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Abstract

The Okavango River rises in the humid Southern Highlands of Angola and passes
through Namibia before entering the north-western corner of Botswana where it termi-
nates into the Okavango Delta, bounded by faults of the northeast trending Okavango
Graben. It is in this graben that the delta sediments form a massive alluvial fan. The
topographic relief is quite subdued over the whole Delta and the underlying geology is
largely obscured by the sediments. To obtain subsurface information in such a terrain is
a daunting task. Earth Observation Satellites (EOS) and aerial photography can only
provide information on the ground or to some extend a few millimetres below ground. A
conventional technique like drilling is not only expensive (in both time and resources),
but also the least attractive if we are to preserve the pristine nature of the Delta. There
is, therefore, a need to use other remote sensing techniques that can give information
from within the subsurface.

This thesis focuses on the integrated use of remotely sensed airborne magnetic, elec-
tromagnetic and ground-based gravity data sets for hydrological mapping of the pristine
Okavango wetlands. We seek to determine the geometry of the aquifer system underly-
ing the overland flow system. The two systems are coupled and hence one cannot model
flow dynamics of one system without considering the influence of the other. It has been
estimated by previous workers that approximately 300 000 tonnes of salts are deposited
in the delta system. Being a terminal evaporative system that has fresh surface waters
requires that some portion of the salts be fed into the deep aquifer to account for the salt
balance. We investigate the mechanism that is responsible for disposing of the salt other
than the one that results in encrustation of salts onto the numerous islands scattered
throughout the delta.

The results from our analysis of airborne magnetics and ground-based gravity data
show that the aquifer thickness is structurally controlled and is on average 180m thick.
It is thicker within the Okavango Graben and thinner on the flanking horst structures.
We insert the distributed aquifer thickness derived from airborne magnetic data into our
hydrological model, which we use to simulate impacts of water management scenarios
and the consequences of natural influences, like climate. We show through the use of
a coupled surface-groundwater hydrological model that earthquake movements could
have played a role in influencing the surface-flow-regime shift observed in the Okavango
Delta. This is achieved by tilting the most tectonically active north-eastern block and
the panhandle by a modest 30cm in a southwest direction and simulating the effect of
this on the spatial distribution of flooding frequency. An average increase of about 20 %
in flooding frequency is observed along the south-western branch of the Delta. However,
it appears that small scale tectonic events, as postulated by previous workers, have more
influence than the average regional subsidence.

We have found from ground resistivity derived from airborne electromagnetic data that
the numerous islands in the delta provide a platform whereupon evapo-concentration of
salts leads to salt removal below the islands due to density driven flow. This finding
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underscores the importance of preserving the Delta’s ’coastline’ provided by the islands-
surface water interface. Our work with these data also reveals a feature that appears to
be an earlier delta buried in a small graben system in the upper part of the Okavango
Delta. This feature terminates against some northeast trending proximal faults pretty
much in the same way as the present day delta terminates against the distal Kunyere-
Thamalakane fault system. Resistivity data suggest that this feature contains freshwater-
bearing material capped by a low resistivity material that is most likely to be clay
or clayey sands. Indeed borehole information show that the feature is a fine-grained
freshwater-bearing sand capped by clay. We refer to this feature as the Proto-Okavango
Delta.

Our results from the airborne electromagnetic survey can be used for further work
in attempts to better understand the dynamics of spatial salinity distribution through
mass transport modelling. A flow model has been developed in a co-thesis and therefore
progression in this direction should not be an insurmountable task.



Kurzfassung

Der Okavango Strom entspringt in den feuchten, südlichen Hochebenen Angolas. Der
Strom durchquert Namibia und erreicht den Nordosten von Botswana, wo sein Lauf
in einem Binnendelta endet, das durch die Verwerfungen des nordöstlich verlaufenden
Okavango Grabens begrenzt wird. In diesem Graben haben die Deltaablagerungen einen
mächtigen Schwemmfächer gebildet. Die Oberflächentopographie ist über das ganze Ge-
biet des Deltas sehr flach und die darunter liegenden Gesteinseinheiten sind fast voll-
ständig durch Sedimente verdeckt. In einer solchen Umgebung Untergrundinformationen
zu gewinnen, ist mit grossem Aufwand verbunden. Anhand von Erderkundungssatelliten
und Luftbildaufnahmen können Kenntnisse über die Oberfläche und zum Teil über die
obersten Millimeter des Bodens erhalten werden. Herkömmliche Erkundungsmetho-
den wie Bohrungen sind nicht nur Zeit- und Ressourcenaufwendig, sie sind auch wenig
geeignet wenn es darum geht, die unberührte Natur des Deltas zu erhalten. Es besteht
deshalb das Bedürfnis, Fernerkundungsmethoden einzusetzen, die Erkenntnisse über den
Untergrund liefern können.

Die vorliegende Doktorarbeit ist auf die integrierte Nutzung von Fernerkundungsdaten
der Bereiche Magnetik und Elektromagnetik sowie gravimetrische Bodenmessungen aus-
gerichtet, mit dem Zweck hydrologische Karten der unberührten Feuchtgebiete des Oka-
vango zu erstellen. Ein Ziel ist es, die Geometrie des unter dem Oberflächenwassernetz
liegenden Grundwasserleiters zu erforschen. Oberflächen- und Grundwassersysteme sind
gekoppelt, sodass die hydrologische Modellierung nur eines Systems, ohne Berücksichti-
gung des anderen, nicht möglich ist. In früheren Arbeiten wurde geschätzt, dass jährlich
ungefähr 300 000 Tonnen Salze im Deltasystem abgelagert werden. Weil im oberflächen-
abflusslosen Deltasystem hohe Verdunstungsraten herrschen, die Oberflächengewässer
jedoch frisch sind, muss ein Teil der Salze in tiefere Lagen des Grundwasserleiters ein-
dringen, um den Salzgehalt stabil zu halten. Zusätzlich zum bekannten Mechanismus
der Ablagerung von Salzen an den unzähligen Inseln, die über das ganze Feuchtgebiet
verstreut sind, werden andere Mechanismen der Salzablagerung untersucht.

Magnetische Messungen vom Flugzeug aus und gravimetrische Bodenmessungen zeigen,
dass die Mächtigkeit des Grundwasserleiters durch geologische Strukturen beeinflusst
ist und einen mittleren Wert von 180m hat. Der Grundwasserleiter ist im Okavango
Graben mächtiger und in den begrenzenden Horst Strukturen dünner. Die berech-
nete Mächtigkeitsverteilung des Grundwasserleiters fliesst in ein Hydrologisches Model
des Deltas ein, das die Auswirkungen von Klimawandel- und Wasserwirtschaftszenar-
ien auf das Feuchtgebiet simuliert. Anhand des Models kann gezeigt werden, dass
durch Erdbeben ausgelöste Veränderungen der Topographie eine wichtige Rolle in den
beobachteten Verschiebungen der Oberflächenwasserflüsse gespielt haben könnten. Dies
wurde gezeigt, indem der tektonisch aktivste, nordöstliche Block und der Panhandle um
lediglich 30cm in südwestliche Richtung gekippt wurden und die Auswirkung dieser Be-
wegung auf die räumliche Verteilung der Überflutungshäufigkeit simuliert wurden. Eine
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durchschnittliche Zunahme der Überflutungshäufigkeit von 20 % kann in den südwest-
lichen Teilen des Deltas beobachtet werden. Jedoch scheinen, wie schon in früheren
Studien erwähnt, kleinräumige Grabenentwicklungen einen grösseren Einfluss zu haben
als grossräumige Setzungen.

Aus dem gemessenen elektromagnetischen Datensatz kann der elektrischen Wider-
stand des Untergrundes abgeleitet werden. Anhand dieser Daten konnte gezeigt werden,
dass die unzähligen Inseln des Feuchtgebietes die Möglichkeit bieten, dass sich durch
Evapokonzentration von Salzen unter den Inseln Dichteströmungen bilden, durch die
letztendlich Salze abgeleitet werden. Diese Erkenntnis hebt die Wichtigkeit hervor, die
durch die Anzahl an Inseln beeinflusste gesamte Länge der Uferlinie zu erhalten. Die
Arbeit mit diesem Datensatz hat auch die wahrscheinlich ursprüngliche Lage des Deltas
enthüllt, als es bis zu einem Graben oberhalb des Kunyere-Thamalakane Bruchsystems
reichte, ähnlich wie das heutige Delta bis zu weiter entfernten Verwerfungen reicht. Die
Werte des elektrischen Widerstandes deuten auf die ursprüngliche Lage als Frischwasser
enthaltende Ausdehnung im Grundwasserleiter hin. Nach oben wird dieses ursprüngliche
Delta durch Ablagerungen mit tiefen Widerstandswerten, höchstwahrscheinlich Lehm
oder lehmige Sande, begrenzt. Bohrlochdaten bestätigen feinkörnige, Frischwasser en-
thaltende Ablagerungen, die mit Lehm überlagert sind. Diese Struktur wird auch als
Proto Okavango Delta bezeichnet.

Die Resultate, die aus dem elektromagnetischen Datensatz gewonnen werden kon-
nten, können in Zukunft für Arbeiten zum weiteren Verständnis der Dynamik der räum-
lichen Verteilung der Salinität benutzt werden. Ein hydrologisches Modell wurde in einer
zweiten Doktorarbeit entwickelt und könnte auch für die Modellierung von Stofftrans-
port eingesetzt werden. Weiterführende Forschung in Richtung Stofftransport ist daher
keine unüberwindbare Aufgabe.
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1 Introduction

1.1 General Perspective

The waters that feed the Okavango Delta originate from the highlands of southern An-
gola, pass through the northern part of Namibia before finally terminating into the
Okavango Delta in the northwestern part of Botswana, (see Figures 1.1 and 1.2). In
view of this, the three riparian states established a permanent Okavango River Basin
Commission (OKACOM) to coordinate and collaborate on the sustainable management
of the basin’s resources. The agreement establishing OKACOM specifically advocates
for the use of Agenda 21 principles in natural resources management and acknowledges
the Helsinki rules on the use of international waters. The Okavango Delta was also de-
clared a Ramsar and World Heritage site in 1997. Hence there is a need for a prudent
management plan for this wetland system as required by the Ramsar convention. The
government of Botswana has therefore in collaboration with the Ramsar Bureau formed
an organ called the Okavango Delta Management Plan (ODMP), tasked with the for-
mulation of an integrated management plan for the Delta. The outcome of the ODMP,
would be fed into the OKACOM process as Botswana’s plan to utilise the Delta’s re-
sources and thereby assist the decision-making processes as they relate to the entire
basin. An integrated hydrological model is one aspect that will facilitate these decisions.

Prudent water resources management inevitably calls for the use of tools that can
be applied to simulate and evaluate the impact of both the envisaged implementation
scenarios and natural factors. Depending on the scale of the investigations, appropriate
tools are used and in most cases integrated hydrological models are exploited. Hydro-
logical models are simplified mathematical models that approximate, more often than
not, complex natural systems and are notoriously short of distributed data. This leads
to non-uniqueness in parameter estimation and models without predictive power. The
dictates of this caveat are that the conceptual models should, albeit their simplicity, be
robust enough to adequately describe the natural system.

Due to the vastness and remoteness of our project area, we have adopted a strategy
that exploits remotely sensed data in understanding and modelling the hydrologic system
of the Okavango Delta. Our approach is well suited for any large scale hydrological
modelling effort, more especially in regions with weak infrastructure typical of developing
countries. These data include: airborne geophysical and satellite data sets such as
geomagnetic, electromagnetic, multi-spectral and digital elevation data.

7



8 1.1 General Perspective

Figure 1.1: Location map

Figure 1.2: Location map of the study area. Inset shows map of Southern Africa and the
blackbox marks the study area.
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1.2 Background Information

The Okavango River Basin is the second largest river system in southern Africa, cover-
ing approximately 410,000 km2 in Angola, Botswana and Namibia, and is home to more
than 1.2 million people. It terminates in the Okavango Delta, a 30,000 km2 inland delta
in Botswana that hosts a world-renowned nature reserve. The hydrology of the Delta
has been studied and modelled fairly extensively over the last twenty five years ( see
Milzow et al. 2008). This work continues, because it is important to understand param-
eters that control the hydrology of the region, particularly with respect to significant
upstream changes (e.g. dam building, droughts). In order to improve the quantitative
understanding of flooding and salt-transport processes in the Okavango Delta, the Insti-
tute of Environmental Engineering of the Swiss Federal Institute of Technology Zurich
(ETH) embarked on a two-phased research project in a joint venture with the Ministry
of Minerals, Energy and Water Resources (MMEWR) in Botswana. MMEWR was rep-
resented by the Department of Water Affairs (DWA) in the first project phase, its main
role being to provide logistics (transport and some personnel) during field trips. The
Department of Geological Surveys (DGS) in the same ministry played a crucial role in
the second phase of the project by providing the required geophysical data.

The first phase was completed through a PHD thesis by Peter Bauer (2004). It
focused on building a spatially integrated hydrological model of the Okavango Delta.
This was a departure from the existing box models implemented by previous workers
(e.g Gieske 1996). In this first approach,except for topography, spatial heterogeneity
of model parameters was entirely neglected. Nevertheless, the general characteristics
of the flooding dynamics could be reproduced and the result achieved was a major
breakthrough since for the first time different scenario impacts could be quantitatively
evaluated (e.g. upstream dam construction, dredging, climatic changes, etc.) Discrep-
ancies between observations and model outputs were most probably due to assumption
of spatial homogeneity of most aquifer parameters.

The second phase of the Okavango Research at ETH commenced in 2004 and was
devoted to the further development and improvement of the Phase 1 model. The focus
was on the integrated application of remote sensing data (primarily, satellite-based im-
agery and airborne geophysical data) for determining the necessary distributed model
parameters. The latter aspect (airborne geophysics) forms the focus of this thesis work.
Here we use aeromagnetic data complemented by ground-based (airborne facilitated)
gravity data in structural mapping of the project area and determining the distributed
thickness of the aquifer of interest, the Kalahari sediments. Structural mapping in com-
bination with seismic activity of the area provides insights into the potential influence of
neotectonic movements on the surface flow regime. Airborne electromagnetic surveying
of the delta allows us the opportunity to map the spatial distribution of salinity and also
verify on a large scale, the phenomena of density fingering of salt into the deeper aquifer
below the numerous islands. Density fingering and salt encrustation on the surface are
mechanisms for salt removal from the system, thereby allowing the channels to supply
fresh water for consumption by both the local population, livestock, wildlife and the
tourism industry. Given the spectrum of users,conflicts on shared water use are bound
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to arise even at a local scale.

1.3 Approach.

Our approach in Phase II of the project was two pronged, whereby one student tackled
the geophysics while the other one implemented the hydrological modelling part. The
first part of the geophysics work concentrated on understanding the aquifer configuration
from aeromagnetic and gravity data sets. These data sets were already available from
DGS and as such the task was to perform relevant processing procedures to derive the
envisaged products. The parameters derived included a detailed structural map and the
distributed thickness of the aquifer. The latter went into the model as a direct input
whereas the former helped in understanding the potential influence of fault movements
on the surface flow regime. An evaluation was then carried out using the flow model
to quantitatively evaluate the difference between assuming a constant aquifer thickness
and that of the estimated distributed one. We used the spatial distribution of flooded
area and the timing of flooding events at a certain location as the parameters for this
evaluation. An evaluation was made on whether there was a widespread change in river
channel morphologies across the mapped faults in order to draw a conclusion on whether
neotectonic movements could have played a possible role in the shifting of river channels.
The distribution of seismic events also provided valuable information on this aspect. A
recommendation was made to the modeler as to how to simulate the effects of these
movements on the spatial distribution of flooding.

The second part of the geophysics work was to design and source funding for the ac-
quisition of AEM data over the Delta for salinity distribution mapping. The survey was
only executed towards the end of our Phase II Project due to unforeseen technical and lo-
gistical problems. The data acquisition started in July 2007 and was completed near the
end of December 2007. Thereafter commenced the data processing phase which spanned
from February 2008 and came to completion in July 2008. The work was contracted to
Geotech Airborne (Pty) Ltd of Canada in a joint venture with COWI A/S of Denmark.
This author took an extensive part in data processing and inversion. Our immediate goal
as far as salinity mapping is concerned was to map the saline-to-fresh water interface
and investigate on a large scale the phenomena of salt fingering below islands. Zones
of fresh groundwater basically delineate areas of active groundwater recharge and hence
they are indicative of strong coupling between the surface and groundwater systems.
Therefore these are areas of high leakage

1.4 Thesis structure and content

This thesis is concerned with the application of airborne geophysics in large scale hy-
drogeological mapping. We do not claim any technical innovations because we simply
make use of tools that are available in the industry. What is perhaps different or rather
exciting is the application of these methods in an area known worldwide for its pristine
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nature and hence a renowned tourists’ attraction site. It has become a battleground for
scholars worldwide, both in the fields of earth and social sciences. This is evidenced by
a large amount of publications on the Okavango Delta in the last 25 years (see Milzow
et al. 2008). We lay claim to a stake in this battlefield by slicing through the ground
applying geophysical methods to provide images of the subsurface.

The focus is not to repeat the theories that are well known in the literature, but rather
to concentrate on the practical applications. Relevant references in the literature are
provided for detailed theories and practices on these methods. Nonetheless, we will give
a general perspective of the methods in Chapters 2 and 3. Chapter 2 gives an overview
of both the magnetic and gravity methods. We do not go into the mathematical theories
behind these methods, but rather focus on the general procedures of processing the data
sets to derive the desired products. We also do not go into the detailed procedures of
data acquisition, the main reason being that we did not carry out the surveys but used
the data that were already available.

Chapter 3 provides an overview of the electromagnetic method (EM). In this chapter,
we will give some basic principles and mention briefly some theoretical aspects without
necessarily reneging on the promise we made of not treating mathematical details. We
formulated the EM project and saw it through to completion. Accordingly, we will treat
it in more detail than the magnetics and gravity methods. The issue of data inversion
will be deferred until chapter 5 where we explain the applied inversion procedure.

Chapter 4 is dedicated to the structural mapping of the Okavango Delta using airborne
magnetics and ground-based (airborne facilitated) gravity data. This is done in order
to understand the configuration of the Kalahari sediments, which form the aquifer of
interest in our hydrological modelling efforts. The spatial distribution of the aquifer
thickness (a direct input into the model) is estimated here. We also wish to understand
the possible role of neotectonic movements on the surface water flow regime. A composite
map of the spatial distribution of seismic events over the delta, lineaments and the river
network facilitates this endeavour.

Chapter 5 looks into the spatial distribution of salinity over the Delta. We do not
measure salinity from AEM survey but rather infer it from the electrical resistivity of the
ground, which in itself is an inversion product of the measured EM response (voltage)
of the ground. This chapter will first look into how the data were acquired and then
into the inversion procedure required to derive the electrical resistivities. Our approach
to salinity mapping was to derive its spatial distribution and then investigate whether
there is a widespread occurrence of salt fingering into the aquifer below the islands.

Finally the concluding remarks are given in Chapter 6.



2 Magnetics and gravity methods

A historical perspective of both the gravity and magnetic methods is documented in re-
view papers by Nabighian et al. (2005a) and Nabighian et al. (2005b). These two reviews
include background information on basic principles, instrumentation, applications, data
processing and case studies. Many reference papers dealing with special issues can be
found in these reviews. Blakely (1996) is a classic textbook on potential field theory
as applied to gravity and magnetic methods, whereas Buttkus (2000) covers spectral
analysis and filter theory in applied geophysics. Telford et al. (1990) present examples
on the theoretical magnetic and gravitational responses of simple body geometries in
space domain. Purucker and Whaler (2006) is also an excellent review on the magnetic
method. Below, we only summarise salient points to give a general understanding of the
methods.

2.1 Basic principles

The magnetic method maps spatial variations of the magnetic field strength of the
subsurface. This variation owes its existence to differences in the amount of the magnetic
minerals (mainly magnetite) present in each rock type. The measured magnetic signal is
a composite response of the earth’s dynamo field and its interaction with the magnetic
crustal rocks (i.e., we mainly measure the induced field). Rocks may also have remanent
magnetisation that they acquire during their crystallisation, in which case the signal
becomes complicated and certain measures must be taken to account for the effect of
the remanent component (if it is measured). All rocks lose their magnetism above the
Curie temperature (about 550° C on average) which occurs at about 20-25 km below
ground level in stable continental regions(Purucker and Whaler 2006; Cook et al. 2003.

In general, sedimentary rocks have such low magnetic susceptibilities compared to
both igneous and metamorphic rocks that it is often assumed in the interpretation pro-
cess that they are transparent to the magnetic method. However iron-rich chemical
sediments like banded iron formations (BIF) and immature clastic sediments with abun-
dant magnetite detritals are magnetic. Metamorphism may also bring marked changes in
rock properties;the situation depends on the composition of the protolith and pressure-
temperature-time path of the metamorphic processes. Hydrothermal alterations often
lead to the destruction of magnetite, making an initially magnetic rock nonmagnetic.

The ultimate goal of aeromagnetic surveys is to acquire a magnetic field anomaly (4T ,
measured in units of Tesla) map from which the earth’s dynamo field and the external
fields caused by solar-terrestrial interactions have been removed. The external fields are
known as diurnal variations. They are removed based on base-station monitoring within

12
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the survey area and other techniques, such as least-square minimisation by fitting low or-
der polynomials to mis-tie readings at different locations within the survey area(Mauring
et al. 2002; Saul and Pearson 1998. The earth’s dynamo field is represented by the In-
ternational Geomagnetic Reference Field (IGRF) which is estimated for the whole globe
at five year intervals. The necessary calculations are performed through a spherical har-
monic analysis of readings obtained from global ground-station monitoring and satellite
observations (Blakely 1996; Purucker and Whaler 2006). The procedure involves de-
riving an equation that describes the potential field based on discrete measurements on
a sphere and then use this equation to interpolate field values at intermediate points.
Legendre Polynomials (within the interval -1 to 1) are used as a set of orthogonal basis
functions for decomposing the observed signal ((Blakely 1996)).

