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ABSTRACT

There exist some unclear and debated hypotheses about important tectonic features and the geodynamics
of Botswana. There are open debates on the existence of a buried Maltahohe microcraton in the southwest
region, termination of the East African Rift System in northern Botswana (Okavango Rift Zone), the
extension of the Hast African Rift System to central Botswana, and its influence on the 03 April 2017
earthquake. Further exploration of the crust and upper mantle beneath Botswana in these highlighted
tectonic domains would fundamentally improve our understanding of the two main features of the south
African lithosphere, the African superswell and the East African Rift System. Besides understanding these
features, it would improve the understanding of the current tectonic settings of Botswana and the
deformation history.

This research presents a homogenous 3-D electrical model with an unprecedented spatial coverage, using a
robust methodological scheme that requires no assumption about the directionality of the subsurface
structure. The result of this study shows a resistive structure in southwest Botswana, which suggests the
existence of the Maltahohe microcraton as a separate cratonic unit from the adjacent geologic terranes. In
northern Botswana, the electrical conductivity model reveals a high conductivity structure around the
Okavango Rift Zone, which connects with a deeper high conductivity structure that corresponds to the East
African Rift System’s extension to northern Botswana. This gives a piece of evidence to the role of ascending
hot fluids or melt, leading to weakening of the lithosphere and subsequent rifting in the Okavango Rift
Zone. Finally, the result of the electrical model could not establish the link between the high conductivity
structures due to the East African Rift System in northern Botswana and beneath central Botswana (location
of the 03 April 2017 earthquake) because of poor constrain of the model due to sparse magnetotelluric site
distribution in the area.

The results of this study provides straightforward, connected, and precise geologic interpretations about
different arguments raised in the literature on the tectonics and structure of the crust and upper mantle
beneath Botswana. This work underscores the need to complement, confirm or refute findings from other
geophysical data about the structure of the crust and upper mantle with electrical models derived from the
magnetotelluric method.
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CRUSTAL AND UPPER MANTLE IMAGING OF BOTSWANA USING MAGNETOTELLURIC METHOD

1. INTRODUCTION

11. Background

The lithosphere is the Earth’s rigid outer layer composed of the crust and the upper mantle. The Earth’s
lithosphere is divided into several lithospheric plates of varying composition, thicknesses, and densities. The
African lithospheric plate is a major tectonic plate composed of large cratons of the Archean age and other
smaller cratonic fragments sutured together by younger mobile belts and sedimentary basins (Begg et al.,
2009). Cratons are stable blocks of the lithosphere that have survived vatious tectonic activities, while mobile
belts and sedimentary basins are formed through extension, accretion, and rifting of the stable cratonic
blocks (Cooper & Miller, 2014; Lenardic, 2003). These tectonic units all play essential roles in the
geodynamics of the continent. The study of the cratons and the relationship with the African plate's mobile
belts is essential to understand the tectonic evolution and geodynamics of the continent. As a result, it gives
more insight into the crustal and mantle structures and the forces driving phenomena such as earthquakes,
faulting, and mountain building in the region.

The African continent contains unique tectonic features, e.g., the African superswell in the south and the
East African Rift System (EARS) in the east, which extends to the south (Figure 1.1). The African superswell
is an anomalously uplifted region formed from a large buoyant plume structure between 30 and 5 million
years ago and dominates Africa's southern region (Globig, Fernandez, Vergés, Robert, & Faccenna, 2016).
The southern Africa region is at an average of 500 m residual elevation higher than the global continental
height (Brandt, Grand, Nyblade, & Dirks, 2011). The African superswell is surrounded by divergent plate
boundaries, and it is beginning to break apart along the EARS, which is an important extensional tectonic
feature in Africa (Hansen & Nyblade, 2013; Hansen, Nyblade, & Benoit, 2012; Ring, 2014). The EARS is
an active process of continental splitting along divergent plate boundary in Hast Africa, which is
approximately 5000 km long (Figure 1.1). The EARS comprises a series of rift basins and volcanic centres
with seismicity, faulting, and volcanism (Saria, Calais, Stamps, Delvaux, & Hartnady, 2014). The EARS
extends downward into the southern Africa region and is often interpreted to terminate in northern
Botswana.

Botswana is an interesting area to study for tectonics and geodynamics. This is because the African
superswell is at a very high elevation of about 1 km above sea level in Botswana and the southwestern tip
of the EARS terminates in northern Botswana (Kinabo et al., 2007; Kinabo, Hogan, Atekwana, Abdelsalam,
& Modisi, 2008b). These two tectonic features play vital roles in the tectonic history of Botswana. Botswana
is a region covering transition between two major cratonic blocks: the Kalahari Craton, which comprises
the Zimbabwe and Kaapvaal blocks, and the Congo Craton (Begg et al., 2009) (Figure 1.2). The deformation
of the cratonic blocks through geologic history by rifting and accretion processes has shaped Botswana's
crust and upper mantle. In between the bounding Kalahari and Congo cratonic blocks, the lithosphere
beneath Botswana is composed of three mobile belts (Damara-Ghanzi Chobe, Kheis-Okwa-Magondi, and
Limpopo Belts) and sedimentary basins (Passarge and Nosop basins), which were formed from various
rifting and accretion processes (Begg et al., 2009; Haddon, 2005).

