected Tgkemal CONtributions using the mean value of the
diurnal variation for the duration of the survey.

The resultingAT values were gridded, using the minimum curvature (MINC) method
( , L \ ) I ), at 400 m intervals of the 2 km flight-
lines spacing), at the barometric survey height (mean terrain clearamte ® topoagp)
specified in the TMI data spreadsheet from Dr. Barritt. The MINC metised @ 5 x 5
rhombic biharmonic operator and is better suited to surveys in which the flighpae
ings are either constant or close to constanitgs, : ] ;

). Recently, however; ( ) and ( )
showed that both the MINC and bi-cubic (Akima) gridding methods can, Ly iiae
ture, spatially alias anomalies when the major axes (trend) of the anomaly iseobliqu
(acute) to the flightline direction.

1GETECH Group Plc., UK is shortened to GETECH in future references.
2provided by Professor C. S. Okereke, Department of Geologyelsity of Calabar, Calabar, NIGERIA.
3The DGRF in figure~.2 was generated using Oasis moht4j a Geosoft Inc., Canada’s commercial software.

231



Appendix F

& 9° 10° 11° 12° 13" 14" 15" 16" 17°
-375000 0 7 ] 375000

1500000

10° 11° 12° 13° 14° 15° 16°

1125000
0L oblb oCb &L o¥) GE 9}
o

000SCL1

90
o6
3

0000061
NN B B 10 00T
ROHTOROOR
BT [ T T [ 11T T T (o {1

=
375000 2 0 375000 T™I (nT)
8° 9° 10° 11° 12° 13° 14° 15° 16° 17°
250000 0 250000 Ji

e -

80
o8

metres
Minna / *Mercator (1SP)

(@) GETECH'’s TMI anomaly AT) dataset.

8°9° 10° 11° 12° 13° 14° 15° 16° 17°
-375000 0 375000

1500000

10° 11° 12° 13° 14° 15° 16°

1125000
0005211

o6
~
~J
N
co

90

o

0000051
o8 oO0F obk oCk €L o¥L G 9t
~ ~ =~~~
~J ~~I~J 00000000
o 00O SORIGS
~ RNNWO Ot
BT T T T T T T 777 T T [ ]

-375000 0 375000 7730
8°9° 10° 11° 12° 13° 14° 15° 16° 17° 7715

250000 0 250000 7693
e — i 7674

metres
Minna / *Mercator (1SP) TMI (nT)

(b) Dr. Sally Baritt’s TMI (T) dataset.

Figure F.1: Available TMI datasets from NE Nigeria. Un-reduced comg@irtary dataset in figure 1bhas
been gridded to show location relative to GETECH data in &gut.a Note the difference in data range
between figures.1aandF.1h Thick black line represents the Nigeria border.
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(e) Using these barometric heights, | upward-continued the griddegkid to 1 km mtc.

(f) 1then projected thiAT grid into the equatorial Mercator (EM) coordinate system using
the Clarke 1880 spheroid, as specified for data in figute

(9) Finally, I re-gridded th&T data at 1 kmx 1 km grid intervals, using the MINC method.

(i) Merging the GETECH and Dr. Barritt's AT datasets.TheAT grid obtained from Dr. Bar-
ritt's TMI dataset did not match the GETECH grid in figure.aat their common boundary.
Besides levelling problems, there was a 10-15 seconds gap betweeidthd e procedure
adopted to address these additional problems is briefly described below;

(a) 1 began by micro-levelling\(inty, ) the AT grid derived from Dr. Baritt’s spread-
sheet.

(b) I then imported this micro-levelled and the GETECH grids into the same basemap

(c) Using the arithmetic mean from each grid, and several profiles atr@gslges of both
AT grids, | was able to derive a 'regional’ correction grid.

(d) Ithen separately DC-shifted boffT data datasets using the calculated 'regional’ cor-
rection grid.