The gravity method maps spatial variations of the earth’s gravitational acceleration
g(in units of cm/s2 or Gal). This acceleration arises because of the gravitational force
that attracts all matter to the Earth; it is an example of the general phenomenon of
attraction between any masses based on Newton’s Law of attraction between two point
masses. In conventional gravity surveys, only the vertical component gz of the field is
measured and the signal so measured is a composite of many factors nicely summarised
by Blakely (1996) (the names of the corresponding corrections are shown in parentheses):

� observed gravity gz =

� attraction of the reference ellipsoid

� elevation effect above sea level (free air)

� + mass above sea level (Bouguer and terrain)

� + temporal variations due to tides (tidal)

� + effect of moving platform (Eötvös)

� + isostatic effects below mountains (isostatic)

� + crust and upper mantle density variations

We seek to isolate the last effect (density variations) such that all other effects are
corrected for. Crustal-effect anomalies are many orders of magnitude less than the
gravitational attraction of the earth. They are dominated over by elevation effects.
Hence, measurements must be done with great care if we are to basically ’pick a needle
in a hay stack’. Just like in magnetics, except BIF’s, sedimentary rocks are generally
less dense than mafic rocks. Metamorphism of sedimentary rocks (more especially when
metamorphosed to high grade facies) may lead to increases in density that may surpass
those of crystalline rocks.
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2.2 General data processing procedures.

A number of papers have recently been published in which reference is made to the use
of high resolution aeromagtic data in facilitating the geological understanding of the
studied areas. In some instances, the use of geophysical images was simply mentioned,
whereas in others, high end geophysical images were presented without elucidating on
the mechanisms of obtaining such images. Our focus is to fill this gap in order to provide
the reader with a balanced view of what goes on between the pre-processed geophysical
data and the much sought-after high end products (geological maps) that are derived
from them, (i.e., revealing the contents of the intervening black-box).

In the past days, operations were done pretty much in a manual manner, since com-
puter usage was not yet advanced enough to implement the tools that facilitate the
processing and interpretation of potential field data in a raster format, even though the
mathematical basis for such tools had long been established. The tendency was, there-
fore, to interpret manually contoured data maps and/or stacked profile data plotted on
maps. This type of presentation did not provide maximum utilisation of the data as
compared to modern techniques that came to birth mainly because of the revolution
in the Geographic Information System (GIS) industry. GIS is the core platform that
allows easy integration of different data sets (both raster and vector) in order to reap its
maximum benefit.

Many commercial software packages are available for data processing on an integrated
GIS platform. We handled all processing using Geosoft’s Oasis Montaj v7.1, because it
has at the same time all the image processing tools and geophysical filters that we needed.
Although many interpolation techniques for rasterising/gridding data are available, the
preferred techniques in geophysical work are minimum curvature and bi-directional spline
gridding. Minimum curvature normally works best for irregularly sampled data and
when spatial resolution is low. Bi-directional gridding works better for high spatial
resolution data collected on a regular grid, as it is the case in airborne surveys (Billings
and Richards 2000).

Gridding data paves the way for application of filters since filtering requires evenly
spaced data points. Application of filters is very much dictated by the data quality and
therefore thorough inspection must be done to decide on further steps in processing (see
Billings and Richards 2000). The most obvious problem is noise that usually appears
at high frequencies in the data. The norm is usually to use moderate low-pass filters
to reduce it before carrying out more sophisticated filtering procedures. This helps to
minimise the problem of noise accentuation when applying edge enhancing filters like
derivative filters.

Potential field signals are a composite response from sources at different crustal levels.
The signal strength is inversely proportional to some power of the source-sensor distance
and its shape depends on the source geometry and the field under investigation (e.g.,
magnetic response of a shallow dipping dike). On this basis, it is intuitive that the
application of vertical derivative filters will enhance the influence of shallow sources. It
is generally the case that deeper sources exhibit long wavelength signals, whereas the
converse is true for shallow sources. Separation of sources from different crustal levels
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based on wavelength or wavenumber then becomes the objective. A word of caution here
is that a deep-seated source of small dimensions can actually give the same anomaly as a
broad shallow seated source, hence separation of anomalies on the basis of wavenumber
is never a perfect procedure. A description of spectral analyses of potential fields for
separating sources is given by (Spector and Grant 1970). Spectral decomposition is
basically devoted to detecting and estimating the presence of specific frequencies within
the signal. The classic Fourier Transform becomes the natural choice by which we
perform this process.

We summarise the Fourier Transform technique below. Detailed information can be
found in Spector and Grant (1970), Harris (1978), Sheriff and Geldart (1995), Blakely
(1996), Billings and Richards (2000), Buttkus (2000),Billings et al. (2002). In particular,
Billings and Richards (2000) is quite an informative paper on application practicalities.
The classic Fourier Transform technique deals with continuous functions, whereas in
reality we deal with digitised functions, hence we must resort to the Discrete Fourier
Transform (DFT) technique. This inherently implies that the signal is periodic within
the survey space; a requirement that is never fulfilled. However there are mathematical
techniques that are applied to mimic periodicity within the limits of the survey area, (see
Billings and Richards 2000). Interpolation of data to a regular grid makes it possible to
exploit the Fast Fourier Transform algorithm to minimise computational time.

Given data interpolated onto an N ×M spatial grid with cell spacings of 4x and 4y
in the x- and y-directions respectively, the DFT is calculated on an N ×M frequency
grid with spacings of 4u = 1/N 4 x and 4v = 1/M 4 y. Data elements fmn in the
space domain for the n-th row and m-th column are transformed through 2D-DFT onto
frequency domain elements Fjk for the j-th row and k-th column:

Fjk = ∆x∆y

N/2∑
n= N

2
+1

M/2∑
m= M

2
+1

fmn exp
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−2πi

(
jn

N
+
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M

)]
(2.1)

where i denotes
√
−1.

The Inverse 2D-DFT(2D-IDFT) is then:

fmn = ∆u∆v
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2
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M/2∑
k= M

2
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Fjk exp
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(
jn

N
+
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M

)]
(2.2)

Sampling theory dictates that the maximum wavenumbers that can be sampled in a
grid are determined by the Nyquist relationship given by umax = 1/24 x and vmax =
1/24 y. Wavenumbers higher than those given by the Nyquist relations will fold back
into the spectrum at values, a phenomenon known as aliasing. Care must be taken right
from the design of the survey to choose optimal sampling intervals given the budget of
the survey. Reid (1980) gives guidelines for such undertakings. An optimally designed
sampling interval is not a panacea for aliasing problems unless we exercise care when
doing data interpolation, (see Billings and Richards 2000). For example, interpolating
the data on to a grid with an overly wide interval will result in signal aliasing, whereas
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using very small grid intervals results in high frequency artifacts across lines and will
impact negatively on high-pass filters. It has been found through spectral analysis that
the optimum grid interval is 1

3
to 1

4
of the line spacing.

Application of linear filters in the wavenumber domain is a simple multiplication of
Fjk with the Fourier Transform of the desired filter and then using Equation (2.2) to
transform the product back into the space domain. Although the simplicity of this
technique makes it quite attractive, there are problems associated with it (see Billings
and Richards 2000), some filtering processes are better performed in the space domain
where the process involves simple convolution of the gridded data with the desired fil-
ters. For example, horizontal derivatives are best achieved using simple finite-difference
techniques, a more stable process than Fourier Transformation.

2.3 Description of filters

There are quite a lot of filters that can be applied to the data depending on the needs.
Filtering in itself can cause a lot of artifacts in the data. The worst culprits being the
so-called edge enhancing filters (e.g., derivative filters) since they can enhance any noise
that is inherent in the data. Applying a highly mathematically complex filter to achieve
a purpose that can easily be gained with a simple filter or no filtering at all does not
serve much purpose. Below, we summarise the filters applied to the data in order to
map structure. We first define the following terms to facilitate this process:

� kx = 2π/λx (angular wavenumber in the x-direction-[radians][L-1]).

� ky = 2π/λy (angular wavenumber in the y-direction-[radians][L-1]).

� λ (wavelength [L])

� F [T ] (Fourier transform of a function T ).

One important thing to mention is that gravity and magnetic fields obey Laplace’s
equation outside the source regions:

∂2ϕ

∂z2
= −

(
∂2ϕ

∂x2
+
∂2ϕ

∂y2

)
. (2.3)

for a potential function ϕ(x,y).
This equation has several uses in potential field theory.

2.3.1 Derivative Filters

Horizontal derivatives are easily calculated in the space domain using finite-difference
methods. They are also attainable in the Fourier Domain using the differentiation prop-
erties of Fourier Transforms. We follow the work of Blakely (1996), because it makes
it easier to comprehend what each filter does to the data given the above definitions of
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angular wavenumbers. The nth horizontal derivatives of a function T (x, y) measured on
a horizontal plane are given as:

F

[
∂nT

∂xn

]
= (ikx)

n F [T ] (2.4)

F

[
∂nT

∂yn

]
= (iky)

n F [T ] (2.5)

The nth vertical derivative is derived a little bit differently by Blakely (1996) and is
given by:

F

[
∂nT

∂zn

]
= |k|n F [T ] (2.6)

where |k|n = n

√
kx + ky.

We can derive the second vertical derivative by taking the Fourier transform of the
Laplace equation with the help of invoking Equations (2.4) and (2.5) to calculate the
second horizontal derivatives and substituting for them in Equation (2.3).

We see from the wavenumber definition that these filters accentuate high wavenumber
(short wavelength) signal sources in addition to enhancing their edges. Derivatives will
amplify noise as well and therefore it is advisable not to go further than the second-order
derivative unless the data is absolutely clean; a feat hard to fulfill in practice. In case of
obvious noise in the data, a low-pass filter like an upward continuation (see below) by
one or two grid cell sizes can be applied to the data.

The horizontal derivatives as given above are hardly used for final image products.
They are instead used to derive more popular edge enhancing filters, such as the total
horizontal gradient (HG) and the total derivative or the so-called 3D amplitude of the
analytic signal, 3D-|A|:

HG =

√√√√(∂T
∂x

)2

+

(
∂T

∂y

)2

(2.7)

|A| =

√√√√(∂T
∂x

)2

+

(
∂T

∂y

)2

+

(
∂T

∂z

)2

(2.8)

These two filters have the nice property that they form bell-shaped peaks directly over
the vertical edges of a body source. The peaks will be displaced away from the edges
depending on the amount of dip. A “trick” normally employed in checking whether a
body is dipping is to upward-continue the data for a number of increasing distance values
and calculate the horizontal gradient each time to see whether the peaks migrate away
from the center of the body. The two peaks may coalesce for thin bodies (see MacLeod
et al. 1993; Blakely 1996). Faults or shear zones are normally thin zones of crushed rock
and therefore will be enhanced in the same way by these filters. Issues dealing with the
mathematical shortcomings of the 3D-|A| as defined above can be found in Li (2006)
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and Haney et al. (2003). The bone of contention here is that the 3D-|A| has for a long
time been used in the geophysical community as a simple extension of the properties of
its 2D equivalent; in that it is independent of all possible inclinations and declinations
of the magnetic field (i.e. for both the inducing and source fields). Haney et al. (2003))
indicate that this is only true if data were first reduced to the pole (explained in the
following section). We have followed this approach to minimise the asymmetrical nature
of magnetic anomalies in our study region.

2.3.2 Other filters.

Enhancing deep sources can be achieved by using an upward continuation filter, which
transforms the field to a horizontal plane higher than that of the plane of acquisition.
Blakely (1996), Buttkus (2000) and Purucker and Whaler (2006) show that this process
is achieved by multiplying the Fourier Transform of the field by an exponential term,
e−∆z|k| , where ∆z > 0 is the vertical distance of upward continuation. We see that it
attenuates high wavenumber signals (i.e., due to shallow sources) with increasing level of
continuation. The multiplication term is a real function that imparts no phase changes
to the data.

In gravity surveys, we measure the vertical component of the field, the shape of which
is always centered about the maximum density concentration. In magnetic surveying,
there is an added complexity in that the shape of the field is not only influenced by the
distribution of magnetisation but also by the direction of the inducing field. To achieve a
symmetrical response requires that both the inducing field and magnetisation directions
be vertical, failure of which the anomaly will be laterally shifted, its shape distorted
and at worst its sign reversed. This scenario manifests itself in a bipolar nature of the
signal away from the earth’s magnetic poles where the inducing field is vertical. This can
cause a lot of complications in data interpretation, whereby there is always a negative
lobe to every positive lobe. This poses the danger of mistaking all positive-negative
magnetic anomaly contacts as faults for example. Circumventing this to some extent
is achieved by reducing the anomaly to the magnetic map to the poles (Blakely 1996;
Buttkus 2000; Haney et al. 2003). The idea is to simply transform the data to the poles
where the inducing field is vertical for the same magnetisation distribution and hence
produce simple symmetrical anomalies. The filtering is known in geophysical literature
as reduction to the pole (RTP). Remanent magnetisation will always add complexity in
these transformations and that is why it is sometimes better to take the 3D-|A| of the
RTP image.

Bandpass filtering as the name implies involves retaining a signal within a certain
wavenumber or frequency interval. We found this to be very helpful in mapping regional
lineaments from gravity data. Applying a simple bandpass filter did not work for the
magnetic data since it introduced some ’ringing’ noise in the data, the so-called Gibb’s
phenomena.

Enhancing anomalies in a certain direction without necessarily removing anomalies
trending in other directions can be achieved by what is known as shaded relief images.
It can be explained in lay terms as illuminating the relief image of the data with some
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light source at certain azimuth and dip angles of interest. Surfaces that face the light
source will be highly illuminated, whereas those facing away will receive no light and
those in between will receive their commensurate share of the light. Mathematically,
relief shading can be defined as taking a dot product between the vector pointing to
the illumination source and the normal to the local surface of the data. In this way,
structural patterns in the light source direction are enhanced. We have applied this
filtering technique quite a lot in our image processing to enhance lineaments in almost
every image. The other edge enhancing filters that we found quite useful are a form of
normalised first vertical gradient described by Miller and Singh (1994) as the tilt-angle
derivative (TILT) and the normalised horizontal gradient of Cooper and Cowan (2006)
called the TDX-filter.

Tilt = tan−1
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The Tilt and TDX filters have the nice property that their amplitudes are normalised
hence they respond approximately equal to both shallow and deep sources, unlike the
HG-filter that responds better to shallow sources. The Tilt-filter will have maxima over
the sources and zeroes at or near the edge where the vertical derivatives are zero and
the horizontal gradient is maximum, becoming negative away from the source regions
(Cooper and Cowan 2006). One can, therefore, map the zero contour line for locating
contacts of tabular bodies. On the other hand, the TDX filter will have maximum at
the edges. These two filters can be used in conjunction to map contacts. They will also
work quite well for mapping regional faults and shear zones which have the tendency to
cut the basement rock into distinct tectonic zones.



3 Time Domain Electromagnetic
Method (TDEM)

3.1 Overview

Electromagnetic methods involve measuring and analysing the earth’s response to elec-
tromagnetic fields. The fields exploited may either be from an active or passive source
and the technique is completely non-invasive. The target of exploration (e.g, geological
mapping or mineral prospecting) dictates the types of methods to be used, the instru-
mentation and the ground energising frequencies. Field conditions (e.g, accessibility and
noise levels) will impose constraints that will further refine the choice of techniques to
be used.

The frequency domain electromagnetic method (FDEM) was the first to be used in
exploration geophysics. In this method, the ground is energised with an alternating
current (a.c) oscillating at a particular frequency through an ungrounded loop located
either on or above the ground. The primary current will induce eddy currents to flow in
conductors present within the practical depth of exploration. Generally, high frequencies
and small transmitter-receiver separations are used to explore the shallow subsurface,
whereas low frequencies and large transmitter-receiver separations are used for deep
exploration. The induced secondary field is measured at the receiver in the presence
of the primary field. The primary field is usually orders of magnitude higher than the
secondary fields, making it difficult to separate the two. This is what led to the advent
of using time domain electromagnetic method (TDEM), whereby the secondary field is
measured in the absence of the primary field (Nabighian and MacNae 1991. In this
method, the current is made to flow through a loop for a short period (usually some
few milliseconds) and then abruptly terminated to allow for measurements to be made
during the off-time. The instruments may either be on the ground or airborne as in the
case of FDEM.

The TDEM method has traditionally evolved along two parallel modes of exploration,
transient electromagnetic sounding and prospecting. In the sounding technique, the
target is treated as a half space or layered earth and the theoretical assumption is
that there are no finite conductors present. The subsurface layering is assumed to be
near horizontal to perfectly horizontal. In practical terms, this would mean that the
electrical conductivity of the ground varied only in the vertical direction, thus allowing
1D inversions to be performed. Stitching the inverted 1D models along survey profiles
gives the interpreter a 2D perspective of ground conductivity variations and hence the
ability to better resolve geology. The technique is used primarily for delineating layered

20
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earth structures in geological mapping, metallic mineral and groundwater exploration
(e.g, salinity mapping).

The basic assumption behind the so called ’ prospecting mode’ is that the target is
considered to be one or more confined conductors embedded in a resistive host rock.
By its nature, a perfect resistor gives no EM response and therefore the host rock has
little influence on the electromagnetic propagation of applied fields. This is equivalent to
the existence of conductors in free space in mathematical formulations of the problem.
Prospecting surveys are optimised for the detection of these conductors and the emphasis
is on lateral variations of electrical conductivity. Mathematical modeling of such targets
assume simple shapes such as plates, prisms or spheres to approximate geological targets
such as weathered faults/shear zones, massive sulphide deposits or cavities in dolomitic
areas.

In reality, most geological environments hardly ever conform to the assumptions in-
herent in these exploration modes. It is therefore the duty of the practicing geophysicists
and geologists to thoroughly inspect the measured data and with the help of available
geophysical tools and geological information, delineate areas where different assumptions
are approximately true within the survey area. In a nutshell, the governing principle in
the two modes is the same, what differs is mainly the EM response given the underlying
geology.

A more sophisticated approach inverting EM data is described in Chapter 5.

3.2 Elementary EM theory

The key to comprehending the bases and the interpretational techniques of electromag-
netic methods lies in the empirical equations of Maxwell. These are first-order linear
differential equations that when expressed in their conventional form do not show obvi-
ous relationships between the EM fields and the subsurface’s electrical properties. They
are therefore coupled with what are known as the constitutive equations to easily see
such relationships. After this coupling, the objective then is to solve a boundary-value
problem.

For most earth problems, the following assumptions are made in solving these equa-
tions:

� isotropy

� homogeneity

� linearity

� time-pressure-temperature independence of the electrical properties of the subsur-
face.

A solution for a more complicated earth structure is achieved by juxtaposing regions
meeting the above assumptions and matching the solutions at the prescribed bound-
ary conditions (Ward and Hohmann 1988). The development of boundary conditions
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is achieved through the equivalent integral forms of Maxwell’s equations (see Ward and
Hohmann 1988). We deal with time domain applications and therefore we will put more
emphasis on summarising the elementary EM theory in the time domain and where
appropriate we will make a distinction. This process will be facilitated by using lower
case bold-faced and lower case normal letters respectively for vectors and their associ-
ated intensities in the time domain. Upper-cased letters will be used for the equivalent
quantities in the frequency domain.

Maxwell’s equations define EM fields in a domain of basically five vectors, e, b, d, h,
j, where

� e is the electric field intensity [V/m].

� b is the magnetic induction [Wb/m2 or Tesla].

� d is the electric displacement [C/m].

� h is the magnetic field intensity [A/m].

� j is the electric current density [A/m2].

Maxwell’s equations are then defined as:

∇× e = −∂b
∂t

(3.1)

∇× h = j +
∂d

∂t
(3.2)

∇ • b = 0 (3.3)

∇ • d = φ (3.4)

where φ is the electric charge density in [C/m3].
Equation (3.1) is Ampere’s law and represents the fact that electric fields result from

time-varying magnetic induction fields. Equation (3.2) is Faraday’s law of induction
which says that magnetic fields are caused by electric current flow. The first term (j) in
Faraday’s law is the ohmic current whereas the second one is the displacement current
that results due to charge separation. To relate Maxwell’s equations to the electrical
properties of the earth, the frequency domain constitutive equations are required:

J = σE (3.5)

D = εE (3.6)

B = µH (3.7)
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.
Equation (3.5) is the well known Ohm’s law relating current density to the electric field

intensity through the electrical conductivity σ [Siemens/m] of the medium. In Equation
(3.6), we see a relationship between the electric field and the displacement through
another property of the medium known as the dielectric permittivity ε [Farads/m]. The
last equation (3.7), relates the magnetic field strength and the magnetic field induction
through the magnetic permeability µ [H/m]. The magnetic permeability is the basis for
magnetic methods in exploration geophysics, but as we see here, it is also important in the
electromagnetic field methods. The electrical permittivity and the magnetic permeability
have free space values of ε0 = 8.854 × 10−12 [Farads/m] and µ0 = 4π × 10−7 [H/m]
respectively.

Conductivity, dielectric permittivity and magnetic permeability are generally all ten-
sors that depend on angular frequency (ω = 2πf , where f is the frequency in Hz),
temperature (T ), pressure (P ) time (t), and position (r). However the assumptions
of linearity, homogeneity, isotropy of the subsurface and independence of the electrical
properties from pressure, time and temperature simplifies the analysis. In most cases,
magnetic permeability is assumed to be equal the magnetic permeability of free space.