There have been many significant studies exploring the crust and upper mantle of Botswana. In the
following subsection, three important tectonic domains in Botswana will be highlighted with a succinct

overview of what has been found and findings still under debate.
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1.1.1. Some Existing Hypotheses on the Tectonics of Botswana

In the last two decades, many studies have been carried out to image the crust and upper mantle beneath
Botswana compared to previous years. Nonetheless, there is a need for more exploration and clarity on
current debates on some important tectonic domains that play significant roles in the geodynamic of
Botswana. In this subsection, three of these tectonic domains are described, which include the existence and
boundaries of a buried microcraton in southwest Botswana, the Okavango Rift Zone (ORZ), possible rifting
in central Botswana, and its link to the 03 April 2017 6.5 Mw earthquake.

The Maltahohe Microcraton

In the southwest region of Botswana, the upper crust is formed by the Nosop basin, which is a part of the
Rehoboth Province and filled with thick sediments of Nama Group up to 15 km depth (Begg et al., 2009;
Pretorius, 1984; Wright & Hall, 1990). According to Begg et al. (2009), there may exist an ancient Maltahohe
microcraton (MC) beneath the Rehoboth Province (Figure 1.2). In an earlier seismic study, Wright & Hall
(1990) interpreted the structure beneath the Rehoboth Province as an extension of the Kaapvaal craton to
the Namibian border. However, more recent seismic studies in the area (Fadel et al., 2020; Fadel, van der
Meijde, & Paulssen, 2018) argued that the MC is separate from the Kaapvaal Craton, which is revealed by
the observed different Vp/Vs ratios. Similarly, Chisenga, Jianguo, Fadel, Meijde, & Atekwana (2020), in a
study using gravity and aeromagnetic data, supported the presence of the buried MC. However, the study
argued that the location of the MC is likely south of the region suggested by Fadel et al. (2020, 2018). No
previous study has been carried out using the available magnetotelluric (MT) data to investigate the
suggested cratonic structure in southwest Botswana. Therefore, it is imperative to study this area further to
confirm or reject the hypothesis on the existence of the MC and, if it does exist, understand its boundaries

and relationship with the other cratonic blocks.

The Okavango Rift Zone

The EARS has been considered to have its southwestern terminus in northern Botswana (Okavango Rift
Zone - ORZ) from early studies of the fault morphology and geophysical data from the area (Modisi, 2000;
Modisi, Atekwana, Kampunzu, & Ngwisanyi, 2000; Scholz, Koczynski, & Hutchins, 1976). The EARS has
surface expression very close to northern Botswana, evident by the rift lines (Figure 1.1). The ORZ is widely
interpreted to be an incipient continental rift zone in northern Botswana (Figure 1.2), consisting of several
normal to dextral strike-slip faults (Kinabo et al., 2008b; Modisi et al., 2000). However, the termination of
EARS in ORZ or its further continuation in Botswana is yet to be fully understood. There are divergent
views on whether the EARS terminates in northern Botswana or extends southward (Chorowicz, 2005;
Kebede & Kulhanek, 1991; Kinabo et al., 2008b; Leseane et al., 2015; Pastier et al., 2017). Pastier et al.
(2017) argued that there is no rifting in the Okavango area. They proposed a model of differential movement
between the Congo and Kalahari cratons from their geodetic study. This argument by Pastier et al. (2017)
is contrary to other studies that support rifting in ORZ. For example, Yu, Liu, Moidaki, Reed, and Gao
(2015) and Yu, Liu, Reed, et al. (2015) suggest rift initiation along ancient orogenic zones in ORZ from their
studies. Recently, Fadel et al. (2020) and Fadel et al. (2018) presented Botswana's first 3-D shear-wave
velocity from seismological data. Their nationwide 3-D shear-wave velocity results showed a possible
incipient rifting in central Botswana, evident by a thin crust (Fadel et al., 2018). The low-velocity anomaly
observed in the Okavango seems to connect with the low-velocity anomaly in central Botswana Fadel et al.
(2020). According to Fadel et al. (2020), these anomalies relate to possible incipient rifting in central
Botswana as an extension of the EARS. These divergent views about the rifting in ORZ require further
exploration and understanding from other geophysical data and models, such as the electrical conductivity
model.
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The 03 April 2017 6.5 Mw Earthquake

There was a recent intra-plate earthquake in Botswana. On 03 April 2017, a 6.5 magnitude earthquake struck
central Botswana (Figure 1.2) at an approximate depth of 29 km (Gardonio, Jolivet, Calais, & Leclere, 2018).
The earthquake was the second-strongest in magnitude in the country's history and the second strongest
intra-plate earthquake in the last 30 years (Gardonio et al., 2018; Midzi et al., 2018). Several studies, including
the use of geophysical methods, have discussed the cause of the earthquake. Gardonio et al. (2018) suggest
that the earthquake event was triggered by stress released from fluid migration from the mantle. Moorkamp
et al. (2019) used surface wave and MT data to investigate the area around the earthquake location. Their
results suggest that the event may be caused by weakness in the crust and upper mantle but not indicative
of mantle upwelling. Their results could neither verify nor invalidate the deep mantle fluid migration source
suggested by Gardonio et al. (2018). According to Fadel et al. (2020), the process that caused the earthquake
suggests that it was associated with the EARS. Their result shows a connection between the low-velocity
anomaly of the EARS and the low-velocity anomaly in central Botswana. Fadel et al. (2020) proposed that
the EARS extends to central Botswana and that the fluids associated with the EARS triggered the 03 April
2017 earthquake in central Botswana.

On the contrary to the proposition of Fadel et al. (2020), Kolawole et al. (2017), in a combined magnetic,
gravity and differential interferometric synthetic aperture radar study, argued that the earthquake event is
not linked to the EARS. From their results, the orientation of the tensional stress that caused the earthquake
(northeast-southwest) is different from the northwest-southeast directed tensional stress acting on the ORZ,
which is an extension of the EARS. They suggest that the earthquake event was caused by extensional
reactivation of a thrust splay in the crust. The limited coverage of the MT data used by Moorkamp et al.
(2019) prevented the understanding of the connection between the EARS and the earthquake event from
the view of the conductivity properties of the subsurface. These divergent views on the cause of the
earthquake and the possible role of the EARS in the event are yet to be fully understood.