(e) By interpolating between the grids, a piece of grid which smoothly linkeédiges of
both grids was obtained.

() The DC-shifted grids and the smooth, linking grid were then merged tegeting a
Geosoft (Oasis mont8}') GX* called “gridstch”.

(9) Finally, seven (7) passes of the weighted33moving-average Hanning low pass (LP)
filter was applied to the mergelllT grid for 'light cosmetic’ ( ) , p.135)
smoothening. This final grid, shown in figuie/, is the input dataset for all interpre-
tations of NE Nigeria basement structure and composition in chépteven at large
magnifications, the “boudinage patterns” o ( ) were not ob-
served in the NE Nigerian dataset.

The GETECH AT dataset for Nigeria and its environs(Figuref.19 is reported to have resulted
from the following processes$ , 1 , ):

(i) TMI data were extracted from each map sheets by on-screen digitisati@ncomputer-
aided method deployed allowed the user to choose one of four digitisatiorsirataely; a
gridded mode, a grid-contour intercept mode, a flightline-contour modieg aandom point

4GX' is an acronym for ‘Geosoft &ecutable”.
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Figure F.2: Spatial relationship between inclination (Horizontak&) and TMI amplitude of the regional
DGRF (arraclough1987) in NE Nigeria, for £ January, 1974. The Nigerian boundary is shown in black.
Extracted contours off (The lines) show the: geomagnetic equater= 0° in red); a=2° and —2° (in
pink); a=4° and—4° (in green); andx=6° and—6° (in black).

mode.

(i) By adding the background TMI values to the digitised TMI values fromrtia® sheets, the
actual recorded field magnetometer values were recreated.

(iif) For each map, these digitised data values was gridded at bet;}l\te%’of the flight line spac-
ing, at the survey height specified on each map sheet. Based on theageetic survey char-
acteristics and the orientation of major structures in the area covered bbynegcsheet, the
minimum curvature (MINC) gridding metho@(iggs, 1974 Swain, 1976 Webring 1981)
was preferred.

(iv) Where data appeared to be oversampled along the flightline, a lasvfB3 linear or non-
linear dealiasing filter was applied to the gridded TMI data along the flightlinetbre

(v) Each TMI map’s equivalent grid was then upward-continued to 1 kramterrain clearance
(mtc).

(vi) Adjacent 1 km upward-continued TMI grids were then merged to peceda large AMMP
AT grid.

(vii) The Definitive Geomagnetic Reference Field (DGRF) coefficientsttier period, 1945 to
1985 @arraclough 1987 was used to compute and remove the main (regional) field up to
harmonic degree 8.

(viii) The resulting AMMP grid was reprojected using the Equatorial Mencé&) coordinate
system and the Clarke 1880 spheroid. This grid was then preservedras<11 km grid
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draped on topography.
(ixX) The GETECHAT grid (Figuref-.19 is an extract from the AMMP grid.

The DGRF (Figure-.2) shows that amplitudes of the inducing dipolar field in NE Nigeria ranged
from about 32,800 to 35,800 nT, from SouthWest to NorthEast, while inaimaf the inducing
field (o) ranged from about <8to 8 (from South to North). The low inclinations of the geomag-
netic field in this area (Figure 2) means that the data require RTE transformation, with inevitable
RTE-induced problems (Sectien3.3.

235 of



Appendix F

- -8 : e 5

chad_TMIgridknit_Reproj.grd Power spectrum - -
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(a) AT grid (Figure6.4).
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N GETECH Resolve vl 255

(b) AT (RTE) grid (Figures.6).