Coupling of the conventional Maxwell’s equations with the constitutive equations and
performing a series of algebraic operations aided by vector identities leads to the following
second-order combined wave-diffusion differential equations:

∇2e− µε∂
2e

∂t2
− µσ∂e

∂t
= 0 (3.8)

∇2h− µε∂
2h

∂t2
− µσ∂h

∂t
= 0 (3.9)

.
(see Ward and Hohmann 1988; Keller 1988 and Telford et al. 1990).
The result of coupling Maxwell’s equations with the constitutive relations also allows

us the possibility to combine the three electrical properties of the medium into one
equation that determines the behaviour of the the EM fields. This single parameter is
known as the complex wavenumber, expressed as: k2 = µεω2 − iµσω. To derive this
relationship requires manipulations in frequency domain, whereby the operator ∂

∂t
is

equated to iω (see Keller 1988 and Telford et al. 1990). The complex wavenumber can
be expressed as k = α− iβ where α and β are both real numbers. Telford et al. (1990)
show through some calculations using realistic values of the electrical properties of the
subsurface and typical frequencies employed in geophysical exploration (< 105Hz) that
displacements currents can usually be ignored. This maneuver transforms the combined
wave-diffusion equations into diffusion equations as given below:

∇2e− µσ∂e
∂t

= 0 (3.10)

∇2h− µσ∂h
∂t

= 0 (3.11)
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This is what is often called the quasi-static approximation at low frequencies in the
EM literature. Although this transformation simplifies the equations, it applies only to
conductive earth materials and hence it imposes lack of resolution of electromagnetic
exploration methods Ward and Hohmann 1988. The wavenumber simplifies to k =√
−iµσω and α and β become identical; α = β =

√
ωµσ

2
Ward and Hohmann 1988.

The diffusion equations reduce to Laplace’s equations (given in Equations (3.12) and
(3.13) in both air and poor conductors where conductivity can be approximated as zero.

∇2e = 0 (3.12)

∇2h = 0 (3.13)

The mathematical benefit of Laplace’s equations is that the determination or measure-
ment of EM fields at any moment in the air is exact ((Nabighian and MacNae 1991)).
That is, the past history of the induced EM field has no bearing on the measurement
of the fields at that instant and hence the magnetic field of the induced currents can
be viewed as a potential field. The 1D versions of the diffusion equations are given in
Equations (3.14) and (3.15).

∂2e

∂z
− µσ∂e

∂t
= 0 (3.14)

∂2h

∂z
− µσ∂h

∂t
= 0 (3.15)

Solving the diffusion equations requires the implementation of boundary conditions.
The boundary conditions are developed using the integral equivalents of Maxwell’s equa-
tions; they are given by Ward and Hohmann (1988), Telford et al. (1990) and a host
of other authors. The solutions follow two directions of interest: the first being that of
sinusoidal variations, whereas the other set of solutions is for the impulsive EM fields at
z = 0. The latter solutions are important for TDEM prospecting. We start first with
the sinusoidal variation solutions. Assuming a sinusoidal variation of plane polarized
EM fields, for example in the positive direction (z+), leads to the equations below as
given by Ward and Hohmann (1988) and Telford et al. (1990):[

e
h

]
=

[
e+
o e
−iαze−βzeωt

h+
o e
−iαze−βzeωt

]
(3.16)

where α and β are both real as given earlier in the expressions for the the quasi-static
assumptions and e+

o and h+
o are initial field values. The following points are worth noting

from Equations (3.16):

� The third term on the right side represents the attenuation of EM fields with depth
(β is real). A parameter known as the skin depth, δ [m] gives the depth at which
the amplitude of the EM field has dissipated by a factor of 1

e
in the medium.

This is expressed as δ =
√

2
ωµσ

= 503
√

1
fσ

(Telford et al. 1990). Hence the higher
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the frequency the shallower the penetration depth. The attenuation is caused by
conversion of the EM energy into heat as it travels through the medium.

� The second and last terms on the right side of the equation imply sinusoidal vari-
ation with depth and time. The norm is to choose the x− axis as the direction of
variation for e and the y − axis for h over a fixed plane.

An insight into the behaviour of EM fields in a conducting whole space paves the way
for understanding the TDEM or transient responses in media where conductivity bound-
aries exist (e.g., in the case of a homogeneous conducting half-space). The boundary
conditions in a conducting whole space requires that the fields vanish at infinity. The
solution of the diffusion equations under quasi-static approximations in the time domain
are given by Ward and Hohmann (1988) as:

[
e
h

]
=

[
e+
o

h+
o

] (√
µσ
)
z

2π
1/2t

3/2
e
−µσz2

/4t (3.17)

Typical amplitude response curves for field variations with depth over a fixed time
are similar to the normal density and normal distribution functions with a zero mean
and a variance

√
2t
µσ

(Nabighian and MacNae 1991). The maximum time at which the

transient field reaches its maximum amplitude over a fixed depth is obtained by setting
the time derivative of Equations (3.17) equal to zero:

tmax =
µσz2

6
(3.18)

Rearranging equation Equation (3.18) or setting the space derivatives of Equations
(3.17) equal to zero at a fixed time gives:

zmax =

√
2t

µσ
(3.19)

.

Equation (3.19) gives the distance at which the EM field reaches its maximum am-
plitude value and it is commonly known as the diffusion depth. The diffusion depth is
similar to the skin depth in Frequency Domain. We see here that the diffusion depth

is proportional to
√
t whereas the skin depth is proportional to

√
1/ω. Taking the time

derivative of Equation (3.19) leads to Equation (3.20) which gives the velocity at which
the maximum diffuses through the medium.

v =
dzmax

dt
=

1√
2µσt

(3.20)

Examples of response curves can be seen in (Ward and Hohmann 1988; Nabighian and
MacNae 1991; Telford et al. 1990).
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3.3 Transient response for a conducting half-space

EM fields are reflected and refracted across interfaces that separate media of differ-
ent electrical properties and therefore are inherently governed by both Snell’s laws and
Fresnel equations as are seismic waves across media of different seismic velocities. The
boundary conditions of the EM fields as derived from Maxwell’s integral equations are
invoked at the interfaces. See Ward and Hohmann (1988) for details of the development
of the governing equations and the EM equations that are derived in the process.

In this section, we briefly summarise the data acquisition procedure and in the same
vein try to give a physically intuitive understanding of the transient response of a con-
ducting half-space that helps in the understanding the response of the multi-layered
earth case. We choose this direction not only to shorten the otherwise long discussions
(if we were to look into responses for other configurations) but also to confine ourselves
to what we belief to be the approximate geometrical setup of of the Okavango Delta
sediments. We will also look only at the case of a small rectangular square loop laid on
the ground, which for practical purposes is used in the field instead of a circular loop.
The same principle applies for the AEM system hoisted as a circular loop in the air, the
only difference being that air forms the top layer.

Figure (3.1) illustrates a simplified field setup procedure whereby a wire loop (typically
40m x 40m) is laid on the ground (layered earth in this case)and energised with an
oscillating current. The response of the ground is measured with a suitable receiver
located either at the center of the transmitter loop or as an offset loop. Figure (3.2)
illustrates the transmitter and receiver waveforms in graphs (a) and (c) respectively.
The middle graph (b) in Figure (3.2) shows the impulse-induced electromotive force.
Basically the following process occurs:

� The loop, see setup in Figure (3.1), is energised with current for a finite amount
of time, normally a few milliseconds, before being abruptly terminated to zero
(step-excitation).

� In accordance with Faraday’s law of induction, the abrupt change in the magnetic
field causes induced surface currents to flow in the conductor (half-space in this
case) lying below the loop. The plot of the induced impulse electromotive force
(e.m.f) against time is shown in Figure (3.2b). Notice from this figure that there are
turn-on transient responses; however they are quite small due to the slow variation
of the current’s turn-on time. Due to ohmic losses, the conductor experiences a
time varying magnetic field and hence generates its own eddy currents. These
currents are shown in Figure (3.2) as equivalent current filaments (Nabighian and
MacNae 1991).

� The secondary magnetic fields (caused by the eddy currents) are measured at
the receiver at different time windows during the current’s off-time as illustrated
on Figure (3.2c). The abrupt current cut-off means that the source transient is
functionally a pulsed signal whereas the observed secondary signal will be step-
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function (West and MacNae 1991). What we measure in practice is the rate of
change of the secondary field, hence the use of the term impulse response.

For a conducting half-space, the initial induced surface currents (at t = 0) mimic the
shape of the loop before diffusing both outwards and down, creating a system of smoke-
ring like effects whose maximum moves down at an angle of 30° (Nabighian and MacNae
1991 and Nabighian 1979). The smoke ring effect is illustrated in Figure (3.3) from
Nabighian and MacNae (1991) and Figure (3.4) from Auken et al. (2005a). Nabighian
(1979) shows that a combined effect of the induced currents can be approximated with
an equivalent current filament moving down at a velocity of v = 2√

πµσt
and expanding

their radius of a =
√

4.37t
µσ

. This effect is illustrated on both Figures (3.1) and (3.3).

Late-time approximations of the equivalent current filaments for the central loop con-
figuration (receiver located at the center of the transmitting loop; a configuration used
in the Okavango Delta survey) are given in Ward and Hohmann (1988) as:
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These equations are derived from the work of Nabighian (1979). Both the magnetic
field and its time derivative (what is normally measured) become linear at late times

on a log-log scale. They are proportional to t
−3/2 and t

−5/2. The behaviour is the
same for measurements outside the loop except that the vertical component of the field
will change sign, from negative to positive over the station of observation (Ward and
Hohmann 1988; Nabighian and MacNae 1991; Telford et al. 1990).

The case of a multi-layered earth naturally follows from that of a conducting half-
space. Computations on transient field responses over a horizontally layered earth are
given by Ward and Hohmann (1988). The responses are similar in shape to that of a
half-space (see Ward and Hohmann 1988; Telford et al. 1990; Nabighian and MacNae
1991). The presence of a conducting layer would trap the current and the response
would be that of a conducting thin sheet (see Nabighian and MacNae 1991). If there is
no conducting layer in the layered section, an approximate solution is found as in the
case of a half-space by introducing an equivalent current filament. This filament would
be moving down and expanding outward at varying velocities across layer boundaries.
The same inverse power laws as in the case of a half-space govern the late time behaviour
of the transient fields.

The velocity expression for the equivalent current’s maximum shows that EM fields
diffuse very slowly in good conductors, thus providing more information from them
than from poor conductors. Figure (3.5) from Auken et al. (2005a) illustrates this fact.
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Originally developed for mapping massive sulphides, the TDEM method is now used in
other applications like geoplogical and hydrogeological mapping (the applications in this
thesis).

The overview of both the elementary EM theory and TDEM procedure given above
will hopefully provide the reader with background knowledge on the governing equations
behind the TDEM method and on the basic principle of the impulse response for a
layered earth model. A thorough understanding can be sought from the given literature
and the references given therein. In particular the reader may be interested in responses
for other targets which we have not discussed. We have also not mentioned anything
on instrumentation and the general practice of transient TDEM survey designs, data
acquisition, processing and interpretation which the reader may wish to understand.

The paper by Palacky and West (1991) is an excellent review of the evolution of AEM
exploration methods, classifications of systems, survey designs, data processing and in-
terpretation. Recent historical reviews are given by Fountain (1998) and Sattel (2006).
Technological advances in time-domain AEM can be found in Smith and Annan (1997),
whereby they deal with issues of hardware advances (e.g. transmitters and receivers)
and data processing and interpretation. Reid and Vrbancich (2004) elaborate on the
foot-prints (i.e., the size of the area that contributes 90% of the signal at the receiver).
Auken et al. (2008) look into issues of accuracy in time-domain AEM measurements for
quantitative modelling of layered earth models (e.g. the effect of transmitter-receiver
synchronisation), whereas Auken et al. (2002) model different aspects of TDEM measu-
ments in general, like the effects of noise, low-pass filters and transmitter moments on
TDEM data resolution.

We will review modern inversion techniques specifically for our application in Chapter
5. We don’t mention much here except that it follows the well established theories
on linearised least square inversion techniques. The models are in addition regularized
through lateral constraints that tie interface depths or thicknesses and resistivities of
adjacent layers (Auken and Christiansen 2004).

3.4 Overview of resistivity of rocks.

Having dealt with the basic principles of the TDEM method, it is instructive to follow
that with parameters that influence the electrical properties of rocks. We will describe
only one such property, electrical resistivity or its reciprocal; conductivity. We have
already stated that displacement currents are ignored under quasi-static approximations
and hence there no need to discuss the influence of dielectric permittivity. The magnetic
permeability of free space is adopted for the calculations and hence it is assumed that
magnetic permeability does not influence the flow of current in the rocks.

The flow of current in any media is principally through two main modes: ohmic and
electrolytic conduction. A rock is an aggregate of different minerals and hence at a first
glance, a simple expectation that its resistivity will be governed by that of its constituent
minerals. It then follows naturally that current flow throw rocks will be ohmic, depend-
ing on the type of rock. Contrary to this, the situation is quite complex owing to the
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existence of water in virtually all rocks. Water has strong effects on electrical conduc-
tivity and hence its occurrence, even in small quantities, will lead to the domination of
electrolytic current flow over that of ohmic conduction.

Unmineralised water is in itself a relatively poor conductor, but because it is a nat-
ural solvent, it occurs as an electrolyte in most rocks due to a wide variety of salts in
solutions (Keller 1988). Generally, high electrical conductivities are are caused by high
salt concentrations. This may not necessarily be true if clay minerals are present in a
rock. If this is the case, then ionic exchanges between water and clay occur, leading to
increased levels of conductivity in an otherwise freshwater domain. This is a complexity
that one has to deal with in salinity mapping using electrical or electromagnetic meth-
ods. It is not simply the total amount of clay minerals that matters but also whether
clay is disseminated or concentrated in a sedimentary layer.

Electrical resistivity is also a function of the geometry of pore spaces, with the main
three geometries being; (1) intergranular spaces in sedimentary rocks, (2) fractures and
joints, normally in crystalline rocks and (3) vugs or other poorly connected pore struc-
tures as in extrusive volcanic rocks (Keller 1988). Given a certain water content and
porosity value, fracture porosity will result in the highest conductivity values because
of the simpler shape of the pore structures, whereas vuggy porosity will give the least
conductivity values due to the generally complex structure (Keller 1988).

Attempts have been made to classify the resistivity ranges of different rock types
and waters (e.g, Palacky 1988). Just to mention a few, massive sulphides are the most
conductive, with ranges of 0.01-1Ωm, salt water 0.1-1Ωm, freshwater 3-100Ωm, clays 3-
100Ωm, shales 3-50Ωm, sandstone 50-1000Ωm and unweathered igneous and metamor-
phic having a range of 1000-100 000Ωm. These are just some guiding values, because
resistivity is also scale dependent (i.e., laboratory and field scales measurements will not
necessarily give the same values).
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Figure 3.1: Illustration of TDEM setup in the field. The primary magnetic field induces sec-
ondary currents to flow in the medium. The secondary magnetic field is measured
at a receiver which is normally either centered within the transmitter loop or off-
set. Equivalent current filaments of Nabighian (1979) are shown as red circles
migrating down as well as expanding with time. (Modified after Christiansen
2007)

.
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Figure 3.2: Illustration of step excitation in TDEM.(a) shows the primary current waveform,
(b) the induced electromotive force and (c) secondary field waveform as measured
at the receiver during primary field off-time at different time gates or windows
(modified after Christiansen 2007)

.
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Figure 3.3: Shows smoke ring effects and the equivalent current filament (after Nabighian
and MacNae 1991). The locus of the maximum electric field has a shallower
dip compared to the locus of equivalent current filament. Critical positions are
shown where the vertical component of the measured field change signs outside
the transmitter loop.

Figure 3.4: Smoke rings from Auken et al. (2005a). Notice how the maximum current density
(dark blue) migrates down and outwards.
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Figure 3.5: Illustrates the behaviour of currents as they diffuse through layers of different
conductivities. Dark blue areas are areas of high current densities, whereas light
blue tones show low current densities. Currents travel fast in the resistive layers
than in the conductive ones (see text for explanation). This means that most
of the sampled signal comes from the conductive layers and therefore they are
better mapped by the TDEM method. Modified after Auken et al. (2005a)



4 Structural mapping of the Okavango
Delta

4.1 Overview

The first phase of the Okavango Delta Project (ODP) at ETH (Zurich) by Bauer (2004)
focused on building a precursor spatially distributed hydrological model. This was a
departure from the earlier box-models implemented by previous workers (e.g Gieske
1996). In this first approach, spatial heterogeneity of model parameters was entirely
neglected, except for topography. Nevertheless, the overall characteristics of the flooding
dynamics could still be reproduced and the result achieved was a major breakthrough,
since for the first time different scenario impacts could be quantitatively evaluated (e.g.
upstream dam construction, dredging, climatic changes, e.t.c.). However, by looking at
the spatial details, some deviations between observations and model outputs remained.
These discrepancies were most probably due to the fact that some spatial features of the
subsurface (e.g. hydraulic conductivity and aquifer thickness, leakage coefficient between
surface water and groundwater) were treated as uniform and also due to the inaccuracy
of the topographic model.

This chapter is dedicated to the structural mapping of the Okavango Delta using
airborne magnetic data and ground-based (airborne facilitated) gravity data. We do
this in order to understand the configuration of the Kalahari sediments, which form
the aquifer of interest in our hydrological modelling efforts. The Kalahari sediments
(unconsolidated to semi-consolidated) mantle a magnetic basement. Tectonic movements
in the basement are likely to affect the overlying sediments. Some of the movements have
surficial expressions clearly visible on satellite imagery and Shuttle Radar Topographic
Mission (SRTM) images. However, due to the limitations of satellite images in mapping
the subsurface, most of the lineaments can only be revealed through the use of potential
field data sets l(e.g., magnetics and gravity). We exploit the potential field properties of
the basement to infer the configuration of the overlying Kalahari sediments.

4.2 Approach

We will review the literature on previous geophysical and geological studies, with empha-
sis on the tectonic and geological evolution of the region. We then introduce the relevant
data sets used in mapping the structure below the Delta. This will be followed by an
estimation of the spatial distribution of Kalahari sediments’ thickness from aeromagnetic

34
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data. The sediments thickness map is a direct input into the hydrological model. Re-
sults from the hydrological flow model simulations based on the assumption of a constant
aquifer thickness and that of possible distributed one as estimated from aeromag will
be shown. We also want to explore the possible role of neotectonic movements on flood
distributions over the Delta. Structural mapping not only serves the purpose of map-
ping the aquifer configuration as it is today, but also helps in understanding the nature
of the neotectonic movements. This gives us the opportunity to simulate the effects of
geologically plausible movements using the hydrological flow model. A composite map
of the spatial distribution of seismic events beneath the Delta, structural lineaments and
the river network facilitates this undertaking.

4.3 Previous geophysical mapping

The Department of Geological Surveys (DGS) carried out a series of geophysical surveys
over the whole of Botswana in the early to mid-1970’s, primarily geared towards under-
standing the geology below the Kalahari sands. This effort was spurred by the quest
to evaluate the mineral potential of the Kalahari Desert in Botswana. These efforts
included a reconnaissance gravity survey of the Ngamiland District (within which the
study area falls) in 1970-71 followed by refraction seismic survey in 1972-73 to aid in the
interpretation of some gravity anomalies. A micro-earthquake study was completed in
1974 to help understand the seismicity of the Okavango Delta area and a reconnaissance
aeromagnetic survey was flown for the whole country at 4km line separation during
1975-76. A series of unpublished reports were produced following these surveys from
which some publications were prepared (Reeves 1972; Reeves and Hutchins 1975; Reeves
1978a; Scholz et al. 1976; Reeves 1978b, c).

Recent publications have built on the work of previous authors as new data was
acquired, such as high resolution airborne magnetic data and geochronological studies.
Based on application of aeromagnetic, gravity and SRTM data, some work have been
published with the emphasis on the elucidation of the rifting below the Okavango Delta
(Modisi et al. 2000; Modisi 2000; Atekwana et al. 2004; Kinabo et al. 2007, 2008). Key
and Ayres (2000) and Singletary et al. (2003) mention the use of aeromagnetic and
gravity data in geological mapping and geochronological studies of the region.

4.4 Regional geological setting

The Okavango Delta is located on the northeast trending Neoproterozoic Pan African
orogenic belt known as the Damara Belt (Kampunzu et al. 1998; Modie 1996; Key and
Ayres 2000; Singletary et al. 2003). Figure (4.1) shows the regional tectonic setting,
whereas the physiographic setting is shown on Figure (4.2). It is a massive alluvial
fan that is embedded within an over-washed Tertiary to early Quaternary longitudinal
Kalahari sand dunes (Ringrose et al. 1999; McFarlane and Eckardt 2007; Ringrose et al.
2005, 2008).
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The Damara Belt is largely hidden beneath younger sediments, such that our knowl-
edge of much of the the geological and tectonical evolution relies on observations of the
well-exposed lithological correlatives in Namibia. The Damara belt is known as the in-
land branch of the Damara Orogeny in Namibia, formed during a high angle collision
of the Kalahari and Congo cratons, with the Kalahari subducting northwards below the
Congo Craton (Gray et al. 2006, 2008). The belt is estimated to have evolved within a
period spanning from 580Ma to 505Ma (Gray et al. 2006, 2008). The southeastern part
of the Damara Belt in Botswana is known as the Ghanzi-Chobe Fold Belt (the vertically
hatched zone).

Although the geology in the study area is mostly unexposed, isolated outcrops, litho-
logical information from boreholes and airborne geophysical have been used by previous
workers to infer the geology underlying the Kalahari sediments. Figure (4.3) shows a
portion of a geological summary map extracted from Singletary et al. (2003). The main
basement geological units are:

� Phanerozoic: the clastic (mainly sandstones) and volcanic (flood basalts) Car-
boniferous to Jurassic Karoo sequences in the southeastern part of the area.

� Neoproterozoic: siliclastic and carbonate sequences of the Ghanzi Formation in
the southeast and Damara rocks in the northwest.

� Mesoproterozoic: metavolcanics and metarhyolites of the Kgwebe Formation in
the southeast and granite-gneiss basement of the Kwando Complex in the central
part. The Kwando Complex is not exposed; it is only recovered from borehole
logs.

� Palaeoproterozoic: granitic-gneiss basement of the Quangwadum Complex in
the northwest.

The Mesoproterozoic Kgwebe Formation and the Neoproterozoic Ghanzi Formation
rocks form what is known as the Ghanzi-Chobe Fold Belt in the southeastern part of the
Delta, with the Kgwebe appearing at the core of the anticlines (Modie 1996; Kampunzu
et al. 1998; Key and Ayres 2000; Modisi 2000; Singletary et al. 2003). An average
of 1106Ma is obtained for the Kgwebe Formation from both U/Pb and Pb/Pb dating
(Kampunzu et al. 1998; Singletary et al. 2003). These rocks have been partly over-printed
by the Damara events.