1.1.2. Geophysical Investigation of the Crust and Upper Mantle

The structure of the crust and upper can be understood from the petrological and geochemical studies of
magma and xenoliths from volcanic rocks (Reilly & Griffin, 2006). However, these methods are limited
because bedrock samples are not available for large areas and are scattered in space and time (Begg et al.,
2009). In areas that are extensively covered by sediment, such as Botswana, it becomes impossible to collect
bedrock samples to study the crust and upper mantle structure. To improve our understanding of the crust
and upper mantle structure, the models from petrological and geochemical studies can be tested with
appropriate geophysical data interpreted in terms of evolution and composition (Begg et al., 2009; Unsworth
& Rondenay, 2012).

Geophysical methods used at the Earth's surface can measure in-situ and spatial variations of the physical
properties of the subsurface. Among the various geophysical methods, seismology and electromagnetics
methods are the primary geophysical methods for studying the crust and upper mantle because of the ability
to image deep Earth structures (Panza, Peccerillo, Aoudia, & Farina, 2006). For studies of the crust and
upper mantle structure, the MT method is the most suitable electromagnetic methods due to its ability to
image great depths (Unsworth & Rondenay, 2012).

In the study of the crust and upper mantle structure, the seismological methods cannot clearly distinguish
between the influence of the variations in temperature and chemical composition on the observed wave
speeds, which is an important piece of information in rift zone studies (Moorkamp, Jones, & Eaton, 2007).
It is therefore essential to validate interpretations from seismological methods with results from MT data.
The MT data looks at different and independent geophysical information that is not accessible by
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seismological methods. The MT method gives information about the electrical conductivity of the
subsurface, which is the geophysical property that shows the most significant contrasts in the subsurface
material (Telford, Geldart, & Sheriff, 2004). The wide variance in electrical conductivity gives a potential for
producing well-constrained electrical models that can delineate variations in temperature and composition
of the Earth’s subsurface material. For example, Becken & Ritter (2012) and Unsworth (2010) describe how
the MT method can be used to map the presence of aqueous fluids and partial melts in rocks and thermal
structures. Electrical conductivity model derived from MT data can be used to image buried cratonic units,
the occurrence of rifts, rift extension, and presence of fluid or melt in the crust and upper mantle. These
capabilities of the MT method make it a potential method for further exploration of the existence of MC,
rifting in ORZ, and an extension of the EARS to central Botswana. More discussion about the MT method

and its application in the crust and upper mantle study is explained in the following subsection.

1.1.3. Magnetotelluric Method for Crust and Upper Mantle Imaging

The MT is a passive and non-evasive method for imaging the electrical conductivity of the subsurface of
the Earth. It is used for commercial purposes such as exploration for oil and gas, mineral and geothermal
resources, and crustal and mantle studies. The MT method measures the time variations of the Earth’s
natural electromagnetic field from solar energy and lightning that changes due to the variation in the Earth’s
interior (Simpson & Bahr, 2005). The MT method can image deep depths ranging from a few meters to
hundreds of kilometres in the subsurface (up to the mantle) by recording at longer periods (Simpson &
Bahr, 2005). The method is sensitive to lateral and vertical variations in electrical conductivity and can
differentiate geological terranes and the effects of temperature in the subsurface. Electrical conductivity is
sensitive to rocks' physical and petrological properties, including conductivity of rock-forming metals and
minerals like sulfide and graphite, porosity, connectivity of the pores, pore fluid content, and conductivity
of the pore fluids (Kearey, Brooks, & Hill, 2002). The electrical conductivity of the Earth’s crust is also
affected by the geological units, fractures, fluid phases, and temperature. In the mantle region, processes like
partial melting, metasomatism and hydrogen diffusion affect electrical conductivity (Unsworth & Rondenay,
2012). The electrical conductivity of Earth material has a wide variance spanning up to 14 orders magnitude
and can provide a more constrained model of the Earth’s subsurface that reveals the presence of aqueous
fluid, partial melt and thermal structures (Simpson & Bahr, 2005; Unsworth, 2010). Hence, the electrical
model from MT measurements offers a unique insight to understanding the internal structure of the crust
and upper mantle and the tectonics of a dynamically complex area like Botswana (Panza et al., 20006).

The MT method is suitable for imaging different geological terranes and their boundaries using their
electrical conductivity properties. Cratonic segments can be delineated from the mobile belts based on
conductivity signatures (Muller et al., 2009). Older lithospheric units (Archean Craton) are more resistive
and thicker than the younger lithospheric units (Proterozoic mobile belts), which are thin and have higher
conductivity (Muller et al., 2009). Cratonic boundaries and tectonic transition zones are made of suture
zones which ate characterised by weakened crust material due to deformation processes (Turkoglu,
Unsworth, Caglar, Tuncer, & Avsat, 2008; Unsworth & Rondenay, 2012). Tectonic transition zones are
usually characterised by relatively higher electrical conductivity, which can be well mapped with the MT
data. Hence, electrical conductivity models could be used to map geologic terranes like cratonic provinces,
mobile belts, and suture zones. In the context of this study, the electrical conductivity model derived from
MT data can be used to map major geological provinces in Botswana and give a piece of evidence to either
confirm or reject the hypothesis of the existence of a buried MC in southwest Botswana.
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The MT data is also sensitive to fluid content and can give a piece of evidence about melt or fluid injection
in the crust (e.g., Hill et al., 2009; Le Pape, Jones, Vozar, & Wenbo, 2012). The fluid or melt content of the
crust and upper mantle, which is a factor for characterizing rift systems and collision zones, affects the
subsurface's electrical conductivity (Unsworth, 2010). Melt or fluid content in the crust and upper mantle
have a high electrical conductivity signature and would be evident from the electrical conductivity model
(Moorkamp et al., 2019). In addition to these, the subsurface electrical model can be used to highlight rifting
regions. In the context of this study, the electrical conductivity model derived from MT data could give a
piece of evidence about the presence of aqueous fluids and partial melts, rifting, and rift extension in the
crust and upper mantle beneath Botswana. The electrical conductivity model derived from MT data could
potentially test and validate existing information from previous studies about rift mechanism in ORZ,
EARS’ extension to central Botswana, and influence of melt or fluid injection on 03 April 2017 earthquake
in central Botswana.