Figure F.3: Power spectra for NE Nigeria: ()T grid; and (b) its RTE equivalent. Figures have been
edited to add more legible labels at selected axis tick-markree (3) lines reflecting the slope of different
segments of the spectra are shown, for comparison. Notel#é/ely focussed spectral power in all three

segments on the RTE spectrum (b).
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Figure F.4: Low-pass (LP)-filtered TMI (RTE) anomaly data from NE Nigetipward-continued to: (a) 5
km and (b) 8 km, derived from figur@6. The low-pass (LP)-filter cut-off wavelength ) for each upward-
continuedAT (RTE) data was chosen from its radially averaged power gpect
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Figure F.5: Locations estimated from SVD ar@imaps of NE Nigeria, shown in figui@

estimated using SVD
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Figure F.6: Locations estimated from ASA and HGM)maps of NE Nigeria, shown
cations represent local maxima of ASA or HGl.
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Figure F.9: Additive inverse & — 1) of 8-transformed 5 km (a) and 8 km (b) upward-continued NE Nayeri
AT (RTE) grid, derived from figuré-.4.
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Figure F.10: North-South (NS) and East-West (WE) profiles showing theatims in depths estimated
using local wavenumber (LW) artl= +45 andf = +27-based “Tilt-Depth” methods from SouthWestern
Chad basin, NE Nigeria. “Tilt-Depth” method profiles werdragted from figures.17, while LW method
profiles were extracted from figure16 Note the relative stability of “Tilt-Depth” method estites. The
locations and identities of these profiles were shown in égérl7and . Cities/towns (Figures.15
close to profile locations are shown in black, while fuchsioured labels indicate profile parts outside NE
Nigeria.
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Figure F.11: North-South (NS) profiles showing variations in depthsreated using LW and = +45
and 6 = +27-based “Tilt-Depth” methods from Upper Benue Trough, Nigdda. “Tilt-Depth” method
profiles were extracted from figure17, while LW method profiles were extracted from figuire. 6. Note
the relative stability of “Tilt-Depth” method estimateshd locations and identities of these profiles were
shown in figuress.17and6.16 Cities/towns (Figuré.15 close to profile locations are shown in black.
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the relative stability of “Tilt-Depth” method estimateshd locations and identities of these profiles were
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while fuchsia-coloured labels indicate profile parts algdNE Nigeria.
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Correspondences requesting more NE Nigeria datasets for
constraint.

Ugwuja, O.A. C

Director Applied and Engineering Geology
Nigerian Geological Survey Agency

Plot 220 Adastra one B5,

Behind Julius Berger Office,

Utako District

PMB 616 Garki Abuja

Tel: 092731581 T
Fax: 09-5236518 mronnas
Mobile: 08037040836

Email: ugwujaclement@yahoo.co.uk

Date November 11, 2007

Dear Director,

Introduction letter to my PhD student Mr Esuene Samson

My PhD student will be returning to Nigeria later this month and he would like to
meet with you since you ma m with his PhD study. He
interpret the old aeromag]
term of sedimentary thickn:
aeromagnetic d‘n a as part of I
new aero

going to

and structure. To allow him to handle both old and new
PhD, it would be ideal if he could access part of the
with the Benue Trough, Any and all confidentiality
TECH can be honoured by a confidentiality

m!d the Unive
agreement.

Mr Samson is currently \\urklnb on new interpretational methods as part of his PhD
i Nigerian magnetic data. As part of his PhD he would
like to present a paper at the EAGE meeting in Rome in June 2008 and hopefully at
the SEG in USA later in the same year. The abstract deadline for the EAGE meeting
s carly January 2008. To show our appreciation of your help to supply such
acromagnetic data [ would like to include you as one of the co-author to the paper.

1 am confident that when you meet Esuene you will like him both as a
person and as a scientist. Please let me know if you need any further deta

ming

Mr Samson will make contact with you to set up a meeting with you. I trust you can
find time in your busy schedule for this.