The Mesoproterozoic Kwando Complex is a basement massif around which the Dama-
ran rocks (to the northwest) and the Ghanzi-Chobe Fold Belt (to the southeast) separate
(Singletary et al. 2003). The granite within the Kwando Complex was emplaced between
1200-1150 Ma, whereas the gabbroic rocks give 1107 ± 0.8Ma based on Pb/Pb dating
(Singletary et al. 2003). The Quangwadum gneiss has a Pb/Pb age of 2050.5± 0.6Ma,
whereas a porphyritic granite and biotite-muscovite granite within the complex give an
average age of 1000Ma (Singletary et al. 2003). An Ar/Ar age of 533.3 ± 2.3Ma for
the shear zones within the complex is attributed to cooling below 350-400°C following
deformation. A quartz-muscovite schist in the Damaran rocks north of the complex gives
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a cooling age of 490± 2.3Ma (Singletary et al. 2003). These cooling ages are consistent
with the M1 to M3 metamorphic ages within the Damara Belt in Namibia as given by
Gray et al. (2006).

4.5 Rifting below the Okavango Delta

The Okavango Delta region is currently undergoing extensional tectonic movements that
have resulted in an approximately 150 km wide northeast-southwest trending topo-
graphic low region or depression referred to as the Okavango Rift System (ORS). We will
use the names Okavango Rift System and Okavango Graben interchangeably to define
the same feature. The tectonic activity was realised from a relatively high incidence of
earthquakes in the region (Reeves 1972; Reeves and Hutchins 1975; Scholz et al. 1976).
The spatial distribution of seismic events led these authors to postulate that rifting was
occurring below the Delta and that this was a southwest extension of the East African
Rift System (EARS). The faulting pattern favours an overall east-west crustal extension
(McCarthy et al. 1997a; Modisi et al. 2000; Modisi 2000) and it is considered to be a
re-activation of existing zones of weakness (Modisi et al. 2000; Modisi 2000; Atekwana
et al. 2004). The main bounding faults (BFs) are the Gumare to the northwest and the
Kunyere in the southeast (see Figure 4.2). The Thamalakane Fault is the distal fault
against which the Delta abuts. For a rift system to have two main bounding faults,
requires the existence of two small depressions which Corti (2004) terms the marginal
grabens. Our structural mapping work reveals the existence of such marginal grabens.

Ringrose et al. (1999, 2005) show through palaeohydrological studies that the lakes
that formed the Makgadikgadi Pans(see Figure 1.2), stood at a level of 945m above sea
level between 2−0.35Ma and sunk to a level of 912m over the last 10,000 years before final
desiccation. At the 945m level, the lake would have been connected to the lower Delta.
This adds weight to the proposal by earlier authors (e.g., Cooke 1980) that the Delta
and the Makgadikgadi Pans used to be one water body system before faulting along the
Kunyere-Thamalakane fault systems separated them. Today, the ephemeral Boteti River
is all that remains as a link between the two regions. Tiercelin and Lezzar (2002) state
that major tectonic and volcanic events occurred in the EARS from 2Ma until present.
This has amongst other activities led to the development of young rift lakes perpendicular
to the main EARS in a southeasterly tectonic direction to form the southwestern branch
of the EARS. One of these rift lakes developed at the northern end of Lake Malawi and
reactivated the Permo-Triassic Luangwa and Kariba grabens towards the Okavango Rift
System in the northwestern part of Botswana (Scholz et al. 1976; Tiercelin and Lezzar
2002). Scholz et al. (1976) suggest that the Rift Basin is possibly an asymmetric basin
whereas Modisi et al. (2000) postulate a half graben. McFarlane and Eckardt (2007);
Ringrose et al. (2005, 2008) estimate that extensive dune over-washing occurred at least
more than 100 Ka ago before the Okavango alluvial fan was formed ca. 40 Ka (Ringrose
et al. 2008). The age of the Okavango alluvial fan deposits therefore provides an age
constraint for the re-activation of preexisting structures along the confining faults of the
Okavango Rift System.
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4.6 Structural mapping.

Modisi et al. (2000), Modisi (2000), Atekwana et al. (2004), Kinabo et al. (2007) and
Kinabo et al. (2008) have completed much more work in elaborating the dynamics of
faulting in the region by exploiting the same potential field data sets that we have. Their
work on rifting in this region has particularly focused on the kinematics of rifting within
the southeastern portion of the larger Okavango Rift System. This has essentially been
along an approximately 55km wide northeast-southwest striking zone enclosed between
Lake Ngami and Mababe Depression and bound by the Kunyere-Thamalakane faults to
the southeast (see Figure 4.2). They have referred to this zone as the Okavango Rift
Zone (ORZ). We clarify that this is not the same feature as what we have termed the
Okavango Rift System or what is known generally as the Okavago Graben but rather a
smaller system within the larger Okavango Rift System.

Our goal is not to reproduce the work of these authors, but instead an attempt of
explaining the structural setting of the Okavango Rift System as we have defined it and
postulated as an extension on the EARS into the Okavango region by Reeves (1972),
Reeves and Hutchins (1975), Scholz et al. (1976) and Tie02. Gumbricht et al. (2001), for
example, opine that the Okavango Delta area is just a depression between the Kariba-
Luangwa Rift to the south and the Mweru-Tshangalele Rift to the north (see Tiercelin
and Lezzar 2002, for these rift systems). They further attribute seismic activity in the
delta area to sediment loading. McCarthy et al. (1993a) found no correlation between
the seasonal flood peaks and seismic activity and argue that this is because the floods
diffuse over such a large area that the chances of point loading are nil.

Our structural mapping using potential field data leads us to the assertion the Oka-
vango Delta occupies a depression that bears all the hallmarks of a rift system. We
will put this hopefully beyond reasonable doubt in Chapter 5, in which the AEM data
images support what we have deduced from the aeromag and gravity data sets to be a
second graben system within the regional Okavango Rift System (ORS).

4.6.1 Description of aeromagnetic and gravity data sets.

The data we used was acquired from the Department of Geological Surveys of Botswana
(DGS) in grid formats with all the necessary corrections.

The airborne magnetic data over the delta was acquired over several blocks and survey
phases from 1995 to 2001 when the entire delta was covered. We will not describe each
survey but rather summarise the general data acquisition procedures. All the surveys
were flown at 250m line spacing and along the line sampling of approximately 8.1m at
a mean terrain clearance of 80m. A post-processing global positioning system (GPS)
mode was used for all flight recoveries. Most of the data was acquired using a split
beam cesium Scintrex VIW2321-CS2 with a resolution of 0.001 nanotesla (nT). For each
survey block, data was acquired perpendicular to the dominant geologic strike. The
corrected data for each survey block was then interpolated onto a 62.5m grid using the
bi-directional spline gridding available in GeoSoft Oasis Montaj software tool. We only
had to stitch together survey blocks in order to obtain a complete grid over our study
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area.
The gravity data were acquired between October, 1998 and May, 1999 on a 7.5km

North-South orientated grid (Geophysics. 1999). The data were collected on the ground
using a helicopter to move from one point to another, guided by a differential Global Po-
sitioning System (GPS), which was also used to determine the precise location and height
of each gravity observation point. Two Scintrex CG3 automated gravity meters were
used to yield measurements with an accuracy of better than 0.06mGals. To monitor the
overall precision of the gravity data, 8% of the gravity observations were systematically
repeated over the duration of the survey. GPS measurements and gravity observations
were reduced to the World Geodetic System 1984 (WGS84) datum and transformed to
the Clarke 1880 (Modified) datum. The Observed Gravity was calculated from the grav-
ity meter reading corrected only for the meter calibration constant and instrument drift.
Instrument drift was removed by direct subtraction of interpolated readings between
repeat observation times. Earth tide corrections were applied using standard formulae
for tidal acceleration from the Moon and Sun. Calculation of the Bouguer Anomaly used
the Geodetic Reference System 1967 (GRS67) formulae as follows:

� gt = 978031.846(1+0.005278895sin2φ + 0.000023462sin4φ) [mGal].

� gFA = gz - gt + 0.3086h [mGal].

� gBA = gz - gt + 0.3086h - 0.04192ρh [mGal].

where:

� gz = observed gravity [mGal].

� gt = theoritical gravity [mGal].

� gFA = Free Air Anomaly [mGal].

� gBA = Boguer Anomaly [mGal].

� φ = geographic latitude [degrees].

� h = station elevation [m].

� ρ = density (2.67g/cm3).

The topography over the study is quite flat and as such terrain corrections were not
necessary. Isostatic corrections were also not applied. The resulting Bouguer Anomaly
was interpolated on to a 2500 m spaced grid using the minimum curvature algorithm,
see (Briggs 1974). Given the large spacing in our gravity survey grid, the signal could
be aliased if there are short wavelength sources across geological strike. However, if the
geological strike extends over long distances and the sampling is done across it, then the
aliasing problem will be minimised (Reid 1980). This is the case in our area, in which
we find that the magnetic fabric over most of the area extends well over 100km along
strike.
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4.6.2 Results of data processing

Major lineaments (e.g., faults and shear zones) in any tectonic environment often form
along pre-existing zones of weakness that relieve stresses resulting from tectonic events
and/or sedimentary loading (Daly and Quennell 1986; Modisi et al. 2000; Modisi 2000;
Gay 2002). Large shear zones and metamorphic foliations striking mainly in a northeast-
southwest direction developed during the Neoproterozoic Damara Orogeny. They later
became reactivated to form normal faults of the nascent Okavango Rift System (Scholz
et al. 1976; Modisi 2000; Modisi et al. 2000).

These large lineaments are normally zones of narrow linear to curvilinear steeply
dipping crushed rock that inevitably leads to magnetic or density variations; they may
also juxtapose rocks of different density or magnetisation. Being zones of weakness, they
may become conduits of both hydrothermal and/or magmatic fluid circulations leading
to emplacement of material that may be of economic value or igneous material of no
economic value (e.g., basaltic dikes). Whatever the case, the contrast with the host rock
becomes enhanced leading to their prominence in such a terrain and therefore lending
themselves to mapping by geophysical tools. They may form continuous anomalous
zones over long distances or be discontinuous and yet somehow aligned either in a linear
or curvilinear way. They will often cut the basement into distinct tectonic terrains that
may be clearly visible from the geology (if it is exposed) or revealed by potential field
mapping.

The existence of displaced markers (e.g, linear markers like dikes or even different
rock units in a terrain) greatly helps to trace such lineaments. The situation may be
complicated in the case of foliated metamorphic terrain, in which faults or shear zones
may strike parallel to the basement fabric. In such cases, it may become difficult to
map such structures, but their contrast with the host rock may be enhanced as already
explained and therefore stand out from the basement fabric. If deep seated, as they
are sometimes, we may apply filters (e.g., the upward continuation) to enhance them at
the expense of shallow sources. These structures may be quite subtle in potential field
anomaly maps and in that case shaded relief images at low inclination angles might help
to enhance them.

Folded and peneplained sedimentary or metamorphic units may yield linear anomalies
similar to those generated by faults and shear zones. Normally the use of a digital terrain
model map, if available, reduces such ambiguities. Gerenal knowledge of the lithological
distribution of rock units within the area of investigation is also quite useful. In our
area, we have such knowledge. For instance we know that the mainly massif basement
of the Kwando Complex separates the Ghanzi-Chobe Fold Belt zone in the southeast
from the folded Damara rocks in the northwest (see Figure 4.4). Being a basement
massif suggests that folding is quite limited. Borehole information also reveals that the
Kwando Complex is either directly overlain by Kalahari sediments or at some places the
Karoo strata, and we know that the Karoo is not folded. Hence, the occurrence of such
pronounced lineaments over the Kwando Complex could most likely be due to shear or
fault zones. In the case of both the Ghanzi-Chobe and the Damara folded sequences, the
very prominent northwest striking Okavango Dike Swarm (not shown in the geological
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map) provides a good linear marker for us to make a distinction between faults and fold
structures. Mapping folds in the Ghanzi-Chobe rocks was quite easy, because we have
reasonably good borehole and outcrop information in this region. We combined infor-
mation with the aeromagnetic data to map the metarhyolites of the Kgwebe Formation.
These metavolcanics have been observed in the field and in boreholes to be occurring at
the core of the Ghanzi-Chobe folds (Kampunzu et al. 1998; Modisi 2000). Being more
magnetic than the surrounding Ghanzi sediments, we were able to delineate them quite
nicely from both the analytic signal and the second derivative maps. At the places where
they are buried below a pile of the Karoo Basalts, we applied a low-pass filter to the
total magnetic intensity image in order to strip-off the effects of the basalts. The other
thing that we noticed at most places on the magnetic anomaly map was that the folds
also formed a V-shaped magnetic anomaly shape as described and modelled by Wallace
(2007). This anomally pattern was more pronounced on the derivative products. We
found it to be quite useful in the Damara rocks where we did not have the luxury of a
magnetic marker formation to trace the folds as it is in the case of the Ghanzi-Chobe
rocks.

The aeromagnetic and gravity data sets were processed using most of the the filters
described in Chapter 2 to carefully map lineaments which we later interpreted as faults
based on both SRTM data and dike displacements. Most of our images are shaded relief
images with the light directed from the northwest (315 degrees) and inclined at an angle
of 30 degrees. We will where necessary state otherwise. Figure (4.4) shows the reduced-
to-pole (RDP) image of the total magnetic intensity(TMI) map of the area. We have
outlined the limits of the Kwando Complex on this figure to distinguish the Damara
rocks in the northwest from the Ghanzi-Chobe rocks in the southeast. This outlining
of this complex is to show where in the map lies the highest danger of misinterpreting
peneplained folds for faults or shear zones. Notice that the Kwando Complex extends
more to the southwest in Figure (4.4) than in Figure (4.3). This is based on our inter-
pretation of the aeromagnetic data. The black boxes are locations of Figures 4.5 and
4.6.

We see from the aeromagnetic image that the basement fabric is mainly northeast
trending. This is the direction of the metamorphic foliations, the folded sedimentary
units of the Damara and Ghanzi-Chobe rocks and faulting in the Okavango Rift System.
In the northwestern corner, the magnetic map shows that the basement fabric strikes
in the northwest direction. The other trend visible is that of closely spaced highly
magnetic northwest-trending lineaments that cross-cut the southwestern branch of the
delta. These are mainly due to basaltic Karoo dikes of Jurassic age, referred to as
the Okavango Dike Swarm (ODS). It might be noteworthy that, Le Gall et al. (2002),
Jourdan et al. (2004), Jourdan et al. (2005) and Jourdan et al. (2006) found dikes of
Proterozoic age within the ODS. As a consequence, they argue that the Karoo Dikes
were emplaced along a pre-existing Precambrian zone of weakness.

To enhance lineaments on the aeromagtic image, we have used several edge enhancing
filters. On the basis of these trials or tests we have concluded that the analytic signal
(ASA), horizontal gradient (HG) of a 500m upward continued data set and second verti-
cal derivative (2-VD) images are appropriate. We do not show all these images, but we
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have chosen the analytic signal image draped with a 70% transparent gray scale second-
vertical derivative image to be the represenative image. We found this combination to
be optimal in revealing important structures.

We have zoomed into two areas of Figure (4.4) to illustrate the mapping of lineaments
based dikes as linear markers or just by tracing linear or curvilinear anomalies that stand
out and extend over long distances. The first example is shown on Figures 4.5 (a) and
(b). It is located over the Okavango Rift Zone as described by Modisi et al. (2000),
Modisi (2000), Atekwana et al. (2004) and Kinabo et al. (2007, 2008). Figure 4.5(a)
shows a combined of image of the ASA and 2-VD as described above, whereas Figure
4.5(b) shows the analytic signal amplitude image with the most prominent lineaments
picked superimposed. Red tones in both figures are areas of high magnetic field strength,
whereas the blue tones represent areas of low signal strength. Notice in both images how
the signal strength of the northwest trending lineaments (the ODS) is heavily attenuated
along a narrow northeast trending trough. This indicates that the dikes are down faulted
in this zone (the low signal strength is due to the increased distance from the sensor).
The main southeast fault is the Kunyere Fault and the northwest fault is the Tsao Fault
Atekwana et al. (2004).

Figure 4.6(a-b) shows an example of mapping faults that have minor dike displace-
ments (southwest in this map), but can still be seen as outstanding lineaments within
a foliated basement rock (the Kwando Complex in the northeast). The figures show a
horizontal derivative of the reduced-to-pole magnetic intensity data taken in the north-
west direction. We have marked two lineaments on Figure 4.6(b) that we found out to
be outstanding in the image. Notice that the southeast lineament clearly cuts the dyke
swarm but difficult to tell the sense of displacement. This implies that the displace-
ment is quite limited. However from Figures 4 and 5 of McCarthy et al. (1997a), this
lineament impounds the flood in the northwestern side meaning that the scarp is facing
northwest. McCarthy et al. (1997a) also notes that flow changes from mainly overland
to channel flow immediately southeast of this lineament. Infact, from McCarthy et al.
(1997a) this is not only one lineament but two lineaments roughly 2.5km apart. This
implies that there are limited places along the lineament zone where the water breaks
through. We therefore interpret this lineament as a fault throwing to the northwest.
The northwest lineament on Figure 4.6(b) is clearly visible on the northeastern side but
hardly noticeable across the dyke swarm. It becomes pronounced again immediately
southwest of the dykes (not shown in the image). Our mapping of this lineament over
the dykes is therefore interpolated by joining the segments northeast and southwest of
the dyke swarm. There is no topographic expression of the lineament. In general we
have used a combination of filtered images to map these types of lineaments. In most
cases, such lineaments are found to be cutting the terrain into bands of different hues in
the anomaly maps or at some places also show limited horizontal displacement of linear
markers. This implies small strike-slip component.We have referred to the lineaments
on Figure 4.6(a-b) as the Nokaneng Fault systems and a discussion on their importance
as far as the Okavango Rift system is concerned will follow in the Discussion section.

The overall results of our lineament mapping using magnetic data are shown on Fig-
ures 4.7(a) and (b). The background image on Figure 4.7(a) is the ASA and 2-VD
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combination. This figure shows that lineaments are greatly enhanced by the filters
(compare the Okavango Dike Swarm on this figure and on Figure (4.4). The Okavango
Rift Zone of Modisi et al. (2000), Modisi (2000), Atekwana et al. (2004) and Kinabo
et al. (2007, 2008), is also clearly visible at the distal end of the delta as a long nar-
row northeast trending trough. Although the Okavango Dike Swarm is likely to have
exploited the Precambrian zones of weakness, it appears that these zones have not been
reactivated during the nascent Okavango rifting. They are, therefore, not important
for the purpose of explaining the Okavango Rift System; they serve as excellent linear
markers that we have exploited to map the faulting within the ORS. Figure 4.7(b) shows
the aeromagnetic lineaments superimposed on a digital terrain elevation map. We see
quite a good correlation between topography and the main lineaments bounding the
Okavango Rift System. We will give an explanation later in the Discussion section as to
why the interior lineaments show very little or no visible topographic expression.

Notice that the mapped lineaments follow the general trend of the basement fabric.
This is an indication that rifting exploited pre-existing zones of weakness as opined by
many authors of rift tectonics and noted by Modisi et al. (2000) and Modisi (2000) in the
Okavango region. Earlier workers (e.g.,Reeves 1972; Reeves and Hutchins 1975; Scholz
et al. 1976) have also documented this rifting from seismic evidence. However, it was
only after the acquisition of high resolution magnetic data that it was possible to study
this rifting in detail (e.g, Modisi et al. 2000; Modisi 2000; Atekwana et al. 2004; Kinabo
et al. 2007; Kinabo et al. 2008).

The gravity data were observed to display an anti-correlation with the digital terrain
elevation model at some places occupied by isolated hills. An example is the huge
negative Bouguer anomaly (amplitude as high as about -140 mGal) in the northwestern
corner of the map, just northwest of Gumare Village (see Figure 4.8(a)). We cannot
attribute this gravity low to a sedimentary basin, because we know from drillhole data
that the basement depth is less than 100m in this area whereas a sedimentary basin
would need to be about 1km deep in order to produce such a gravity anomaly. The long
wavelength nature of this anomaly implies a deep seated source. This area is occupied by
a few inselbergs, such as the Tsodilo, Aha, Kihabe and Kaokanaka hills (see Figure 4.2
for these locations). These hills are possibly remnants of mountains that formed during
the Damara Orogeny. In that case, there was bound to be some isostatic compensation
of the excessive topographic mass by a crustal root, which may have become embedded
in the denser lithospheric mantle. Failure to correct for isostatic compensation would
then result in negative anomalies that are anti-correlated with topographic relief, the
so called isostatic residuals. On the other hand, it is quite possible that this could be
a manifestation of crustal thickening due to under-plating during the collision of the
Kalahari and Congo cratons.

Anomalies due to the residual effects of isostatic compensation are regional fields that
need to be removed in order to define the crustal anomalies. There are sophisticated
routine ways of doing these corrections if one has the raw data and the digital terrain
model. In our case, the terrain has been pene-planed and hence there is no way of
effecting isostatic corrections. In order to remove the regional or deep seated anomalies
and possible shallow anomalies, we have band-passed filtered the Bouguer anomaly data
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between a wavelength range of 5-100km. To aid our explanations, we have outlined three
areas with dashed lines to illustrate the effects of this filtering (see Figure 4.8(a) and
(b)). One area is located over the Quangwadum Gneissic Complex in the northwest as
delineated from magnetic data. It has also been observed in the field as isolated outcrops
surrounded by sedimentary rocks (Key and Ayres 2000). Despite being denser than the
sediments and actually outcroping, we see here that its supposedly positive anomaly
does not show up. Any would be positive anomaly has been swamped by the huge
regional negative anomaly. The second area outlines an elongated arcuate feature that
contains the Roibok Amphibolite Complex (RAMP), at least up to Gumare as far as
drillhole information is concerned. It has been correlated to the Matchless Amphibolite
in Namibia, (Reeves 1978b) and described by Ludtke (1986) as folded (based on drillhole
data). If we were to assume that the anomaly as outlined in Figure 4.8(a), represented
the Roibok Complex all the way through, then the swing in strike from a northeast
to a north direction would contradict the magnetic data. The magnetic trend shows a
northeast strike exactly where the gravity data suggests a swing in strike. The two data
sets then show the same north orientated strike at the north end of the anomaly. We
suspect that the anomaly as outlined is not due to a single causative source but separate
sources. We need to try to decouple these two anomalies. The final area is located just
northeast of Maun and our aim is to show that the anomaly remains essentially the same
even after bandpass filtering. There are other places where changes took place after we
bandpassed the Bouguer anomaly data, but we have decided to only highlight the two
most striking ones.