1.2, Problem Statement

This research aims to improve understanding of Botswana's crust and upper mantle structure by explaining
the tectonic features and geodynamic processes in the crust and upper mantle using a 3-D geoelectric model
derived from MT data. There exist unclear and debated hypotheses about some important tectonic features
and the geodynamics of Botswana described previously (subsection 1.1.1). There are open debates on the
existence of a buried MC in the southwest region, the termination of EARS in ORZ, the extension of the
EARS to central Botswana, and its influence on the 03 April 2017 earthquake in central Botswana. The new
3-D geoelectric model developed offers new insight into understanding the tectonics of Botswana and
would complement what is already known from other geophysical investigations.

A few small-scale studies have been conducted to image the crust and upper mantle beneath Botswana with
MT data. However, studies so far are too fragmented and hardly overlap. Also, these previous MT studies
did not coincide spatially with some of the important features of the tectonics of Botswana, like the ORZ
and suggested MC in southwest Botswana. Hence, these are not fit to investigate the crust and upper mantle
beneath Botswana wholly, resolving the tectonic boundaries on a national scale and providing insights about
hypotheses on some important tectonic features from this perspective of MT data.

In this research, a 3-D nationwide electrical conductivity model of Botswana is derived from MT data to
image the crust and upper mantle structure. The new information from the electrical conductivity model
adds value to existing geophysical datasets in Botswana and brings new insight into the three tectonic
domains highlighted previously (subsection 1.1.1). In this study, Botswana's crust and upper mantle are
investigated to define the tectonic units and confirm or reject existing hypothesis about the buried MC,
rifting in ORZ, and rift extension to central Botswana. Further exploration of the crust and upper beneath
Botswana in these three highlighted tectonic domains above would fundamentally improve our
understanding of the features in relation to the initiation and development of the two main features of the
south African lithosphere, the African superswell and the EARS. Besides understanding these features, this
study helps to improve the understanding of the current tectonic settings of Botswana, the deformation
history, and the general African geodynamics. These improvements in understanding these important
tectonic features of Botswana will be significant contributions to the scientific community.
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1.3. Research Objectives

1.3.1. Main Objective
The main objective of this research is to image the 3-D electrical structure of the crust and upper mantle of
Botswana using MT data to highlight, confirm or reject existing hypotheses about the tectonics and

geodynamics of Botswana.

1.3.2. Sub-objectives
To achieve the main objective of the proposed research, the following sub-objectives will be addressed:
1. to improve the understanding of the major geological provinces in Botswana with constraints from
MT data;
2. to confirm or reject the hypothesis of the existence of buried Maltahohe microcraton in southwest
Botswana, and if it exists, define the possible links with the Kaapvaal Craton;
3. to confirm or reject the hypothesis of rifting in the central part of Botswana from the interpretation
of MT data with constraints from existing seismic models; and
4. if the EARS’ extension to central Botswana is confirmed, understand its link with the mechanism

that caused the 6.5 Mw earthquake in central Botswana.

14. Research Questions

1. What improvements does the nationwide 3-D electrical conductivity model derived from MT data
add to the understanding of the geological provinces in Botswana?

2. Are there electrical structures that suggest the existence of the buried MC in southwest Botswana?

3. If the presence of cratonic electrical structure is confirmed in southwest Botswana which suggests
the existence of the buried MC, does it occur as a separate craton or as an extension of Kaapvaal
Craton?

4. Can the MT data with constraints from the available seismic models confirm or reject the hypothesis
of rifting along the Okavango zone?

5. Can the MT data, with constraints from the available seismic models, confirm or reject the
hypothesis of rifting in central Botswana?

6. What is the role of the EARS in the 6.5Mw earthquake in central Botswana?

1.5. Thesis Structure

Chapter 1: includes background, a brief description of the research problem, research objectives, research
questions, and a brief description of the research methodology.

Chapter 2: includes a detailed description of the study area and previous studies.

Chapter 3: includes a detailed explanation of the dataset and the methodology.

Chapter 4: includes the results from the data analysis and the 3-D geoelectric model developed in this study
with discussions of the results.

Chapter 5: includes the conclusion, limitations, and recommendations for future research.
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2. STUDY AREAAND GEOPHYSICAL STUDIES

The first two sections (2.1 and 2.2) of this chapter describe the study area, Botswana, and gives an overview
of the main geological provinces and the tectonic evolution of the region. After that, a concise overview of
previous geophysical studies done within or covering parts of Botswana is explained (section 2.3).