Yoprs sincerely,
\ !
7(,«( et =

J Dugk Fairhead
Managing Director u! GETECH
And

Professor of Applied Geophysics, Univi

Figure G.1: Letter to a Nigerian government official requesting his stesice with the new aeromagnetic
dataset from Nigerialhandle;2010).
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Prof ID Fairhead
School of Earth and Environment
University of Leeds
LEEDS
LsaeIr
Email jdfszetech com
o Jamry Hensel,
Chevron

Date 3 Nov 2006

Dear IEII". . T e " .
Letter to interested Oil companies Figure 1: High mmgm:;unge with Block C
Mr Esuene Samson PhD study

Provisional Title “ A zeophysical study of the Middle Benue and Chad Basins of that access to this pew data, promised for 2007, will be more easily obtaized by oil

Nigeria to determine their geological structure and evolution™ companies working in Nigeria than by 2 Nigerian PhD student studying in the UK. T
‘elieve oil companies will ba basically interested in such data and will want to access

As supervisor to Mr Samson I wish to support his request for zsophysical and it as soon as it is available.

zeological data in addition to the zravity and magpetic data that GETECE can

provide (Figure 1) for his PhD stady. The study will zot be restrictad to just the Seismic and Well Data: Limited seismic and well data does exist for the Middle

gerian sezments of the rift basins but will include parts of Camerocn. Chad 2nd Benue acd Chad basia of Nigeria but accessing it may be difficalt. Ol compazies
for completeness. Thers are no plans for additional data acquisition but to may alrsady hold such dam and it may e easily to access through you than the

mavimise the use of available data. Ministry.

Plan of Ol Company invelvement

Subject to one or mere cil companzes contributing data to the PhD study on an open
accass or confidentiality basis, the companzes will be kept informed on the progress of
the study by the student presenting a progress and final report. Such presentation can
e to the group or mdividually. subject to shared mavelsubsistence funds being
provided by the companies involv

Finally I consider this intagrated zeophysical stady is worth while for the PhD smident
10 be involved in, smce it will involve developing and refining depth estimation
methods to map basemert as well as Tying to understand a mult phase evolution
process of nfting. I will be his supervisor and colleagues withie GETECH also have
Fr T T i T T owr eyperiance and knowledgs of the ragion w0 ensurs mors than adequate supervision of
Figure 1: Gravity and aeromagnetic coverage of Nigeria compiled by GETECH the stdy. The University, the stadent and I (university/GETECH) are able to enter
into any necessary data confidentiality conditions requirsd
The data s=ts being sort includes:
Gravity Data: Some years ago several Oil companies carried out detailed gravity Ttrast you are able to support such a study ad lock forward to keaninz fom you.
surveys of the Middle Benue. The companies included to my knowledgs Chevion and - .
Total but the third compary I canrot remember. These data are imporsant to mclnde Yours Sincerely, o ) . 3
(due to being on the road in Asia /Ausoralia, I cannot sign this letter)

in th due to their spatal coveraze and the avatlability of new hizh resolution

aeromagnetic data over the same area (se2 balow). J Desek Fairhead

Aeromagnetic Data: In addition to the 2eromagnetic data shown 2bove new higher %r:ﬁ:{sﬁ?ﬁfe:::p ysics

)e?oluqon agromageetic data have been collected by Fugro for The Miniztry of Solid (CEQ 0f GETECE Growp plc)

Minerals Development (see Fizure 2). Access to Block C is of intarest hera. It may be Attachments: Letter and documents relating fo the Student

(a)Page 1 (b) Page 2

Figure G.2: Letter to a Chevron Inc, USA official requesting his assicgawith additional geological and
geophysical dataset from NE Nigeria and neighbouring regi&imilar letters were also sent to Total and
Shell.

247 of 264



Appendix H

Magnified, and/or more annotated, versions of some NE
Nigeria-wide figures presented in chapter.
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Figure H.1: Topography of NorthEastern Nigeria (FiguieLb).
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Figure H.3: NE NigeriaAT dataset (Figuré.4).
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Figure H.5: 3-order Butterworth-filtered versions of NE Nigeria (RTE)dyshown in figure5.7. Black
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the basement into shallow, deep or intermediate, resgdgtion the basis dfamp (See sectiori.3.1).
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