Figure 4.8(b) shows the band-passed image of the Bouguer anomaly. First, we see
that we have effectively eliminated the huge negative anomaly in the northwestern part
of the map. As a result, the Quangwadum Complex now has a positive anomaly that
coincides quite well with its magnetic counterpart (see Figures 4.4 and 4.7(a)). We have
also managed to decouple the Roibok Amphibolite from the north striking anomaly at
the northern end. The anomaly northeast of Maun kept the same outline after filtering.
The positive anomaly in the centre of the map, directly north of Toteng village has
also been eliminated. This anomaly occurs below the Okavango Dike Swarm which are
emplaced within 300m of the subsurface according to estimations we performed with the
magnetic data. Notice in Figure 4.8(a) that the signal from the dyke swarm has also
been over-swamped by the negative regional anomaly in the northwestern part of the
map in the same manner as that of the Quangwadum Complex.

A major outcome of the bandpass filtering is the emergence of two distinct base-
ment terrains in terms of anomaly types. These terrains are separated by a northeast
striking elongated curvilinear gravity low zone passing near the edge of Gumare village.
Anomalies northwest of this feature are mostly positive 3D type anomalies with some
few elongated or 2D structures cutting across the them in a northeast direction. We
attribute the 3D anomalies in this corner of the map to metamorphosed plutonic type
complexes similar to the Quangwadum Gneiss Complex. We rule out the possibility
of the 2D structures being folded Damara rocks in this area since field observations
and magnetic data show that folding in the Damara rocks trends in a northwest direc-
tion. The 2D type anomalies are therefore likely to be shear zones or faults, these have
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been observed within the Quangwadum Complex in the field (e.g, Key and Ayres 2000;
Singletary et al. 2003).

The terrain stretching between Gumare and Maun is occupied mostly by elongated
2D type anomalies (both positive and negative) striking in a northeast direction. The
anomaly patterns resemble a folded terrain. The horizontal gradient of the bandpassed
Bouguer anomaly shown on Figure 4.9(a) clearly shows how this terrain is totally dif-
ferent from the one in the northwest. From borehole information, the high density
anomalies coincide with the metarhyolites of the Kwando Complex in the middle of this
terrain and those of the Kgwebe Formation in the southeastern part. The low gravity
zones could mark the granites reported in the boreboles, whereas the medium values are
probably due to granite-gneisses.

According to Singletary et al. (2003) and Kampunzu et al. (1998), granite plutoism
and amphibolite ductile formation spanning 1.20Ma-1.15Ma marks a Mesoproterozoic
orogeny that collapsed at about 1.1Ma (marked by bimodal volcanism of rhyolites and
basalts) to give way to what they call the Northwest Botswana Rift. It was in this rift
that the Neoproterozoic Ghanzi Formation was deposited. The rift was reversed in the
Neoproterozoic by the Damara Orogeny. It seems that both the bandpassed Bouguer
anomaly and its horizontal gradient have delineated the Mesoproterozoic Belt described
by Singletary et al. (2003). Based on geochronological work, Singletary et al. (2003)
suggest that this belt consists of the Choma-Kalomo Block in Zambia, the Kwando
Complex in Botswana and the coeval parts of the Namaqua Belt in the southwest (in
Namibia and South Africa, see Figure 4.1). It appears to us from the signature of the
horizontal gradient of the bandpassed Bouguer anomaly that the protolith to granite-
gneiss and amphibolite member of the Roibok Complex form the northwestern limit of
this Mesoproterozoic belt. The granite-gneiss of the Roibok Complex has a mean age
of 716± 2.2Ma, while the amphibolite member is constrained at an age not more than
717Ma (Singletary et al. 2003). The granite of this complex is therefore thought to
have been emplaced during the rifting that preceded the Damara Orogeny (Singletary
et al. 2003). The Roibok Complex shows a strong metamorphic overprinting during
the Damara Orogeny whereas the low grade metamorphism in the Kwando Complex
indicates limited overprinting (Singletary et al. 2003).

A series of orogenies and their reversals (rifting) inevitably leads to the development
of large shear zones and/or faults. These shears and faults are likely to develop at the
contacts of different rock types or at the cores of anticlines and valleys of synclines. We
have, therefore, used the horizontal gradient of the band-passed Bouguer anomaly data
to delineate source edges as these are candidates for faulting and/or shearing (Figure
4.9a). Trends mapped from this image show a good correlation with trends in the
digital elevation model (Figure 4.9b). We also prepared a tilt derivative image as shown
in Figure 4.10. The maxima (BA-Tilt-max) of this filter occur directly over the sources.
This will pick up faults that could occur on anticlines with dense cores. We found that
these lineaments indeed coincided with the fold axes that we mapped on the magnetic
images. Furthermore, they showed very little correlation with topography. On the other
hand, the minima of the tilt derivative correlated quite well with topography (see Figure
4.10b). Remember from Chapter 2 that the Tilt derivative is a normalised filter that
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responds equally well to anomalies of different densities and those at different depth
levels. We see this behaviour in Figure 4.10a, in which the anomalies are equally well
expressed across the whole map area. This is not the case with the horizontal gradient
(see for example Figure 4.9a).

4.6.3 Integration of data sets and discussion.

Having mapped the lineaments using different approaches and different data sets, we
superimposed their composite map on the digital terrain elevation map (Figure 4.11).
Notice how the lineament sets not only coincide at most places, but also correlate quite
well with the topography. This gives us some confidence in the lineaments that we have
mapped from the potential field data sets. More lineaments were mappable from the
aeromagnetic data due to its high spatial resolution. We have discarded some of the
shorter structures to prepare the regional lineament map (see Figures 4.12 and (4.13).

The barbed lines on Figures 4.12 and (4.13 show the main bounding faults of the two
grabens that we believe definine the Okavango Rift System. We infer the dip directions
of the faults from linear markers like dikes (for example see Figure 4.5a-b) and also from
the topographic scarps on the digital terrain elevation model. The numbers (shown
in red and black colours) in Figure (4.12) show the indicated depth to the bottom of
the Kalahari sediments from borehole and seismic data. We see from these depths
distribution that the Kalahari sediments are thin on the horsts flanking the Okavango
Rift System and thicker in the interior. We therefore have confidence in the sense of
fault movements as inferred from potential field data.

Faults names are explained in the caption of Figure (4.13). We have referred to the
graben bounded by the Kunyere and Tsao-Lecha faults as the Moremi Graben, whereas
the one between the Gumare and the Nokaneng has been named the Gumare Graben.
Our naming is designed to associate the name Okavango exclusively with the Okavango
Rift System. The shape of the active delta area seems to be influenced by the faulting.
We see here that it forms a bow-shaped like feature along what we have termed the
Gumare Graben and spreads along the Moremi Graben at its distal end.

The graben between the Gumare and Nokaneng faults has eluded notice of many
authors even upon acquisition of high resolution aeromagnetic data probably because
of its moderate displacement of the marker dike swarm as compared to the spectacular
ORZ studied by Modisi (2000), Modisi et al. (2000), Kinabo et al. (2007) and Kinabo
et al. (2008). In actual fact both the Nokaneng and Tsao-Lecha faults show no surface
expression although the Tsao-Lecha fault system does show 200-300m displacement of
the Okavango Dike Swarm. Scholz and Contreras (1998) explain that there is always
what they call a bounding fault system (BFS) and a failed conjugate fault (FCF) in
any graben system. They further explain that these two fault systems intersect at the
early stages of rifting either at the base (forming a V-configuration) or in the middle
(forming an X-configuration) of the earth’s seismogenic crust. The BFS arrives first at
the point of intersection and locks the conjugate fault when it arrives. The BFS will then
accumulate displacement while rendering the other fault a failed conjugate fault. The
failed conjugate fault will therefore show a displacement in the basement rocks and early
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deposits, whereas it will show almost no displacement in the later deposits, becoming
virtually a blind fault. We see a classic example of this case in our study area whereby
both the Nokaneng and Tsao-Lecha faults displace the dike swarm but hardly displace
the Kalahari sediments.

Any attempt to treat the Gumare Fault as the antithetic or failed conjugate fault
of the Okavango Graben as some people have suggested (e.g., Gumbricht et al. 2001),
will defy the physics of the problem. Scholz and Contreras (1998) and Corti (2004)
show that the width of any graben system has a bearing on the thickness of the earth’s
seismogenic crust in that region. They show a simple formula that can be used to
estimate this thickness based on the width of the graben (here the width is described as
the distance between the boundary and the failed conjugate faults). This formula, which
can be easily derived from the geometry of the faults’ intersections, relates the width
(Wmg) of a rift to the crustal thickness (H) as; Wmg = 2Hcotδ for the V-configuration
and Wmg = Hcotδ for the X-configuration, where δ is the dip of the fault plane. The
average widths of the Gumare and Kunyere grabens are 39.5km and 35km respectively
and by assuming a V-configuration and a dip of 60 degrees for the normal faults, we get
values of 34.2km and 30.1km respectively. This averages to a value of 32.3km for the
thickness of the earth’s seismogenic crust below the delta. If we were to use the Gumare
as the antithetic fault to the Kunyere (about 150km separation), then we would get a
crustal thickness of about 130km. This is not perceivable by the slightest chance. Our
assumption of the V-configuration inherently means that these faults are listric, with
décollements at the base of the earth’s seismogenic crust.

We have also used spectral analysis of the gravity data to estimate crustal thickness
based on the work of Spector and Grant (1970), (see also Blakely 1996; Reid 1980).
The plot of the averaged power spectrum-vs-wavenumber yields a line with several slope
breaks which represent different average depths of source ensembles (see Figure 4.14).
Our interest is the bottom of the crust and therefore we have taken the first slope break
in the plot as representative of that (see Figure 4.14). The depth is obtained by the
relation; d = −s/4π, where d is the depth and s is the slope. Fitting the regression line
as indicated on Figure (4.14) gives a slope of -398.65km and hence a depth of 31.7km.
This value also agrees quite well with the average value estimated from the geometry of
the grabens defining the Okavango Rift.

We conclude that the Okavango Graben is defined by what Corti (2004) describes as
marginal grabens, one being the Gumare Graben in the northwest and the other being
the Moremi Graben at the distal end of the delta. The Kunyere Fault forms the bounding
fault system of the Moremi Graben (Modisi 2000; Modisi et al. 2000; Atekwana et al.
2004) although Kinabo et al. (2008) suggest that the Mababe Fault is now taking over
this role. We suggest that the Gumare Fault forms the boundary fault of the Gumare
Graben, while the Nokaneng forms the failed conjugate fault.

We hope our argument adequately explains the Okavango Graben. We leave the finer
details of rifting kinematics to the work of Modisi et al. (2000), Modisi (2000), Atekwana
et al. (2004), Kinabo et al. (2007) and Kinabo et al. (2008). We have also noticed NW
and WNW striking faults. These are not major faults of the Okavango Rift System but
locally they are as some of them serve as transfer faults between major faults (see Modisi
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et al. 2000; Kinabo et al. 2007; Kinabo et al. 2008). They also lead to block faulting of
the area and hence local variations in space of the Kalahari sediments within the region.

4.7 Estimating aquifer thickness

The integrated hydrological model set up by Bauer (2004) and described by Bauer
et al. (2006a) assumed in a simplifying approach that the aquifer thickness is a constant
value of 100m throughout the model domain. From Figures 4.11, 4.12 or 4.13, one can
already guess that the aquifer thickness is structurally controlled. We have, therefore,
undertaken the task to estimate the distributed thickness of the aquifer using semi-
automated interpretations of the magnetic data. The underlying assumption (generally
true for sediments) is that the Kalahari sediments do not have a significant magnetic
signal, such that the strategy is to model the depth to the underlying basement. This
then gives us the estimated thickness of the aquifer after subtracting the ground clearance
of the magnetic sensor.

Our interpretations are based on a 3D Euler deconvolution technique that solves Eu-
ler’s homogeneity equation for magnetic and gravity fields. The equation relates the field
and its spatial derivatives to the location of the source with a degree of homogeneity, N .
N is interpreted as a structural index, which is a measure of the rate of change of the
field with distance from the source (e.g., Thompson 1982; Reid et al. 1990). For example,
N = 1 for a 2D dyke in magnetics. Any function f(x, y, z) is said to be homogeneous of
degree N if for scaling t, the function obeys the following relation:

f(tx, ty, tz) = tNf(x, y, z) (4.1)

It can easily be shown that the following equation (Euler’s equation) is also satisfied:
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For a potential field T that decays from the source, Thompson (1982) and Mushayan-
debvu et al. (2001), show that the field satisfies the Euler equation and that the Euler
equation for the magnetic field can be formulated as:
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where (x0,y0,z0) is the position of the field source whose total field T is measured at
(x, y, z). The total field has a regional value of B. To solve for the source location,
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The solution is obtained using a least-squares solution of an over-determined system at
each grid point (e.g., Mushayandebvu et al. 2001) for the details of the solution strategy.

In our computations, we assume that the majority of sources can be adequately rep-
resented by dyke-like models. This is clearly valid for the hypabyssal dykes, but it is
also a good approximation for those regions where the magnetic anomalies are caused by
moderate- to steep-dipping faults or the limbs of peneplained folds. Seismic, gravity and
drillhole data indicate that the basement is generally shallower than 500m. Therefore
only depth estimates that are plausibly equal to the basement depths are retained from
the thousands of solutions derived from the 3D Euler technique.

Figure (4.15) shows the estimated depths to basement using the 3D Euler technique
applied to the airborne magnetic data. We have compiled drillhole data where available
for correlation purposes (see Figure 4.16). We see from this figure that a high correlation
between the magnetic depths and depths obtained from drillhole information.

We have interpolated the magnetic depths on a 200m grid using the minimum cur-
vature method. The result is shown in Figure (4.17) where we have superimposed the
lineaments and seismic events on the same map to provide an insight into the influence
of tectonic activity on the distributed thickness of the aquifer. Figure (4.17) shows that
indeed the aquifer thickness is structurally controlled. It is markedly thicker within the
Okavango Graben and thinner above the flanking horst structures.

Notice from Figure (4.17) that there is a positive correlation between seismic activity
and aquifer thickness. This is expected, given the differential rate of the earth’s subsi-
dence over the area. But why is the terrain elevation smooth and symmetric across the
panhandle axis? One answer is that the long term rate of subsidence is comparable to
the deposition rate of sediments. We have estimated the rate of subsidence from the
magnitudes of seismic events recorded over the delta in an attempt to verify the relation
between subsidence and deposition rates.

For us to calculate the subsidence rate, we need to know the total average displacement
over the period of interest. We only have seismic events from 1952 to 2005, a duration
of 53 years. There are sophisticated ways of calculating fault slip using seismic wave
inversion. However, we only have magnitude information and as a consequence, we
resort to other techniques that are fairly simple and yet adequate for our problem. These
techniques rely on the fact that the strength of an earthquake is proportional to the area
of slip and the amount of fault slip. The area of slip is calculated from the length of the
fault and the total the portion of the earth that is ruptured. The earthquakes in this
region have very small magnitudes and we therefore do not expect them to rupture the
whole thickness of the earth’s crust. We have therefore taken 15km as the maximum of
the earth’s crust that can rupture.

Seismic moment (Mo) is a measure of earth quake rupture size that is related to
leverage of force couple(s) across the area of fault slip. It is given by: Mo = µAd, where
µ is the rigidity modulus (30 GPa for continental rocks.), A is the fault area (in m2) and
d is the fault slip (in m). The units of seismic moments are therefore Newton-meters
(Nm = joules), hence the seismic moment is also a measure of the energy released by
an earthquake. The scalar seismic moment is empirically related to the earthquake
moment magnitude (Mw) through Mw = (2/3) log10Mo − 6. The fault rupture area is
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calculated from the rupture depth and length. The rupture length is assumed to be the
total length of the faults along which the seismic events concentrate (660km). A total
fault-slip of 4.43cm and an average slip rate of 0.84mm per year were found for the 53
years spanning 1952-2005. The total seismic moment is dominated by the strong 1952
event, 1.12x1019Nm versus a total of 1.31x1019Nm. This event strongly influences the
slip rate. According to the Gutenberg-Richter law, the frequency of shocks at any given
magnitude level is roughly 10 times that of shocks at one magnitude higher. We can
therefore treat this event statistically as an outlier, and in doing so we get a subsidence
rate of about 0.123mm/annum. Given an average delta area of 12000 km2, this means
that 1 470 000 m3 of volume is created by subsidence. McCarthy et al. (1986) estimate
that about 400 000 m3 of sediments are deposited over the delta area per annum. In
agreement, Milzow et al. (2008), estimate that 870 000 tonnes or approximately 380
000 m3 of sediment are deposited per annum. We infer from these figures (albeit their
crudeness) that the subsidence and deposition rates are in the same order of magnitude
if we neglect the 1952 event. The rate of subsidence is still moderately higher than
that of sediment deposition and that is why we have a topographic depression along the
Okavango Rift System.

4.7.1 Results of hydrological model simulations.

Our distributed aquifer thicknesses were fed directly into the hydrological model as
described in Milzow et al. (2008). We then compared the model simulation results
for a distributed thickness versus a constant thickness using the distribution of the
flooded area as a parameter of evaluation. The results are shown on Figure (4.18), in
which we have simply subtracted the flooded area of the distributed aquifer thickness
scenario from that of the constant one. The dark red values on this figure indicate
an underestimation of the flooded area as a consequence of using a constant aquifer
thickness. The differences are quite small in absolute terms, but what matters most is
the distribution. For example, the underestimation occurs more in the western branch
of the delta.

As a measure of evaluating of what is seen on Figure (4.18), we have chosen a point
at the entrance point of Lake Ngami and looked at the timing of flooding events there.
Figure (4.19) shows that the distributed aquifer thickness scenario agrees quite well with
the observed data. In contrast, Figure (4.20) shows that the constant aquifer thickness
scenario gets the timing completely wrong on seven (7) occasions towards the end of the
simulation period when both the observed and distributed thickness scenario indicate
no flooding. The overall picture that we get is that the constant thickness scenario over-
estimates the volume of water going into the lake. This a manifestation of the fact that
the 100m constant thickness is less than the average value of the distributed thickness.
The physically intuitive explanation is that the constant thickness aquifer saturates with
less water and hence releases the excess into the lake. We have demonstrated with these
simple simulations the importance of a distributed aquifer thickness as an input into the
model. Thanks to the magnetic data, we have been able to provide such information
without drilling, which is not only expensive and time consuming but could also impact
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negatively on the pristine nature of the delta.

4.8 The influence of Neotectonic movements on surface
flow

The major channel that used to carry water in the western branch of the delta into the
Lake Ngami was the Thaoge River (see Figure 4.21). The flow in this river started to de-
cline from 1883 and completely ceased to reach the lake in 1884 (McCarthy et al. 1993a).
The Ngoga-Santantadibe River system in the eastern branch became the most active,
although its flow also started to decline starting in the 1920’s. The main flow is now
through the Maunachira River system in the northern part. The western branch started
to receive water again through the Jao-Boro River system in the 1950’s (McCarthy et al.
1993a).

McCarthy et al. (1993a), McCarthy et al. (1997a) and Smith et al. (1997) investigated
factors that influence channel avulsion and aggradation. Their work suggested that
neotectonic movements led to the development of interconnected graben systems that
divert water flow, and that sedimentation in the channels accentuates the redistribution
process (i.e., the two processes complement each other). Their research was based on
the study of one particular channel along the Panhandle. We have superimposed the
river network on the lineament map to investigate whether the faults influence channel
morphology (see Figure 4.22). The background image is the topographic elevation of
the basement as estimated from the 3D Euler technique. Seismic events are also plotted
on Figure (4.22). From (4.22), it is easy to see that seismic activity has the potential to
shift water flow towards the northeastern branch of the delta. We make the following
observations on the relationship between the river network and lineaments:

� In general, major branching and meeting of streams occur at or close to the lin-
eaments. This supports the suggestions of McCarthy et al. (1993a), McCarthy
et al. (1997a) and Smith et al. (1997) that seismic activity plays a role in channel
avulsions and aggradations.

� Surface flow is redirected at some places to parallel the faults. Thamalakane Fault
forms the longest such redirection to form the Thamalakane River at the distal
end of the delta.

� As already discussed, the active delta shape seems to be influenced by tectonic
movements. In particular the frontal propagation of the rivers or the progradation
of the delta appears itself to be fault controlled.

4.8.1 Results of hydrological model simulations.

Earthquakes happen over a period of few seconds and in a flat region like the Okavango
Delta, the affected streams or rivers will adjust to the tectonic movements relatively
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quickly (e.g., months to years). By comparison, sedimentation processes will not react
so fast to counter the effects of such movements, although in the long term it appears
that deposition and subsidence rates are of the same order of magnitude.

We have looked at the 1952 magnitude 6.7 earthquake to gain some insight as to how
much displacement such an earthquake could have caused. This event was located very
close to a 120km long fault between the Nokaneng and the Lenyanti faults (see Figure
4.13. A fault slip of approximately 20.7cm was found by assuming that the whole fault
length ruptured. However it is unlikely that an earthquake of this magnitude would
cause such a long rupture. Global findings show that long faults are actually segmented
and that an individual earthquake may affect just a few segments, depending on its
strength and the prevalent rheology. We have assumed a maximum rupture length of
30km based on global trends. This gave us a fault slip of 83cm. Smith et al. (1997)
working along the panhandle area found fault displacements of the order of 1m using
GPS measurements.