21. Study Area

The study area covers Botswana (Figure 2.1). Botswana is an area covering two stable cratonic blocks; the
Congo Craton and the Kalahari Craton (Zimbabwe and Kaapvaal blocks) (Begg et al., 2009) (Figure 2.1a)..
Through several processes of accretion and rifting, mobile belts and sedimentary basins (Figure 2.1b) were
formed in between the stable cratonic blocks (Haddon, 2005). An overview of the main tectonic events that
formed the geologic terranes of Botswana is given in (Figure 2.2) and explained in the next section.
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Figure 2.1: (a) Map showing the main tectonic units in Botswana from McCourt et al. (2013) and Singletary
et al. (2003). (b) Sedimentary thickness map derived from aecromagnetic data (Pretorius 1984). Transparent

grey area = Okavango Rift Zone, MC = Suggested location of Maltahohe microcraton, and the focal

mechanism represents the location and orientation of the 2017 6.5 Mw earthquake.

2.2, Geological Terranes of Botswana
2.241. Cratons

2.211. Kalahari Craton

The Archean Kalahari Craton is made up of two cratonic blocks; the Zimbabwe block in the east and the
Kaapvaal block in the southeast of Botswana (Begg et al., 2009) (Figure 2.1a). In between Zimbabwe and
Kaapvaal cratonic blocks is the Limpopo mobile Belt. Limpopo Belt is a zone of weakness separating these
two cratons. The Zimbabwe cratonic block consists of tonalite-trondhjemite-granodiorite gneiss complex
formed around 3.5 — 2.8 Ga, which is unconformably ovetlain by flood basalt, komatites and sediments
(Begg et al., 2009). The Kaapvaal cratonic block was formed between 3.7 — 3.2 Ga (Figure 2.2), and it is
composed mostly of gneisses, granitoids and narrow greenstone Belts (Haddon, 2005).
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Figure 2.2: Table summarizing the main tectonic events that formed the tectonics units in Botswana after Fadel (2018)
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2.21.2. Congo Craton

The larger parts of the Congo craton are located in Namibia and Angola. However, the southeastern border
of the craton extends into the northwest Botswana and is poorly exposed due to sediments overlay (Fadel
et al., 2018; Key & Ayres, 2000; Khoza et al., 2013). The Congo Craton is separated from the Zimbabwe
and Kaapvaal cratonic blocks by Neoproterozoic Damara and Ghanzi-Chobe mobile belts (Figure 2.1a).
The Congo Craton consists of various Archean and Paleoproterozoic units (Figure 2.2). In its southeastern
border, which extends into Botswana, the Congo Craton consists of gneisses and granulite complex which
are cut by younger granite plutons (Begg et al., 2009).

2.21.3. Rehoboth Province

The Rehoboth Province is a region that extends from eastern Namibia to southwest Botswana and is
composed of aggregated mobile Belts during the Paleoproterozoic around an Archean nucleus (Van
Schijndel, Cornell, Frei, Simonsen, & Whitehouse, 2014; Van Schijndel, Cornell, Hoffmann, & Frei, 2011).
The main part of the Rehoboth Province was formed in the Proterozoic between 2.2 — 1.9 Ga around the
Archean nuclei (Van Schijndel et al., 2011) and which later collided with the Kaapvaal Craton around 1.9
Ga (Luchs, Brey, Gerdes, & Hoéfer, 2013) (Figure 2.2). In the Rehoboth Province, there may exist an
enigmatic ancient buried MC (Begg et al., 2009; Fadel et al., 2020), which was also interpreted by Wright
and Hall (1990) as a deep extension of the Kaapvaal Craton.

2.2.2. Mobile Belts

2.2.21. Limpopo Belt

The Limpopo Belt separates the Zimbabwe and Kaapvaal cratonic blocks (Figure 2.1a). The Limpopo Belt
is an Archean mobile belt formed from the collision between the Zimbabwe and Kaapvaal Cratons around
2.7 — 2.5 Ga (Begg et al., 2009) (Figure 2.2). The Limpopo Belt consists of rock units including migmatite,
porphyritic granite, gneissic granite, metasedimentary rocks and meta-intrusive rocks (Key & Ayres, 2000).
The Limpopo Belt is highly deformed and was affected by granulite-facies metamorphism, with the peak of
the metamorphism process around 2.56 Ga in the northern zone and 2.7 Ga in the southern part (Begg et
al., 2009). The Limpopo Belt appears to have been reactivated around 2.0 Ga as a result of the events in
Kheis-Okwa-Magondi Belt (discussed next) and the emplacement of the Bushveld Complex, which is
located in north-central part of the Kaapvaal Craton and is the largest mafic intrusion into the crust in the
wortld (Begg et al., 2009; Haddon, 2005).

2.2.2.2. Kheis-Okwa-Magondi Belt

The Kheis-Okwa-Magondi composite, which is a Paleoproterozoic belt, covers the central part of Botswana
in the northeast-southwest direction along the western boundary of Kaapvaal Craton (Figure 2.1). The Kheis
located in the western margin of the Kaapvaal Craton is comprised of low to medium grade metamorphic
rocks. The Archean rocks of the western margin of the Kaapvaal craton were also deformed and
metamorphosed during the Kheis Orogeny around 1.75 Ga (Thomas, von Veh, & McCourt, 1993). The
Okwa block consists of metamorphic rocks of 2.1 Ga and is believed to have been accreted to the Kaapvaal
Craton around 1.8 Ga after its emplacement (Begg et al., 2009; Haddon, 2005) (Figure 2.2). The Magondi
basin is composed of sediments sequence and volcanic rocks metamorphosed around 2.1 — 1.96 Ga
(granulite grade) and intruded by granitoids. The Magondi basin was accreted with the Okwa-Kheis Belt
during the Eburnean Orogeny, which was an episode of plutonic and metamorphic events around 2.0 — 1.8
Ga (Thomas et al., 1993) (Figure 2.2). The epicentre of the 03 April 2017 earthquake in central Botswana is
located in the southeast boundary of the Magondi Belt (Figure 2.1).
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2.2.2.3. Damara-Ghanzi-Chobe Belt

The Damara-Ghanzi-Chobe Belt (DGC) is located between the Congo Craton in its northwest and the
Kalahari Craton in its southeast. The DGC was formed by the Damara Orogeny around 870 — 550 Ma,
which was the start of the Neoproterozoic Pan-African event due to the collision between the Kaapvaal and
Congo cratonic blocks (Haddon, 2005) (Figure 2.2). The Okavango Rift Zone (ORZ), an incipient rift zone,
which is considered as the southwestern terminus of the EARS,; is located within the Damara-Ghanzi-Chobe
Belt (Kinabo, Hogan, Atekwana, Abdelsalam, & Modisi, 2008a; Modisi et al., 2000) (Figure 2.1a).

2.2.3. Passarge and Nosop Basins

There are two major sedimentary basins in Botswana which are caught between the Kheis-Okwa-Magondi
and Damara-Ghanzi-Chobe mobile Belts (Figure 2.1b). The Passarge basin is located in central Botswana
(Figure 2.1b), between the Ghanzi-Chobe Belt in northwestern Botswana and the Kaapvaal Craton. The
Passarge basin is filled with thick and weakly folded sediments up to 15km from the Ghanzi Group
sediments, which is composed of siliciclastic and carbonates sedimentary rocks (Key & Ayres, 2000;
Pretorius, 1984) (Figure 2.2). In the southwest region of Botswana, the upper crust is formed by Nosop
basin, which is a part of the Rehoboth Province (Figure 2.1b). The Nosop basin is filled with thick sediments
up to 15 km depth formed from the deposition of the Nama Group sediments, which is composed of
marine carbonates and siliciclastic rocks, and underlain by the Ghanzi Group sediments (Begg et al., 2009;
Pretorius, 1984; Wright & Hall, 1990) (Figure 2.2).

2.3. Previous Geophysical Studies

The Botswana Geoscience Institute holds a compilation gravity dataset from multiple nationwide surveys
and other gravity station from the private sector and research and educational projects which covers
Botswana. Figure Al(a) (in Appendix 1) shows the coverage of the acromagnetic data cover in southern
Africa. Figure 2.3 shows the regional tectonic map and the distribution of seismic and MT data over the
southern Africa region. A brief description of previous geophysical studies done within or covering parts of
Botswana is explained in this subsection. These works include the use of gravity, magnetic, seismological,
seismic, and MT dataset.

2.31.1. Gravity and Magnetic Studies

Gravity and magnetic data provided some of the earliest understanding of the geological provinces in
Botswana due to the obscuring of the Precambrian geology by thick overburden formed from Kalahari
group sediment (e.g., Hutchins & Reeves, 1980). The works of Hutchins and Reeves (1980) and Reeves and
Hutchins (1982) formed the fundamental understanding of the different geological provinces in Botswana
from magnetic and gravity mapping. Kinabo et al. (2007), in a detailed gravity and magnetic investigation,
examined the processes of the early stage of the incipient continental rifting in ORZ. Their results show a
strong correlation between the orientation of the pre-existing structures and fabrics (fold axes and foliation)
in the basement and the rift induced faults. With this observation, they inferred that the pre-existing
basement structure has a significant influence on the early development of the rift faults in ORZ. Leseane
etal. (2015) investigated the thermal and Moho depth structure beneath the ORZ using gravity and magnetic
data. Their results show shallow Curie Point Depths, thin-crust, and high heat flow from upward movement
of mantle fluid to the lithosphere through weak lithospheric zones beneath the ORZ. On the contrary to
Kinabo et al. (2007), Leseane et al. (2015) suggest a fluid influenced weakening of the lithosphere as the
process facilitating the incipient rifting in ORZ. The electrical conductivity model is suitable for further
investigation of this elevated heat regime and fluid weakening process beneath the ORZ.
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Figure 2.3: Regional tectonic map of southern Africa showing the distribution of seismic and MT data in the
region. SAMTEX = Southern Africa Magnetotelluric Experiment (Jones et al., 2009), NARS = Network of
Autonomously Recording Seismographs (NARS-Botswana) (Fadel et al., 2018), SASE = Southern Aftica
Seismic Experiment, SAFARI = Seismic Arrays for African Rift Initiation (Carlson et al., 1996), AfricaArray
= Africa Array Initiative (Nyblade et al., 2008), GSN = Global Seismological Network.

In a more recent study, Chisenga, Jianguo, et al. (2020) integrated gravity and aeromagnetic data to
investigate the crustal units and update the tectonic boundaties of Botswana. Their results confirmed the
extension of the Congo Craton to northwestern Botswana as suggested by seismic and MT studies (e.g., Yu
et al., (2017) and Khoza et al.,, (2013), which are described in the two subsequent subsections). In another
recent study, Chisenga, Van der Meijde, et al. (2020) modelled the crustal thickness of the crustal structure
beneath Botswana using gravity data. From their results, the crust beneath the epicentre of the 03 April
earthquake in central Botswana is relatively thinner with an approximate thickness of 40 km compared to
43 km and 46 km thicknesses in adjacent Kaapvaal Craton and central part of Limpopo Belt, respectively.
Their result suggested that the thinning of the crust beneath the earthquake epicentre was caused by
migrating thermal fluids from the EARS, eroding the lower crust structure. They propose that the
combination of migrating thermal fluids from EARS, high heat flow, thin-crust and local stress in the crust
contributed to the 03 April earthquake occurrence. This proposition by Chisenga, Van der Meijde, et al.
(2020) strongly support the role of the EARS, fluid migration, and elevated heat regime as part of the cause
of the 03 April 2017 earthquake in Botswana, which the electrical conductivity modelling is suitable to test.