We cannot reconstruct the initial topographic surface and simulate topographical
changes as and when seismic events happened in the past in our hydrological model.
As an alternative, we have performed a sensitivity analysis approach by vertically rais-
ing the whole northeastern block and tilting the panhandle in a southwesterly direction
by amounts that we think are reasonable given the estimated fault slip rates. Figure
(4.23) shows the blocks involved. This approach is overly simple, but it provides a first
order estimate. Our rationale for these block movements is based on the observation
that the northeastern region is an area of concentrated seismic activity and therefore
has the potential to influence the surface flow regime. Although seismic activity is quite
intensive along the Moremi Graben, subsidence at the terminal end of the delta will have
only a minor impact on flow shifting from one branch of the delta to another.

We are mindful of the fact that sedimentation and neotectonic movements complement
each other in channel avulsions and aggradations in this region. We have chosen to look
into the influence of tectonic movements simply because it was easier to implement them
in our model although in reality we cannot simulate such movements to finer details. We
moved the blocks individually and also in combination by up to a maximum of 30cm to
the southwest and ran the model through a period of 30 years. Figure (4.24) shows the
model runs for the scenario with the maximum 30cm tilt. Figure (4.24b-d) show changes
in flooding frequency relative to the base run in Figure (4.24a). It is clear from these
figures that a significant change appears when the Panhandle is rotated. The combined
movement of blocks produced the highest change over a larger area, with about 20%
gain in flooding frequency within the western branch.

Most of the Thaoge River Basin does not receive any water after these movements
except at the very beginning. Instead, another dead stream next to it is the one that
gains most of the flow. We attribute this to the local micro-topography, because we have
not in reality changed it. However, our goal is to examine the relative changes and not
so much the exact quantities involved and it is clear that these movements lead to a gain
in flow for the western branch. Tilting the panhandle alone already leads to a significant
change, compare Figure (4.24c) with Figure (4.24b).

Based on these results, we therefore postulate that the area at the end of the panhandle
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is the most sensitive part that could have led to flow shifting from the western branch
to the eastern branch of the delta due to tectonic movements. Most likely, this occurred
at the point where the Thaoge and Ngoga River systems branch apart. This is an area
quite close to the Gumare Fault. It is, therefore, quite possible that graben formation
on the side of the Ngoga system could have led to most flow shifting towards the Ngoga
River. A substantially reduced flow to the Thaoge then led to sedimentation (enhanced
by vegetation growth) and finally a total aggradation of this channel. The fact that
tilting of the larger block brought negligible changes consolidates the argument of the
importance of small scale subsidences. In any event, the long term rates of subsidence
and deposition are in the same order of magnitude.
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Figure 4.1: Tectotic setting of the study area (black box) within the larger tectonic framework
of Southern Africa. Abbreviated belts are: CKB-Choma Kalomo Block, IRB-
Irumide Belt, LAC-Lufilian Arc, LMB-Limpopo Mobile Belt, ZMB-Zambezi Belt.
Cratons are: K.L.C-Kalahari Craton, ZC-Zimbabwe Craton. K.L.C. comprises
of the Kaapvaal and Zimbabwe cratons. Shear zones: MSz-Mwembeshi, SSz-
Schliesen. The southeastern portion of the Damara Belt in Botswana (vertical
hatches) is known as the Ghanzi-Chobe Zone or Fold Belt. Information largely
derived from Kampunzu et al. (1998); Singletary et al. (2003)
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Figure 4.2: Regional physiographic setup. The background image is the digital terrain model
from SRTM data. Reddish tones are areas of high topography, bluesh ones low
topographic zones whereas the greenish zones show areas of intermediate topo-
graphic heights. The Okavango Graben is the northeast trending topographic
low region, with the main bounding faults (barbed on the down-dip side) be-
ing the Gumare to the northwest and the Kunyere (K) in the southeast. The
Thamalakane Fault (T) is the distal fault against which the Delta terminates.
The ephemeral Boteti River (Br) provides the only outlet from the Delta. Litho-
logical data is obtained from boreholes (circles), outcrops (polygons) and inferred
from seismic data (stars).
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Figure 4.11: Composite lineaments from both aeromag and gravity plotted on digital terrain
model. Notice how the lineaments mapped from different sources coincide quite
well and correlate with the terrain elevation model.
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Figure 4.12: Lineament map derived from Figure (4.10). Numbers show the depth of the
Kalahari sediments from both drillholes and seismic sources. Barbed lineaments
show the marginal grabens of the main Okavango Graben
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Figure 4.13: Final lineament map derived from Figure (4.10). Barbed lineaments show the
marginal grabens of the main Okavango Graben. Direction of faults’ throws
inferred from both topography, dike displacements and drillhole information.
Faults’ names are: G (Gumare), Nk (Nokaneng), L (Lenyanti), Lc (Lecha), Kc
(Kachikau), K (Kunyere), Mb (Mababe), T (Thamalakane), Ts (Tsao) N (Nare)
and Ss (Sekaka Shear).
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Figure 4.14: Power spectrum of gravity data used to estimate the average crustal thickness.
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Figure 4.15: Estimated basement depths from the magnetic data using the 3-D Euler
technique.
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Figure 4.16: 3D-Euler depths-vs- depths from drillholes.



70 4.8 The influence of Neotectonic movements on surface flow

Figure 4.17: Gridded image of Figure (4.17). Shows that the aquifer thickness is structurally
controlled. The aquifer is thicker within the Okavango Rift System and thinner
on the flanking horsts.
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Figure 4.18: Flooded area distribution difference between constant and distributed aquifer
thickness

.

Figure 4.19: Timing of simulated flooding events at the entrance of Lake Ngami, constant
versus distributed aquifer thickness

.
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Figure 4.20: Timing of simulated flooding events at the entrance of Lake Ngami, constant
versus distributed aquifer thickness

.

Figure 4.21: River network from Milzow et al (2008)
.
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Figure 4.22: Shows a plot of river lineaments and seismic events on the river network. The
background image is the basement elevation estimated using magnetic and
SRTM data sets.

.
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Figure 4.23: Shows block moved in the simulations effect of tectonic movements on river flow
.
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Figure 4.24: Shows flooded area distribution as a result of block movement simulations.
.



5 Salinity mapping

5.1 Introduction.

The work of McCarthy and Ellery (1998a) established that the Okavango Delta is a
terminal evaporative system. They determined that the average inflow at the inlet of
the delta is 300 m3s-1 with an estimated 35 gm3 of total dissolved solids. Based on
the work of Gieske (1992), the input of total dissolved solids by rainfall is an order of
magnitude less than the input by inflow at the delta’s inlet. Accordingly, it can be
safely assumed to be negligible. McCarthy and Ellery (1998a) estimated that only 7.5
m3s-1 of the flow with a concentration of 95 gm3 leaving the delta via the Boteti river
at the terminal end of the delta. By making simple calculations from these figures, it
can be concluded that roughly 300 000 tonnes of dissolved solids are deposited in the
delta per annum. Based on this estimate, one would expect the delta to be a completely
saline environment, perhaps a salt marsh. Clearly this is not the case. Instead, the delta
waters are fresh all the way from Mohembo (delta inlet) in the northwest to Maun in
the southeast, a distance of about 250km as the crow flies.

McCarthy et al. (1993b), McCarthy and Ellery (1994), McCarthy et al. (1998c), Dan-
gerfield et al. (1998) and Ellery et al. (1998) show that infiltration through the numerous
islands scattered throughout the delta leads to precipitation of salts and silica on the
islands through evapo-transpiration and hence their growth. Gieske (1996) postulated
that evapo-concentration of salts on the islands may lead to a situation whereby the
salt concentrate becomes unstable and gets removed into the deeper aquifer through
density fingering. The process of density fingering of salts below the islands in the
Okavango Delta has been numerically modelled by Zimmermann et al. (2006). Bauer
et al. (2006b) specifically investigated density fingering using electrical resistivity imag-
ing methods below one island they called Thata Island. They concluded that density
fingering was indeed taking place below this island. Bauer (2004) estimated the total
mass that can be removed by this process is about 30 000 tonnes and Ramberg and
Wolski (2008) refined this estimate to 144 000 tonnes. They further estimate that 216
000 tonnes of salts are removed through salt encrustation on the islands while 21 000
flow out of the system through the Boteti River at the distal end of the delta.

Zimmermann et al. (2006) and Bauer-Gottwein et al. (2007) show that the presence
of strong regional flow gradients may generate salt plumes in the wake of the islands.
Ramberg and Wolski (2008) argue that such a scenario will only lead to local redistribu-
tion of saline groundwaters, because it is unlikely that there is a regional groundwater
outflow from the delta.

76
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5.2 Objectives of salinity mapping.

Clearly, salt removal through encrustation on the islands is the main mechanism through
which the delta waters are maintained fresh throughout the domain. The manifestations
of this process are glaringly obvious on satellite images and aerial photographs. What
has not been established convincingly is the removal of salt through density fingering,
although salt balance calculations strongly suggest that some portion has to be lost
into the deeper aquifers (Bauer 2004; Bauer et al. 2006b; Bauer-Gottwein et al. 2007).
Hence our airborne-based EM salinity mapping was not only intended to map the spatial
distribution of salinity but, also to determine whether salt fingering was a phenomenon
occurring at a large scale. Products from EM-based investigations include thematic
maps of spatial resistivity distribution at different depth levels and elevations and a
saline-fresh water interface map. The latter map is very important, because it shows
us where there is a strong coupling between surface water and the groundwater aquifer.
The thicker the infiltration depth, the stronger will be the coupling and vice versa. We
should also need to bear in mind that infiltration depth is not only a function of the
leakage coefficient (a property of the soil) but also of the flooding frequency. In other
words we cannot use the infiltration depths to determine relative leakage coefficients
unless we look at regions within the domain that have the same frequency of flooding.
Nonetheless we expect to be able to delineate areas of high coupling and perform model
calibration to estimate the leakage coefficients.

5.3 Data acquisition.

In order to achieve the objective of regional salinity distribution, a regional airborne
TDEM survey was carried out at a line spacing of 2km along approximately 17 000
line kilometers over an estimated area of 28 000 km2 (Figure 5.1. To investigate salt
fingering, a smaller area (high resolution area 1 or HRS 1) of 5km by 5km was flown
at a line spacing of 50m (Figures 5.1a and 5.2a). Another smaller area (high resolution
area 2 or HRS 2) of roughly the same size was flown over the now defunct Tlhaoge River
system in the western branch of the delta (Figures 5.1a and 5.2b) in order to investigate
the possibility of occurrence of fresh water resources in buried channels. We will only
deal with data from the regional and high resolution area 1 surveys in this thesis.

Data were acquired using the Versatile Time-Domain Electromagnetic (VTEM) sys-
tem belonging to Geotech Airborne Ltd. This is a helicopter-borne electromagnetic
platform that employs a time-domain configuration consisting of a towed coincident
transmission and receiver system. Figure (5.3) shows the VTEM system in operation
together with the background environment within the delta over which the data were
acquired: river channels (freshwater), swamps (freshwater) and salt-encrusted islands.
The area in the western branch of the delta (where high resolution area 2 is located)
is basically dry bushy land with old river channels that receive water sometimes during
heavy rains.

The general work-flow followed by the contractor is summarised in Figure (5.4).
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5.3.1 VTEM system specifications

The VTEM technical system’s dimensions are shown in the insert sketch on Figure 5.3.
The towed wound-coil receiver sensor is located at the centre of the transmitter loop
whereas the transmitter is a 4-turn coil with a diameter of 26m. The transmitter pulse
repetition rate was 25 Hz with a nominal current of 206 Amp. A radar altimeter system
located at the center of the helicopter’s belly recorded the ground clearance. Positioning
information was collected using a differential Global Positioning System (GPS). The
GPS was tested through stationary tests to determine position and elevation standard
deviations. The accuracy of the radar altimeter was calibrated against the GPS elevation,
giving a correlation coefficient of about 99 %. The following specifications were applied
to the AEM survey:

� mean EM sensor terrain clearance: 50 m

� nominal survey speed: 80 km/hr

� acquisition sample rate: 10 data samples/second

� distance between data points along the flight track: approximately 2.5m

The lag is the horizontal distance between the transmitter/receiver system and the
GPS antennae mounted on the helicopter. To determine the lag, it was necessary to
fly the system across sharply peaked anomalies in opposite directions. This results in
two positions for the anomaly. The distance between these two positions is halved and
used as the ’system lag’. During processing, this correction is applied to all data by
calculating the average velocity along each flight line and converting “distance lag” to
“time lag”. The relevant measurements (e.g., EM, and radar) were then shifted in terms
of fiducials that are based on the time channel. This resulted in the transmitter loop
and the radar antennae being effectively located directly beneath the GPS antennae.
Three helicopters were used to complete the survey (one at a time) and the lag had to
be determined for each helicopter at the start of its operations.

Data were acquired at different time gates (Table 5.1 and Chapter 2 for general mea-
surement procedures).

5.3.2 Pre-processing of data

After correcting for the lag, a non-linear filter was used to remove spikes from the EM
data. The effects of current variations were then removed. De-spiking was was achieved
with a 5-point non-linear filter that had a tolerance of 0.0005, whereas the compensation
was completed with Geotech’s proprietary algorithm.

The effect of system drift was removed through levelling. Two or more high altitude
background tests were performed during each flight in order to determine the zero-level
errors or the system’s drift. The assumption is that the EM response of the ground at
these high altitudes is zero and hence all gates are assumed to have the same value.
Areas of zero background were manually identified by the processor and depending on
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Channel Time window Channel Time window Channel Time window
(µs) (µs) (µs)

2 21 13 198 24 1370
3 31 14 234 25 1641
4 42 15 281 26 1953
5 52 16 339 27 2307
6 62 17 406 28 2745
7 73 18 484 29 3286
8 83 19 573 30 3911
9 99 20 682 31 4620
10 120 21 818 32 5495
11 141 22 974 33 6578
12 167 23 1151 34 7828

Table 5.1: VTEM time windows or gates.

the behaviour of the data, either a linear or a non linear trend was removed. This
type of levelling can never completely eliminate line to line errors; there will always be
some residuals left that need another type of levelling. These residuals can be caused by
insufficiently high altitudes (i.e., the background response is not negligible). The ambient
temperature at high altitudes is also not the same as that which prevails during data
acquisition. Hence, the system’s response is not exactly the same even if the background
response is negligible. The effect of these residuals is to cause“shift” from line to line that
manifests itself in a corrugated appearance of the gridded data. We will see examples of
corrugations in the next section.

The data were then fed into a Geosoft Oasis Montaj database, ready for the the next
level of processing that involved preparing the data for inversion. Typical database
channels are shown in Table (5.2).

5.4 Measurements’ result.

The measured EM response was gridded, mainly for the purpose of quality control,
whereby correlation with ground features identified either on satellite imagery or aerial
photographs was performed. Apparent conductivities were calculated based on Equation
(3.22). Equation (5.1) shows the formula used for computing approximate apparent
conductivities from the measured EM response, which are then converted to apparent
resistivities.

σ ≈ π
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Data Channel data Comments

Position X and Y UTM position WGS 84, UTM zone 34S
Longitude and Latitude WGS84

Elevation Z GPS antennae (m.a.s.l)
Terrain clearance Radar Radar altimeter (m AGL)

Radarb Instrument clearance
DTM Digital terrain model meters
Time Gtime1 GPS time (sec of day)

Date Acquisition date
Time windows SF[2 to 34] dB/dt (pV/A/m4)
Power PLM Power line monitor

Table 5.2: Typical data channels in Geosoft Database format.

where

� Bz is the magnetic magnetic field.

� M is the magnetic dipole moment given by Inπa2.

� I is the transmitter peak current [A].

� n is the number of turns in the transmitter loop.

� a is the radius of the transmitter loop [m].

� t is the time [s].

� σ is the conductivity [S/m].

� µ0 is the magnetic permeability of free-space, approximately 4x10-7.

Three representative gates were used for this purpose (Figure 5.5). It can be seen
from these images that the outline of the delta is well delineated; good correlation with
ground features is observed.

Time decays for individual gates were also plotted either individually or gridded along
lines in an effort to assess the quality of the data. Taking into account that very little
filtering was applied (only non-linear filtering to remove spikes), most of the decay curves
were quite smooth. Figure (5.6) shows one of the decay curves and Figure (5.7) shows
examples of resistivity plots.

5.4.1 Decorrugation of apparent resistivity data.

Airborne geophysical surveys normally suffer from inconsistencies between adjacent flight
lines due to unavoidable acquisition-related problems (e.g., zero-levelling problems in
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AEM surveys and diurnal variations in aeromagnetic surveys). These inconsistencies
manifest themselves as corrugations across flight lines on the gridded data. The remedy
is achieved partly by flying relatively widely spaced tie-lines perpendicular to the survey
lines in order to acquire repeat point readings at the intersections. Data misfits are then
calculated and minimisation procedures employed to derive the corrections taht can be
applied to all data (e.g., Saul and Pearson 1998).

In AEM, procedures such as high altitude flights (no signal from the ground) at the
start and end of each sortie are carried out to determine zero-level readings of the
acquisition instrument, which are then interpolated linearly in time toyield correction
values for each station in a time-synchronised manner. It is often useful to carry out high
altitude readings in the middle of a survey to account for potential non-linear effects.
Valleau (2000) and Huang and Fraser (1999) give an account on how to carry out these
processes and other levelling procedures to tackle the issue of errors.

Small levelling errors invariably remain after application of these first line remedies.
The so-called microlevelling (Mauring et al. 2002; Mauring and Kihle 2006) or what
Huang and Fraser (1999) call automated levelling may be applied to deal with these
errors. Since the residual errors appear as corrugations or short-wavelength features
across the survey lines, the underlying principle in tackling them is to create a high-pass
directional filtered error grid that matches the points on the original input data grid.
The error grid is then subtracted from the original one to obtain a grid of values void of
the linear stripings.

Gridded images of both the EM time gates’ responses and the apparent resistivities
in our high resolution area 1 glaringly show corrugations across the flight lines (see an
example in Figure 5.8). These errors were not so obvious in the regional survey block,
simply because of the large interpolation grid that effectively smoothed the corrugations.
However, the early time gates showed these errors quite clearly.

In this study, we use a micro-levelling technique implemented in Geosoft Oasis Montaj.
A decorrugation filter control file is run on the original grid in the Fourier domain
to prepare an error grid. In this procedure, the original grid is subjected to a high-
pass Butterworth filter followed by a directional cosine filter that passes wavelengths
in a specified direction (in this case the flight line direction). This levelling procedure
is an iterative process, whereby fine tuning of the filter parameters based on visual
inspection of both the error and levelled grids is required. Shaded relief images of the
levelled grid with simulated light perpendicular to the flight line direction highlights any
remaining corrugations. The cut-off wavenumber for the Butterworth Filter controls the
wavenumbers to be subtracted. A rule of thumb is that the cut-off wavenumber it should
be least 4 times the line spacing. If ringing of the data is observed, then the degree of
the Butterworth filter must be reduced. The “energy” or the degree of the cosine filter
controls how much is removed in the the specified direction.

Micro-levelling was applied to all time gates’ resistivities, the bird altitude and the
topography using the same control filter file. The cutoff wavenumber of the Butterworth
filter was set to 0.0025 m-1 (i.e., a wavelength of 400m) with a degree of 5. The energy
or degree of the directional cosine filter was set to 1.5. Note that the cut-off wavelength
needed to be substantially larger than 4 times the 50m line spacing; the contaminating
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signal had a wavelength within this order of magnitude. Figure (5.9) shows the results
of applying the decorrugation procedure to the time gates displayed in Figure (5.8). We
see from these images that we have effectively minimised the errors.

We also performed the levelling in the logarithmic scale applying the same control
filter as in the linear scale and achieved the same goal (i.e. effectively minimising the
errors). To ascertain that the shifts was not random, the levelled error grids (in log10

scale) were re-sampled for comparison with the unlevelled data. In this process, we cut
off the early time gates to avoid the system’s low-pass filter’s bias and late time gates to
avoid the noise bias. We noticed that in most cases, the shift was either systematically
positive or negative and only about 12% of the stations showed a crossover. We show
some example plots of the systimatic shifts in Figure (5.10). A standard deviation of
the shift at each station was calculated and gridded (stations showing negative shifts
were dummied). As expected the grid showed stripings along the flight lines, see Figure
(5.11). We are therefore convinced that this shift is systematic and not random.

We doubt that variations in the acquisition height are the main cause of these cor-
rugations, since the standard deviation of the acquisition height was about 1.4m. The
inaccuracy of the barometric sensor is reported to be 1m by the contractor; the standard
deviation of the aquisition height could be a reflection of this inaccuracy. We suspect
that the errors are due to other factors such as residual zero-levelling errors. In absolute
terms, the mean shift for the whole survey is between 1Ωm and 4Ωm with a mean of
2.04Ωm and standard deviation of 0.35Ωm.

Although the shifts are not very large, they may result in totally different earth mod-
els. Auken et al. (2008) have studied the effects of shifts in both the ramp and the
synchronisation of the receiver-transmitter system. They found that small shifts in such
parameters lead to totally different earth models. It will be interesting to see how these
levels of shifts would affect the inversion results of the Okavango data. We have carried
out the data inversion in this study without applying corrections to minimise corruga-
tions and hence further work should be carried out to investigate this.

In AEM, microlevelling is performed on the apparent resistivity grid, whereas zero-
level corrections are applied to the EM channels. An attempt to microlevel the EM
channels for frequency domain systems was made by Siemon (2007). Unfortunately he
was not very successfull, eventually resorting to levelling the apparent resistivity data.
The major difficulty lies in the fact that one has to perform altitude transformation of the
field to do this. This is exactly the same problem that one has to face when attempting
tie-point levelling of the secondary EM field. This is because the EM response is not only
a function of the underlying resistivity model but also of the altitude of the acquisition
platform.
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5.5 Data Inversion

5.5.1 Overview of the applied inversion method

Resistivity soundings have for a long time been inverted independently in a 1D fashion
and then stitched together along profiles to provide 2D perspective of the geology. This
type of inversion suffers from what is often known as electrical equivalence, whereby
different resistivity models can actually fit the same data curve. In order to minimise
the effect of equivalence in adjacent soundings, methods have been devised in which
resistivity models at different stations are laterally constrained; models along a profile
are allowed to vary within a certain tolerance set by the processor (e.g., Auken and
Christiansen 2004). The tolerance is set according to the the geological/hydrogeological
environment. For example, if the processor has some insight from existing information
that the geology does not vary much laterally, then the“strength”of the tolerance can be
increased. Constraints can also be set in a vertical direction. They are not only applied to
resistivities, but can also be applied to layer depths and thicknesses although constraints
in thicknesses are only favoured across anticipated fault zones (Auken and Christiansen
2004). The constraints are in a way equivalent to providing a-priori information; a well
known construct of minimising non-uniqueness in potential field methods. Soft a-priori
information from boreholes or other relevant sources can also be added. This essentially
is a coupled 1D inversion and must still conform to the underlying requirements or
assumptions of the conventional 1-D inversion. That is, the earth must be isotropic and
homogeneous, meaning that the resistivity must be the same in all directions and all
over the layer. The configuration must be that of a half-space or layered halfspace which
is sub-horizontal to horizontal.