2.3.2. Seismological and Seismic Studies

Several seismological studies have been done to understand the tectonics of Botswana. One of the earliest
seismological studies was done by Reeves (1972), which focused on the ORZ. This study reported a high
level of seismicity and was the first to suggests an extension of the EARS to northern Botswana, causing
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rift in the ORZ. Many years later, several other seismological studies covering the eastern and southeast
Botswana (Kalahari Craton and Limpopo Belt areas) were done using the data from the temporary network
of the Southern Africa Seismic Experiment (SASE) (Catlson et al., 1996) and the Africa Array Initiative
(Nyblade et al., 2008) (Figure 2.3). These studies (e.g., Delph & Porter, 2015) allowed high-resolution imaging
of the crustal and upper mantle structure in southeast Botswana.

Between 2013 — 2015, the Seismic Arrays for African Rift Initiation (SAFARI) was deployed across the
ORZ (Gao et al.,, 2013) (Figure 2.3). The SAFARI project brought new understanding to the incipient rifting
and crustal and upper mantle structure of the ORZ ( Yu, Liu, Reed, et al., 2015; Yu, Gao, Moidaki, et al.,
2015; Yu, Liu, Moidaki, Reed, & Gao, 2015). Yu, Gao, Moidaki, et al. (2015) conducted the first share-wave
splitting investigation of the ORZ. Their result show mantle anisotropy predominantly in the northeast-
southwest direction with no evidence of horizontal component of a flowing mantle magma system. This
result supports a differential basal drag model between the Congo Craton, Kalahari Craton, and the Damara-
Ghanzi Chobe orogenic Belt in-between them, leading to intra-plate movements and passive rifting, rather
than an active mantle plume source explanation for the rift incipient rifting in ORZ. Yu, Liu, Moidaki, et
al. (2015) observed no thermal anomalies beneath the ORZ given the normal thickness of the mantle
transition zone in their results, which also support the passive rifting process model for the ORZ.

Yu, Liu, Reed, et al. (2015) conducted a joint receiver function and gravity study of the crust beneath the
ORZ. The result shows a possible discontinuity in the crust beneath ORZ. This observation needs to be
confirmed by other studies with active source seismic or MT data to confirm a possible magma intrusion
into the crust. Their result also shows a thinned crust by 4-5 km beneath ORZ and infilled low-density
materials from the mantle due to decompression melting caused by the lithospheric thinning process.

A later study by Yu et al. (2017) shows a deep root of the Congo Craton in the southwestern edge of the
ORZ and a low-velocity anomaly in the upper asthenosphere beneath ORZ, which is also interpreted to be
due to decompression melting. These pieces of evidence supporting the passive rifting model in ORZ from
the SAFARI seismological data are also supported by an earlier geodetic study by (Malservisi, Hugentobler,
Wonnacott, & Hackl, 2013). However, Yu, Liu, Moidaki, et al. (2015) obsetved an anomalous thickness in
the mantle transition zone which corresponds to a positive thermal anomaly in central-west Botswana, which
is at the edge of their model. The limited coverage of the SAFARI seismological stations around this
observed anomaly hindered its further investigation. This anomaly, if confirmed by other studies, could
suggest a possible heat transfer that may be related to heat from the confined African superplume in the
lower mantle to the upper mantle beneath the southern African region (Gao, Silver, Liu, & Group, 2002).

All the above-mentioned seismological networks cover Botswana partially. A seismological project, Network
of Autonomously Recording Seismographs (NARS-Botswana) (Figure 2.3), covering the whole of Botswana,
was conducted between 2013-2018 to image the crustal and upper mantle structure. Fadel et al. (2018) and
Fadel et al. (2020) presented the first 3-D shear-wave velocity of crust and upper mantle beneath Botswana
from the NARS-Botswana seismological data. Their nationwide 3-D shear-wave velocity results confirm
incipient rifting in the ORZ, evident by a thin crust. The low-velocity anomaly observed in Okavango seems
to connect to the low-velocity anomaly in central Botswana. According to Fadel et al. (2020), this anomaly
relates to incipient rifting in central Botswana, which is an extension of the EARS, as against the commonly
interpreted termination of the EARS in ORZ. The location of this low-velocity anomaly also coincides with
that of the 2017 6.5 Mw earthquake in central Botswana. However, the studies have a very coarse resolution
of about 1 degree, and the nature of the interpreted low-velocity anomaly remains unclear. Understanding
their model from other types of data, for example, the conductivity model from the MT method would help
validate the interpretations.
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All the previously mentioned seismic wave velocity studies covering Botswana are based on low frequency

passive seismological data. There is only one known active seismic investigation of the crust in Botswana.
Wright and Hall (1990) investigated the Rehoboth Province using active deep seismic profiling covering the
southwest Botswana. Their study shows that the Nosop basin (above Rehoboth Province) is deep and has
a sedimentary thickness of up to 15 km. Also, Wright and Hall (1990) suggested an extension of Kaapvaal
Craton to southwest Botswana from high-velocity signature in the result as discussed in the previous chapter
(subsection 1.1.1). However, other more recent seismological studies by Fadel et al. (2018) and Fadel et al.
(2020) suggest a preferred interpretation of a buried MC beneath the Rehoboth Province.