This method can be equated to performing quasi-2D inversion and is often referred to
as 2D Layered Constraint Inversion (2D-LCI) or Pseudo 2D inversion. The particulars
and methodology of this inversion are well documented and have been pioneered by
the Hydrogeophsics Group of Aarhus University in Denmark. The details can be found
mainly in Auken and Christiansen (2004). Other relevant papers include Christiansen
and Auken (2004), Wisen and Christiansen (2005), and several conference proceedings’
presentations by the same group of authors (e.g, Auken et al. 2008.

In summary, this inversion method is a linearised least-squares optmisation in which
a group of data points are inverted simultaneously and the model estimate minimises
a common objective function normalised by the number of data points, model param-
eters and constraints (Auken and Christiansen 2004). All the model parameters are
represented in logarithmic domain to ensure positivity. Lateral constraints help to con-
vey information from one model to the other and in this way minimisation of electrical
equivalence is achieved. Generally, a constraint of 1.1 means that adjacent model pa-
rameters can vary within 10 % tolerance and practically constraint values between 1.1
and 1.3 have been found to be a good starting point (Auken et al. 2005b).

Estimation of the error covariance matrix, Cest, on a full non-linear problem is time
consuming as extensive forward mapping may be required during each iteration of the
inversion runs. To circumvent this problem, linearisation about the final model is done
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and the advantage is that the forward modeling is done only once before the iterative
covariance estimation begins. This estimation is adequate for mildly non-linear problems
(Christiansen and Auken 2004). Standard deviations on the model parameters are calcu-
lated as the square root of the diagonal elements of the covariance matrix, Cest. Since the
model parameters are represented on a logarithmic domain, the analysis gives a standard
deviation factor (STDF) (Auken and Christiansen 2004). The impossible scenario of a
perfect resolution has an STDF = 1, an STDF of 1.1 is approximately equivalent to an
error of 10%. Well resolved parameters give STDF<1.2. Moderately resolved parameters
are in the range 1.2<STDF<1.5, poorly resolved parameters in 1.5<STDF<2 range, and
finally unresolved parameters have values of STDF>2 (Christiansen and Auken 2004).

The concept of 2D LCI has been extended to quasi-3D inversion whereby constraints
are applied across profiles (see Viezzoli et al. 2008) for the description of what they have
termed the spatially constrained inversion (SCI). The concept is exactly the same as that
of 2D LCI except that the Delaunay triangulation method is applied for optimisation of
data points to be selected for inversion. The SCI has the advantage of suppressing the
elongated artifacts commonly seen in interpretation results of profile-oriented data sets
(Viezzoli et al. 2008).

5.5.2 Data inversion procedure

As already explained, the project was carried out by a joint venture between Geotech
Pty Ltd (Canada) and COWI (Denmark). Geotech was responsible for data acquisition
while COWI were the main data processors. Preliminary data inversions were done
in the field for selected survey blocks in order to have a feel of the outcome and in
the process, design an inversion strategy. Millions of data sets were collected during
the survey and therefore to invert needed substantial computer resources. The bulk of
the data inversion was therefore moved to COWI offices in Denmark where computer
resources were adequate. This author had to visit COWI on several occasions totaling a
month in order to participate in the data inversion procedure. After completion of the
inversion, the author then collected the inverted models for further processing in terms
of preparing thematic maps and data interpretation.

The data was collected along lines at approximately 2.5 m intervals for all the survey
blocks and to invert all the data points would have been computationally expensive. The
foot-print of the system is also much larger than this distance and therefore not much
would have been gained by inverting all the data points. The database was therefore
decimated at a 25m interval for inversion. All the data points were initially manually
inspected to check if the decay curves were not too noisy. This was done by fitting a
polynomial through each decay curve and editing the points to achieve a 5% residual.
However, given the immense amount of data, a routine was created to automatically
take care of this.

Two distinct 2D LCI inversion procedures were followed as it is the routine strategy
in the industry: the many-layer and few-layer inversions. The purpose of the many-
layer solution is to provide an overall picture of the spatial distribution of resistivity
and approximate number of distinct layers. This setup therefore uses an optimally high
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Parameter Description

Res Resistivity value
ResStd Constraint on resistivity value
ResVer Constraint on resistivity variation vertically
ResLat Constraint on resistivity variation laterally
Thk Thickness of layer
ThkStd Constraint on thickness
ThkVer Constraint on layer thickness vertically
ThkLat6 Constraint on layer thickness laterally
Dep6 Depth of layer
DepStd Constraint on layer depth
DepLat Constraint on layer depth laterally

Table 5.3: Description of LCI parameters.

amount of layer blocks within each sounding with fixed layer thicknesses. Vertical and
lateral constraints are applied between the fixed layer blocks.

The purpose of the few-layer solution is to incorporate observations derived from the
many-layers inversion regarding the number of layers and resistivity properties in order
to better define the vertical and lateral geometry of the geology. The few-layer case
normally results in sharp layer boundaries as compared to the other version whereby
layer boundaries are normally smeared. Therefore, the few-layer setup defines a series
of a fixed number of layers (the air-layer plus 2, 3, 4 and 5 layers in our case) with no
vertical constraints. The many-layer inversion is often referred to as smooth inversion
in the inversion terminology.

The main challenge in performing data inversion is the selection of inversion parame-
ters on a sufficiently low noise dataset to obtain coherent simple model results approxi-
mating the geological setup. An interactive iterative process with continuous fine tuning
of inversion parameters is therefore followed. The inverse modelling of survey profile
data is made by setting starting values and constraints for the resistivity, thickness and
depth for each layer. A summary of the LCI inversion parameters is shown in Table
(5.3). Table (5.4) shows the inversion parameters that were commonly used in this
survey, details can be found in Auken and Christiansen (2004).

The 19 layer case 2D LCI was performed for both the regional survey and the high
resolution areas. In addition, the quasi-3D LCI was performed for the high resolution
areas. The parameters of inversion for the regional survey are shown in Table (5.5) while
those of the high resolution areas are shown in Table (5.6). These parameters were finally
used after a series of runs were done and some fine tuning in terms of starting resistivity
models, editing decay curves and the inversion parameters themselves. For example, it
took about 10 runs to arrive at the final versions of the parameters in the quasi-3D LCI
for the high resolution areas. The guiding principles in all these fine tunings were always
based on whether the results more or less represented the known general geology and
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Parameter Value Description

ResStd -1 No constraint
ResVer 1 relatively strong vertical constraint

3 relatively loose vertical constraint
ResLat 0.3 relatively strong lateral constraint for pseudo-2D LCI

5 relatively strong lateral constraint for pseudo-3D LCI
10 relatively weak lateral constraint for pseudo-3D LCI

Std -1 signifies no constraint on standard deviation variation
0.001 sgnifies a fixed value

ThkVer 9.99E+09 no constraint in the vertical or lateral direction

Table 5.4: Constraints parameters used in the inversions.

whether the error fit was considered adequate. We had for example used a starting model
whereby the bottom 16 layers were saline (ranging between 10 Ωm and 1 Ωm) based
on the existing information and it turned out that this was not optimal. The domain
got saline everywhere within the first 50m. This for instance did not reflect what we
know to be the case around the Panhandle area. It appeared to us that this type of
starting resistivity model did not give the inversion process enough latitude to search
for the optimum solution. We then had to resort to the starting models whereby all the
layers had a resisitivity value of 50 Ωm and it worked quite well after a fine tuning of
a few inversion parameters. Another example is that of the resistivity lateral constraint
in the 19 layer quasi-3D LCI for the high resolution areas. Figure (5.12) shows that a
constraint of 5 produced a better image than that of 10. In the same figure, we show
how the quasi-3D LCI out-performed the quasi-2D LCI.

Optimum inversion parameters were then obtained from the final versions of the 19
layers inversion and used in the few layer cases. As a result, few model runs (2 as
compared to 10 runs in the 19 layer inversion) were made before satisfactory results
were obtained. The final parameters are presented in Table (5.7). Four cases of few
layer inversions were done (3,4,5 and 6 inclusive of the air layer) and in both surveys
(regional and high resolution areas) it was only the 2D-LCI which was performed. We
will only show the results from the 6 layer inversion case in this thesis, sometimes we
may call this the 5-layer case simply because the sixth layer is the air layer.

5.5.3 Few layer-vs-smooth inversion results.

Before we proceed into showing the full results, it is perhaps relevant to compare results
from the two inversion procedures; smooth and few layer inversions. The reason is that
we want to proceed by showing results from one form of inversion that we feel elucidates
on the geology better or in essence the one that shows the geological layering much
better. We present below a series of images for this comparison. It is not so important
to know where these sections are taken in the map area but sufficient to know that they
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Table 5.5: Inversion parameters used in the 19 layers 2D LCI for the regional survey. Time
windows used are 31− 7828µ.
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Table 5.6: Inversion parameters used in the 19 layers quasi-3D LCI for the high resolution
surveys. Time windows used are 31− 7828µ.

Layer Res ResStd ResVer ResLat Thk (m) ThkStd ThkVer ThkLat Dep (m) DepStd DepLat
(ohm-m) (m) (m)

1 10,000 0.001 9.99E+09 9.99E+09 Alt. 0.005 9.99E+09 0.005 Alt. -1 9.99E+09
2 50 -1 3 0.3 5 0.001 9.99E+09 9.99E+09 5 -1 9.99E+09
3 50 -1 3 0.3 5 0.001 9.99E+09 9.99E+09 10 -1 9.99E+09
4 50 -1 3 0.3 5 0.001 9.99E+09 9.99E+09 15 -1 9.99E+09
5 50 -1 3 0.3 5 0.001 9.99E+09 9.99E+09 20 -1 9.99E+09
6 50 -1 0.3

Table 5.7: Inversion parameters used in the 5 layers 2D LCI for both the regional and high
resolution surveys. Time windows used are 31− 7828µ
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represent the same sections on the ground. We have not shown the color scheme but in
all the images, the bluish colors represent low resistivity values, reddish ones indicate
high values while the greenish tones represent intermediate resistivity values.

The top images in Figure (5.13(a-c)) show a 19 layers case inversion while the bottom
images show the 5 layers case inversion (all cases are quasi-2D LCI). The solid lines
in all the images show examples of layering as traced from the 5 layer case inversion.
They are drawn on the 19 layer case images to illustrate how smeared layer boundaries
are depicted by the 19 layer case inversion. Figure (5.14a) shows the 19 layer case for
the quasi-3D LCI from one of the lines in high resolution area 1 while (b) shows the 5
layer case for the same profile. The first thing we can comment on, even if we don’t
show it here is that there is already a marked improvement in delineating boundaries
in the quasi-3D LCI as compared to the 2D LCI. However the 19 layer case shows an
intermediate resistivity layer being sandwiched between two low resistivity layers with
a lot of layer boundary smearing. This scenario is shown by all the profiles in the 19
layer case. A deep borehole drilled on Thata Island did not reveal such a layering. In
contrast, the 5 layer case closely matches the borehole information whereby a sandy clay
layer was intersected from 61m to 96m depth (end of the borehole). We equate this layer
to the bluish one in the resistivity section which we intersect from about 65m to 99m
depth.

It appears from the above examples and the observations we made from many other
profiles that the 5-layer case represents the geological layering much better than the
smooth inversion case. We will therefore from now onwards prefer to show results from
the 5-layer case inversion.

5.5.4 Gridding methods (linear-vs-logarithmic)

Although the along line sampling is quite dense (25m interval for the inversion) we have
opted for the minimum curvature gridding over the bidirectional gridding due to the
fact that sampling with depth is not only irregular but sparse as well. This situation
makes the bidirectional gridding algorithm unsuitable for the purpose of interpolation
in preparing cross-sections (see Billings and Richards 2000). The sampling across lines
for the regional is also quite sparse (2km) and therefore we still opted for the minimum
curvature method in doing spatial interpolation.

In general, minimum curvature will have the tendency to overshoot the observed
data points in poorly sampled data, resulting in anomalous highs and lows between
observation points. This could be mathematically ideal but practically not acceptable.
Overshooting (we use the word in both the negative and positive sense) can also occur in
well sampled data because of poor interpolation parameters chosen by the user. There
are ways of dealing with these problems but only to some limited extent if the sampling
density is poor and the only way is to densify the sampling. Another problem that may
arise is when the data is highly skewed. This leads to the disproportionate effect that odd
high values (e.g, noise or real signal) have on the surrounding low values because they
become weighted too strongly. The way to deal with this problem is to do logarithmic
gridding.
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We first attempted to do gridding in the linear mode and noticed that there was a
lot of overshooting in the resistivity values on the cross sections. This resulted in many
cases strong negative anomalous zones which are basically illogical because resistivity
values are never negative. The other problem that we noticed was that of incoherent
layering due to high data skewness. We have tried to overcome these problems by
doing logarithmic (log to the base 10) gridding in addition to fine tuning parameters
that minimise overshooting. Figure (5.15) compares part of cross section just off the
Panhandle and the lithological log from a borehole 700m away in perpendicular direction
is projected onto the cross-section. We will not explain the correlation with the litho-log
here until the next section. The interpolation parameters are exactly the same except
that the top figure, (a), is the result of using the linear option. In the bottom figure, (b),
we have used the log option and set the log cut-off point at 1 while the output is linear.
We also dummied out anything less than 1 (one) for the linear option since the log option
will automatically take care of that. The color scheme is also the same. We see from
the top figure that there is a lot of oscillations in the linear gridding as compared to the
log option. We see strong erratic or incoherent blue zones in the top figure indicating
very low resistivities. We see none of these things in the bottom image, instead there we
see coherent layering which correlates quite well with the litholog from a borehole 700m
down the topographic slope. We associate this erratic behaviour of linear option with
skewness in the data since the spatial density of the points to grid is exactly the same.
In fact, looking through the whole cross-section, there were zones where anomalous low
resistivity zones showed negative values. These zones are indicative of overshooting. We
also see from the top figure that the linear option extrapolates too far beyond the data
and will need some clipping while the log option more or less respects the topographic
surface.

We have noticed this erratic behaviour or incoherency in layering and anomalous neg-
ative resistivity zones to be quite prevalent in the linear gridding option regardless of
whether the iteration steps are increased in order to improve the search for the opti-
mum minimum curvature solutions or increasing the tension such that overshooting is
minimised. We therefore opted for the logarithmic gridding with a linear output option.

5.5.5 Correlation of resistivity sections with lithological logs.

There is paucity of boreholes over the larger part of the delta except at the distal part
where a lot of boreholes (over 100) have drilled for Maun water supply. However these
boreholes do not fall into the survey area but there are still some few ones which fall
into the area. We have done correlation of nearby resistivity cross-sections to check if
there is general agreement with borehole data.

Figure (5.16) shows the correlation between resistivity cross sections and boreholes
located on the now dry Tlhaoge River system. The boreholes form a cluster of six (6)
but we have only shown correlation using two of them since the boreholes fall within
a radius of 1.5km and generally do not show major differences. The images show that
there is quite a good correlation between the lithological units and the resistivity units.
The bluish zones (<5Ωm) correlate quite well with the clay or clayey units while the
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greenish zones (5Ωm - 15Ωm) correlate with the light brown fine-grained sand. Borehole
9728 taps water from the clayey formations and is quite saline as well (Total Dissolved
Solids of 1820 mg/l) while Bh 9725 mostly taps the upper fine grained sand and is less
saline (911 mg/l) as compared to BH 9728. Bh 9728 shows the difficulties that one faces
in distinguishing between clayey units and saline water. The wet clayey units span the
whole low resistivity zones and the water level is almost at both the layer and resistivity
boundaries. Given this scenario, it will be impossible to tell the difference between wet
clay and saline water. One good thing though is that we know from borehole information
that this region is saline and therefore we can easily tell the maximum depth to the
saline-freshwater interface since clays will only be conductive when they are wet. We
can therefore conclude from these images backed by TDS values that resistivity values
less than 5 Ωm represent either saline water or wet clayey units while the resistivity
values between 5Ωm and 15Ωm represent brackish water for this region.

Figure (5.17) and Figure (5.18) show correlation with a cluster of boreholes from the
northeastern edge of the area where the Panhandle ends. Notice from these figures that
we have now altered the color scheme to be able to delineate resistivity boundaries. Using
the same color scheme as in Figure (5.16) in this region results in images whereby the
reddish colours dominate all over the image and it is impossible to trace the boundaries.
It also does not match the lithological layering as we see it from the boreholes. Applying
the color scheme from this region in the defunct Tlhaoge River system results in the blue
colors dominating every thing and again not being able to tell lithological boundaries.
This shows one important thing; that using the same resistivity threshhold throughout
the delta will not help in distinguishing lithologies everywhere. This indicates that facies
change from one place to the other over the delta domain. We again see a nice correlation
between lithological boundaries and resistivity boundaries. The borehole cluster here is
all fresh with an average of 83 mg/l of Total Dissolved Solids. Notice now from Figure
(5.18) that the bluish zones pick up the clay layer but this time the clay is fresh. We
equate the top brownish fine grained sand and the yellowish to pink fine grained sand
with the greenish resistivity zones. The white fine grained sand correlates with yellowish
red resistivity values while the red to pinkish resistivity zones seem to represent the
gneissic basement rock.

We also have a cluster of boreholes in the High Resolution Area 1. The color scheme
that we used in Figure (5.17) and Figure (5.18) works quite well for this high resolution
area (in fact Figure 5.14 uses the same color scheme). The water here is saline only
in the top 5-10m but again we can not use the color scheme we employed for the dead
Tlhaoge River system. One important observation that we made from correlating the
borehole information with resistivity cross sections from the Panhandle area and the high
resolution area 1 is that the clay layer protects the bottom aquifer from being invaded
by saline water from the top aquifer. We will expand on this later when we look at the
entire delta images. Why the clay layers do not shield the bottom aquifer in the lower
delta is difficult to explain but one could hypothesise that clay in both the proximal
delta and Panhandle areas lacks sand (that is, it is more pure and hence plastic) and
therefore does not leak.

With these few correlations, we can say that our resistivity inversion results seem to
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correlate quite well with the geological setup and therefore can be used with a high
measure of confidence.

5.6 Salt fingering

We have briefly explained in the first section of this chapter the phenomenon of salt
fingering below the islands due to density driven flow. Zimmermann et al. (2006) have
numerically modelled density fingering to give some insight into this phenomenon in the
Okavango Delta. Bauer et al. (2006b) and Bauer-Gottwein et al. (2007) have investigated
the possibility of fingering below one island they called the Thata Island which is located
in the high resolution area 1 and concluded that this phenomenon could actually be
occurring below this island.

We summarise the work of Zimmermann et al. (2006) below in order to develop some
intuitive understanding of the concept or principle behind the salt fingering( read this
in conjuction with Figure (5.19) and Figure (5.20) as adopted from Zimmerman et al,
2006):

� Water is drawn from the boundaries of the island into the evapotranspiration zone.

� Evapo-concentration of salts occurs at the top layer and eventually lead to insta-
bility whereby the gravity forces start to overcome the vertical flow forces.

� Two blobs initially develop and travel to the center where they merge into one
dominant finger which travels down into the deeper aquifer.

� The salt finger reaches stops and starts to spread laterally if it encounters an
impermeable layer.

� The system reaches steady state in which the the smaller top blobs continuously
feed the larger finger.

� Salt moving down into the deeper aquifer and salt entering the domain fluctuates
around a ratio of 1 (one) indicating steady state. That is, as soon as the fingering
starts, the entire amount of salt entering the system is convected down into the
aquifer leaving steady state surface conditions.

The summary above applies to a situation whereby the flow is basically concentric
into an island, that is, there are no strong regional flow gradients that will otherwise
deflect the salt finger and force it to flow in the direction of groundwater flow direction.
If the regional flow currents are too strong, then the salt plume will be restricted to the
near surface (Zimmermann et al. 2006). In essence one could then use the direction of
the salt plumes to map the regional groundwater flow direction.

With this summary in mind, we now go into the analysis of the quasi-3D LCI model
results of the high resolution area 1 to investigate the possibility of this phenomenon
to occur. Figure (5.21) shows the profiles that we have chosen for our work. The
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background image is an aerial photograph. The white patches show salt encrusted
islands. The profiles numbers are not indicated on the background map but increase
from the west to the east or from left to the right. We show in Figures (5.22) to (5.25)
the resistivity cross-sections along the indicated profiles. Red arrows mark the positions
of the islands as identified from the aerial photograph.

It is clear from Figures (5.22) to (5.25) that salt fingering occurs below all the islands
although at different degrees of maturity probably reflecting the relative ages of the
islands, that is, smaller fingers could indicate younger islands. This phenomenon was
observed over all the profiles that run across salt encrusted islands. In all the cases,
the saline water is trapped by an impermeable layer located at around 900m depth
elevation. Drilling at Thata Island (shown on Profile 80370) showed a greenish compact
clay material from 61m depth to 96m depth (end of the borehole). Our resistivity cross-
section puts this layer from about 65m depth to 99m depth, that is the deep borehole
at Thata Island did not fully penetrate this layer. Profiles 80400 and 80600 do not
cross any visible islands and are also devoid of salt fingers. They therefore show clearly
the elevation of this clay layer cap. The lateral spreading and piling up of the salt at
the interception of the impermeable layer is captured well by some profiles, e.g, Profile
80070 (compare to the bottom image of Figure (5.20) as modelled by Zimmermann et al.
(2006). Thata Island itself seems to be perhaps a young island where density fingering
is at the early stages. We have so far not been able to observe any salt plumes and
therefore this seems to confirm the work of Ramberg and Wolski (2008) that regional
flow gradients are negligible and hence the water fluxes are essentially vertical.

Figure (5.26a-b) shows resistivity depth slices at 15m and 100m depth slices whereby
we see lots of line-to-line levelling problems, making it difficult to analyse these images.
We have applied exactly the same control filter file that we used in decorrugating the
apparent resistivity images. We show depths slices of the decorrugated images at depths
15m, 30m, 70m and 100m on Figure (5.27) and Figure (5.28). Fault lines as interpreted
from cross-sections are marked on these images (barbed on the down deep sides) showing
that the area is heavily block faulted. The bluish zones on this figure mark areas of
salinised island clusters. It appears that the islands are located on horst structures.
This could well hint to the hypothesis that tectonics facilitate islands formation by
elevating areas above the flood levels where upon the processes of island building as
suggested by McCarthy et al. (1993b), McCarthy and Ellery (1994), McCarthy et al.
(1998c), Dangerfield et al. (1998) and Ellery et al. (1998) begins.

We conclude here that density fingering of salt below the islands is a wide spread
phenomenon that happens across the whole delta domain. We have observed this not
only in the high resolution area but throughout the delta where profiles cross salinised
islands. It is therefore an important mechanism for salt removal from the Okavango
Delta waters. Ramberg and Wolski (2008) estimate this removal to be about 144 000
tonnes per annum and Bauer et al. (2006b) conclude that the total coastline as formed
by the numerous islands, estimated at about 200 000 - 300 000 by Ramberg and Wolski
(2008) is quite important for the natural mechanism of salt removal to take place. Any
interference with the natural process (e.g, dredging) can actually disturb this delicate
setup and hence turn the delta into a salt marsh environment (Bauer et al. 2006b).
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5.7 Reliability of data

Before we proceed to show resistivity images from the regional survey, we will first look
into reliability of the inversion models. The diffusion depth as discussed in Chapter 3
is one aspect that can be used to have an idea as to how deep the depth of exploration
would be given the measured apparent resistivities. The left image on Figure (5.29)
shows the diffusion depth for the regional survey. High values are recorded along the
Panhandle area and this is because the basement is quite shallow in this region and
therefore we would expect less current shielding and hence deeper penetration depth.
On the other hand the penetration depth is quite small on the periphery of the active
delta and this would generally indicate that the ground is more conductive in this areas
and we know this to be true from borehole data. The active delta has a moderate depth
of penetration. The average of the diffusion depth is 288m. The right side image on
Figure (5.29) shows the RMS values and we see that the data fit is generally less than 5
percent error in data fit. High values are recorded in the Panhandle area and this again
is due to the shallow resistive basement and hence low signal to noise ratio. We see from
Figure (5.29) that our data generally reflects the geology.

Reliability of the inversion is on the other hand determined statistical as discussed
and the standard deviation factor (STDF) gives the measure of how well the data is
resolved. The STDF is also not independent of the measured data quality, that is, it
depends on the noise level. As already discussed we have taken 5 % as our noise level
and we feel that this is a fair value although it is not a measured parameter but rather
determined from the general polynomial fit of the data. We show the distribution of the
standard deviation factor on Figure (5.30) at different depth levels. We see from the left
image that resistivity values are poorly resolved in the shallow depths. This reflects the
fact that the top soil is mostly resistive and as we now know, TEM fields do not map
resistors quite well unless they are quite thick. However for qualitative analysis, we are
able to distinguish saline environment from fresh one. The problem would come in if we
wanted to perform some quantitative analysis. The middle image shows STDF at 100m
depth and we see that the larger part of the domain is well resolved except again for
the Panhandle area because of the shallow resistive basement. The image on the right
shows that in general the situation deteriorates with depth and this is to be expected
for any system.

We have on the bases of STDF distribution maps, taken 250m depth as maximum
depth of the reliability of our inversion models. This depth is also in the order of
magnitude as the average diffusion depth. There are still some pockets where we can go
deeper than that but for our task at hand we will not go further than 250m. We could
do that if our task was to zoom into smaller areas and do detailed analysis.
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5.8 Thematic resistivity maps derived from the regional
survey data

We hope to have elucidated the mechanism of salt removal by density fingering into
the deeper aquifer and we are now ready to delve into the subsurface distribution of
salinity over the entire delta. Figure (5.31) show the subsurface resistivity at different
depth levels. We define saline water on a regional scale to be <5Ωm), brackish water to
be 5Ωm)- 15Ωm) and freshwater to be >15Ωm). This is based on the existing regional
data and the correlations that we did between the resistivity cross-sections and the TDS
values of boreholes that fall into the survey.

The top 20m is mostly fresh with the areas outside the delta being saline. Areas outside
the active delta which appear fresh (more especially the now defunct part of Tlhaoge
River system) are treated as top resistive soils, based on borehole information. The
salinity turns to the brackish levels as the depth increases, except around the Panhandle
area which stays fresh at most places. The saline environment encroaches inwards into
the delta as well. We start to see a fresh zone appearing around the proximal delta at the
end of the panhandle, starting from around 50m depth. This zone propagates further
into the delta as the depth increases and starts to show the conical shape of the present
day delta. After 100m, area outside the buried resistive fan-shaped feature reverts from
saline to brackish. The resistive feature propagates further into the distal part of the
delta and does not propagate further southeast after about 220m. By 250m, the water
appears to be mostly brackish everywhere except over the fresh fan shaped zone.

To estimate the depth to the fresh-water saline interface, we have lumped together the
brackish and saline zones as per our definitions into one zone that we now call saline,
that is <15Ωm). Figure (5.32) shows this map. We see here that the freshwater layer is
thicker along the river channels and generally gets thinner as one approaches the distal
part. This is expected as the flooding frequency gets less as one approaches the terminal
end of the delta. An exception is over the deep buried freshwater zone that we have just
described. This an area of permanent swamp and yet we see that the top freshwater
thickness is limited to about 30m; less than the area ahead which gets less flooding.
This again is the manifestation of the clay capping that we have already mentioned. It
does not only protect the deeper aquifer from saline water intrusion but also stops any
recharge over that zone. If there is any recharge then it can only happen along deep
faults along the panhandle. It appears to us that freshwater is limited more or less to
the river channels and therefore this could mean that seasonal flooding is the dominant
source of recharge to the aquifer as compared to precipitation. If this was not the case,
then we could have seen areas of freshwater zones outside the channels or the permanent
swamp. We therefore believe that the river channel network as implemented in the
hydrological model is sufficient as sole areas of high coupling between the surface water
and the groundwater systems. We can not add anymore zones. If anything, what we
could do is to delineate some areas where we can easily determine the maximum value
of depth to groundwater and check if there is agreement with the hydrological model’s
results. These areas are limited and include the defunct western branch of the delta.
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5.8.1 Discussions

We have noticed from the individual resistivity cross-sections and spatial distribution
maps that this data could be used for mapping the northwest trending fault systems
over the delta. These are not important regional faults as far as the Okavango Rift
is concerned. We show them here to illustrate that the delta is block faulted. We
have already demonstrated that with high resolution area 1. We show in Figure (5.33)
an example of a cross-section that shows these faults. We basically used such cross-
sections and the resistivity distribution maps to map these faults. It turned out that
all the northwest trending faults that we observed from the horizontal gradient of the
band-passed Bouguer Anomaly grid were confirmed by this data. Figure (5.34) shows
these faults plotted together with regional faults to illustrate the block faulting. The
regional faults are shown in grey while the northwest trending minor faults are shown
in black and are barbed on the down-faulted side as determined from the cross-sections
(e.g,Figure 5.33) above. The background picture is a map of islands as mapped from
remote sensing. Big islands like the Chiefs Island (marked C.H.I on the map) trend in
the same direction as the northwest trending faults. It therefore adds some weight to
our previous observations in the high resolution area 1 that faulting seems to influence
formation of islands.

We have pondered the possible explanations as to the cause of the deep relatively high
resistive zone that we see mimicking the shape of the present day delta. Two ideas have
crossed our minds, one being that this is a reflection of a deep zone of recharge along the
panhandle faults, the other being that it could just be basement. However we have found
from boreholes 9907 and 9731 together with others belonging to that cluster that this is
actually a freshwater bearing fine medium grained sand to semi consolidated sandstone.
Figure 5.35 shows that the likelihood is high that the conically shaped resistive feature
consists of Kalahari sediments at least within the first 200m below ground level. The
possibility of basement is therefore ruled out. Even if we did not have borehole data,
the conical shape of the feature would strongly disfavour basement. If it was because
of deep recharge emanating from the panhandle, why then the conical shape? The fact
that the southeasterly propagation of this feature basically stops at some point, hinted
to us that it could be terminating against some fault in the same way as the present day
delta terminates against the Kunyere-Thamalakane faults system. We then plotted fault
structures as interpreted in chapter 4 in order to investigate this possibility. We show
this plot on Figure (5.36) It was subsequently noticed that this feature stops against the
southeast most synthetic fault to the Nokaneng Fault, it is thus confined to the Gumare
Graben (Figure 5.36b). Coupling this information with borehole information led us to
believe that this could be the earliest form of the delta. Our impression as to how the
delta deposits possibly prograded is shown on Figure (5.37). The image in (a) shows the
present day delta followed by the intermediate form in the middle image (b) and lastly
the earliest form as shown in (c). We have since coined the term Proto Delta for the
earliest form.
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Figure 5.1: (a) Locations of all survey blocks and (b) Flight plan path for the regional survey.

Figure 5.2: Flight plan path for high resolution areas. The white patches in (a) are mostly
salt-encrusted island.
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Figure 5.3: VTEM system in operation. Pictures show different environments over which the
data were collected. The graphical insert shows the system’s configuration.
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Figure 5.4: Illustration of the work flow plan as executed by The Contractor (Geotech) during
the survey.



100 5.8 Thematic resistivity maps derived from the regional survey data

Figure 5.5: EM response for three representative gates. Notice how well the data delineates
the outline of the delta.
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Figure 5.6: Decay curve example. Most of the plots are quite smooth, reflecting low levels of
noise contamination.

Figure 5.7: Example of apparent resistivity plots.
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Figure 5.8: Example of corrugated EM time gates.

Figure 5.9: Gates in Figure 5.8 after decorrugation.
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Figure 5.10: Apparent resistivity plots after removing some early and late time gates. The
blue curves show the raw data and the brown ones show the same data after
microlevelling.

Figure 5.11: Standard deviation grid of shifts between the raw resistivity data before and
after micro-levelling. Note that the standard deviations of the shifts reflect the
across line corrugations in the data set.
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Figure 5.12: Example of varying the ResLat inversion parameter in order to obtain an op-
timum solution (compare the top right image with the bottom left one). The
top left image shows the 2D LCI image. Notice how the quasi-3D LCI scheme
minimises the linear features better than the 2D LCI scheme. The bottom
right image shows the left bottom one after low-pass filtering to minimise the
corrugations.
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Figure 5.13: Illustrates better layering from 5-layer inversion. Top image in each image set
shows the 19-layer-case inversion and the bottom image show the 5-layer inver-
sion. See text for explanations.

Figure 5.14: Another example of better layering from the 5-layer-inversion. Top image shows
the 19-layer-inversion results and the bottom one shows the 5-layer-inversion.
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Figure 5.15: Illustrates better layering from log gridding. Top image shows linear gridding
and the bottom image shows the logarithmic gridding. Notice the relatively
coherent layering in the log gridding image and the erratic behaviour in the
linear one. Lithologic log (see lithology key on Figure 5.17)from a drillhole
along the transect is shown as a bar column on both images. the cross-section
is roughly 100m thick and the text at the top of the images show horizontal
distance in metres. Red lines represent topography; notice how the log gridding
also conforms to topography much better than the linear gridding.
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Figure 5.16: Correlation of Line 50 resistivity values with borehole data: Thaoge dry valley.
Notice that Bh 9725 is less saline because it taps mostly from the brackish
aquifer as compared to 9728 which taps water mainly from the saline clayey
aquifer units.
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Figure 5.17: Correlation of line L9970 resistivity values with borehole data in the Panhandle
area. Bfs: brownish or reddish fine-grained sand, CBfs: clayey brownish or
reddish fine-grained sand, Yfs: Yellowish or pinkish silecious fine-grained sand,
Gsc: grey sandy clay, Wfs: mainly white fine-grained sand with medium-to-
coarse-grained sand lenses, Gn: gneissic basement rock. The red line represents
topographic elevation.
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Figure 5.18: Correlation of line L9970 resistivity values with borehole data in the Panhandle
area. Bfs: brownish or reddish fine-grained sand, CBfs: clayey brownish or red-
dish fine-grained sand, Yfs: Yellowish or pinkish silecious fine-grained sand, Gsc:
grey sandy clay, Wfs: mainly white fine-grained sand with medium-to-coarse-
grained sand lenses, Gn: gneissic basement rock. The brown line represents
topographic elevation. Notice that the clay in this location is not saline as
compared to the one in the dry Thaoge river system (Figure 5.16.



110 5.8 Thematic resistivity maps derived from the regional survey data

Figure 5.19: Illustrates processes that lead to density fingering. Inset shows image of a typical
salt island with trees rimming its edges (from Zimmermann et al. 2006.

Figure 5.20: Illustration of density fingering from numerical simulations of Zimmermann
et al. (2006). Red tones show high salt concentrations and blue tones repre-
sent low concentrations. Time of the snap shots increases from the top figure to
the bottom one (see Zimmermann et al. 2006 for details.
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Figure 5.21: Location of profiles chosen for illustration of density fingering below the islands.
An aerial photo provides the background image, salted islands appear as white
patches. Profile numbers for sections shown on Figures 5.22 - 5.25 increase from
left to right of the image, starting with L80010 on the far left and ending with
L80950 on the far right.
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Figure 5.22: Resistivity cross-sections showing that density fingering occurs below the islands.
Red arrows (on this figure and Figures 5.23 - 5.25) mark positions of islands as
seen from on the aerial photo. The low resistivity layer occurring at elevation of
approximately 900m traps the saline water from above (causing salt ponding)
and hence protects the underlying fresh aquifers from salinisation.
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Figure 5.23: Salt fingering examples (continued). Notice that salt fingering below the Thata
Island is quite small. This could indicate that it is a relatively young island
based on numerical model examples from Zimmermann et al. (2006). Boreboles
drilled on Thata Island show that the top 5 to 10m is saline while the rest is
fresh. This correlates quite well with the resistivity data.
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Figure 5.24: Salt fingering examples (continued). No fingering occurs anywhere along L80400
and L80600. These lines do not cross any visible salt-encrusted island observed
on the aerial photo.
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Figure 5.25: Salt fingering examples (continued. Profiles across a huge island cluster towards
the lower right of the aerial photograph.
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Figure 5.26: Illustration of across line corrugation problems observed in the inverted resis-
tivity models. Notice how difficult it is to see patterns on these images, more
especially on the 30m depth slice image.

Figure 5.27: Same as in Figure 5.26 after being micro-levelled. The color scheme is the same
as the ones used in Figures 5.22 - 5.25. Faults marked on the maps have been
inferred using the clap layer as a marker bed, see for example sections between
coordinates 7893000m and 7894500m on lines L80540 and L80600 whereby the
clay layer is clearly down-faulted.
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Figure 5.28: Resistivity depth slices show that the clay cap is confined predominantly between
40m and 80m below ground level. Compare the 30m depth slice in Figure 5.27
and the 100m depth slice (image b in this figure) with the 70m depth slice (image
a in this figure). Images (c) and (d) in this figure show that deep seated faulting
affects near surface layering as well.
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Figure 5.29: Distribution maps for the diffusion depth (right image) and RMS fit (left image).

Figure 5.30: Shows the standard deviation factor (SDF) distribution maps for three depth
levels.
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Figure 5.31: Resistivity slices at different depths below ground-level. Generally, salinity in-
creases with depth. However note the development of a relatively high resistive
conical shaped feature as depth increases. See text for explanations.
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Figure 5.32: Saline -freshwater interface depth map. This interface follows the shape of the
river network. That is, fresh water is thicker along the channels. Borehole
information verifies information from resistivity data.

Figure 5.33: Resistivity cross-section showing faulting in the sediments.
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Figure 5.34: Shows a map of northwest trending fault plotted together with the regional
faults mapped from gravity and magnetics data to illustrate block faulting over
the delta. C.H.I stands for Chief´s island, see text for discussion.
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Figure 5.35: Shows a fresh conical shaped feature interpreted as the Proto Delta. Resistivity
cross-sections correlated with borehole data show that the Proto Delta is capped
by clay/sandy clay unit. Bfs (brownish fine sand), Yfs (yellowish fine sand), Gsc
(Grey clay/sandy clay) Wfs (White fine sand), Gn (gneissic basement rock).
Kal ≈ 140 (base of Kalahari estimated from seismic data) Kal = 230m (base of
Kalahari sediments from borehole logs.
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Figure 5.36: (a)Regional faults interpreted from magnetic and gravity data sets plotted on
resistivity image at 250m depth level (b) schematic illustration of the Oka-
vango Rift Basin (brownish layer represent the Okavango sediments whereas the
greyish layer represent basement rocks; this could either be Karoo or Damaran
rocks.) The fan shaped freshwater sand is confined to the Gumare Graben and
capped by clay or clayey sand layer. G: Gumare Fault, N: Nokaneng Fault, K:
Kunyere Fault, T: Thamalakane Fault.

Figure 5.37: Shows an impression of the different forms of the Okavango Delta with time;(a)
shows the recent delta form which terminates againts the south eastern faults
of the Moremi Graben (b) the intermediate form (c) the earliest form which
terminated against the south eastern faults of the Gumare Graben.
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6.1 Conclusions

In this thesis, we have managed to derive the estimated distributed thickness of the
Kalahari deposits. These sediments form the main aquifer that is coupled with the
overland flow of the Okavango Delta system. This was achieved through the use of
airborne acquired magnetic data (aeromag). Although these are just estimated values,
correlation with borehole data gives a regression coefficient of about 90%. The thickness
of the aquifer was used as an input into a coupled surface-groundwater model that was
developed in a co-thesis. From our hydrological model simulations, it turned out that
using a distributed aquifer thickness resulted in better timing of flooding events at the
entrance of Lake Ngami as compared to the initial use of constant aquifer thickness. We
therefore have confidence that the use of distributed thickness in the model represents
the distribution of flooding frequencies in a better way. Our quest of understanding the
aquifer configuration led us first into trying to understand the structural setting of the
underlying basement rock. We have therefore ended up deriving a lineament map of the
delta showing regional faults which form the bounding faults of the Okavango Rift. We
came to a conclusion that the Okavango Graben is formed by two marginal grabens,
the Gumare in the northwest and the Moremi in the southeast. We also demonstrated
through hydrological simulations that small scale formation of grabens due to neotectonic
movements could be having a dominant role in surface flow shifting patterns.

The use of electrical resistivity data derived from airborne electromagnetic measure-
ments has revealed for the first time in an overwhelmingly convincing way that removal
of salt below the islands is a wide spread phenomenon occurring throughout the delta. It
therefore underscores the immense role played by the islands in keeping the waters of the
Okavango Delta system fresh. Developments like dredging the rivers may actually upset
this delicate balance and hence render the Okavango Delta into a saline environment.
This is because such developments will inevitably lead into tampering with the impor-
tant coastline length provided by the islands. It is through this coastline that water is
drawn into the islands to allow the process of salt removal from the surface water sys-
tem. In the process, we also discovered what strongly appears to be the Proto Okavango
Delta confined to the Gumare Graben. We therefore suggest that the propagation of
the delta system into the southeasterly direction is strongly influenced by neotectonic
movements. We used the resistivity data to map structural trends within a small area
in the northeast central part of the delta and found out that clusters of salinised islands
are mostly located on horst structures. It therefore seems reasonable to postulate that
neotectonic movements may also be having some influence in the formation of islands
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by raising some parts of the land above the flood levels. However the net effect of this
influence may be zero since elevation of one area means that some part of the ground is
lowered as well and hence becomes liable to flooding.

Analysis of geophysical data, more especially the AEM data was not always a smooth
sailing process. Our data was dogged by line-to-line levelling errors making it difficult to
do image analysis. However we have demonstrated through the use of Fourier Domain
filtering that such errors can be minimised.

Although there is paucity of borehole information in the main part of the delta, the
few data sets that we had proved to be quite vital in facilitating our interpretation of
the geophysical data. This helped us a lot in developing opinions on what we think the
data means to us. Lastly the integration of different geophysical data sets has helped
us greatly in understanding the dynamics of the geological setting of the delta. We
hope to have demonstrated through this thesis the importance of airborne geophysics in
large scale hydrological mapping. We therefore encourage governments or organisations
in developing countries to commit some of their funds in gathering data for scientific
research. The short term finance related problems of such efforts pale against the long
term benefits.

6.2 Recommendations and outlook

There are still some outstanding issues with the airborne electromagnetic data that we
think could be attended to in order to derive more benefits from this data set. The
immediate one concerns re-inverting the decorrugated data in order to check whether
the shifting that is associated with levelling errors does not adversely affect the inversion
models. Studies have shown that shifting in other parameters like instrument synchroni-
sations can actually distort the geological models that one gets from such data sets. We
have done what is termed normal inversion of the data whereby groups of data sets along
profiles are inverted independently without enforcing continuity along the profile. This
type of inversion results in development of tonal banding along resistivity cross-section
images and therefore we recommend that inversion whereby continuity is enforced along
individual profiles be performed in the future.

If it is possible to attend to the issues that we have just mentioned above, then
we recommend future work along the lines of using this data set for the purposes of
facilitating mass transport modelling. We have not really looked into the issues of
quantitatively using this data set for the purposes of potable water resource development.
This could help in delineating areas that are favourable for such purposes. This is quite
important, more especially for the small villages along the western periphery of the delta
where saline water is a problem. Issues into systematic evaluation of the influence of
salinity on the vegetation can also be of value and we believe that this data set will form
an excellent bases for such studies.
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