2.3.3. Magnetotelluric Studies

The Southern African Magnetotelluric Experiment (SAMTEX) was conducted to image the electrical
structure of the crust and upper mantle beneath the southern African region (Jones et al., 2009) (Figure 2.3).
The data from the experiment complemented available data from xenolith studies, seismological studies,
and other geophysical data in the region. Jones et al. (2009) presented preliminary regional electrical
conductivity and electrical anisotropy maps of the southern African region at depths of 100 km and 200 km
from the MT data. Their results showed the cratonic blocks (Angola, Kaapvaal, and Zimbabwe cratons) to
be resistive, and the conductive regions are associated spatially with the mobile belts. The resistivity image
maps from their preliminary study correlated spatially with previous seismic velocity models for southern
Africa, with regions of high resistivities having high velocities and conductive regions having low velocities.
Aside from this preliminary regional interpretation of the SAMTEX data, a few other smaller-scale studies
have been conducted to image the crust and upper mantle beneath Botswana. However, these MT studies
so far in Botswana are too fragmented spatially and hardly overlap. Figure 2.4 shows the spatial distribution
of all known previous MT studies covering parts of Botswana.

A two-dimensional (2-D) MT data inversion results from a profile across Kaapvaal Craton, Rehoboth
Province and Ghanzi-Chobe/Damara Belt in southwest Botswana was presented by Muller et al. (2009)
(Figure 2.42). The MT profile data, which are characteristically closer to 3-D data due to the presence of
multiple geoelectric strike directions, were inverted independently in two geoelectric strike directions of 25°
and 45° (Figure 2.5). Their model showed significant variation in the electrical conductivity of the
lithosphere laterally. The results show that the section of Kaapvaal Craton imaged is very resistive and has
a high thickness of about 190 km, extending into the asthenosphere. The structure of the Kheis Belt and
Rehoboth Province is less resistive and thinner (about 180 km). In contrast, the Ghanzi-Chobe/Damara
Belt is conductive and of a lower thickness (about 160 km) along the profile. Their results show the first
geophysical interpretation of the deep structure beneath the Rehoboth Province, which had not been
previously studied using geophysical methods at that time. However, this study did not include the
interpretation of the possible existence of buried MC in southwest Botswana (e.g., Begg et al., 2009).

In northeast Botswana, Miensopust et al. (2011) carried out 2-D imaging of the electrical structure of the
lithosphere from a MT data profile across Zimbabwe Craton, Magondi mobile Belt, and Ghanzi-Chobe Belt
(Figure 2.4b). The results show a highly resistive lithosphere of about 220 km thickness for the Zimbabwe
Craton, which is similar to estimates from geochemical and geothermal studies (Miensopust et al., 2011).
The study shows a resistive and relatively thin lithosphere for Ghanzi-Chobe Belt of about 180 km thickness
and two conductors in the middle to lower crustal part of Magondi Belt. The interpretations of these
conductors are uncertain; however, they favoured graphite and/or sulfide as the cause of the conducting
bodies. Also, their results revealed a highly resistive crustal structure in the Okavango Dyke Swarm within
the Limpopo Belt. However, the results of their MT study did not include the interpretation of possible
extension of the EARS in the northeastern tip of Botswana, as suggested by Fadel et al. (2020). A further
study into the evolutionary model of the Limpopo Belt was carried out by Khoza et al. (2012) using 2-D
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MT data inversion and metamorphic data (Figure 2.4c). The result of their model shows the relationship
between the Kaapvaal Craton, Zimbabwe Craton, Limpopo Belt, and the shear zone in-between these
geologic terranes as revealed in the LIM-SSO-KAP profile shown in Figure 2.6. Their study proposed an
evolutionary model involving the collisional suture between the Zimbabwe and Kaapvaal Cratons for the
formation of the Limpopo Belt.
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Figure 2.4: Location of SAMTEX sites across Botswana showing previously interpreted sites in magenta
squares: (a) Muller et al., (2009) (b) Miensopust et al., (2011) (c) Khoza et al., (2012) (d) Khoza et al.,
(2013) (e) Evans et al,, (2019) (f) Moorkamp et al., (2019). Other MT sites are shown in black squares.
Transparent grey area = Okavango Rift Zone, MC = Suggested location of Maltahohe microcraton, and
the focal mechanism represents the location and orientation of the 2017 6.5 Mw earthquake.
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Figure 2.5: Electrical conductivity models derived from 2-D smooth inversion of decomposed MT station
responses by Muller et al. (2009) for (a.) 25° E of N strike azimuth and (b.) 45° E of N azimuth (c) Map
of MT stations covering Botswana. The magenta squares show the MT sites profile published by Muller
et al. (2009).
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Figure 2.6: (a) Electrical conductivity model cross-section across Limpopo Belt-Kaapvaal Craton and
Zimbabwe Craton in Botswana derived from 3-D inversion of MT data by Khoza et al., (2012) (b) Map
of MT stations covering Botswana. The magenta squares show the MT sites across the profile presented
in (a). SPTSS=Sunnyside-Palala-Tshipise Shear System.

Khoza et al. (2013) carried out a 2-D and 3-D MT inversion to image the lithosphere across Kalahari Craton,
Damara-Ghanzi-Chobe Belts, and Congo Craton, covering northeast Namibia and a small area of northwest
Botswana (Figure 2.4d). The electrical conductivity model shows a significant lateral variation in the
resistivity across the section imaged. The Congo Craton, which extends to northwest Botswana, is highly
resistive and has thick lithosphere to the depths of 250 km. OKA-WIN profile in Figure 2.7 presented by
Khoza et al. (2013) shows the Congo Craton’s extension to northwest Botswana. Similarly, Evans et al.
(2019) studied the lithosphere beneath Barotse Basin in western Zambia, also covering some parts of
northern Botswana using MT data. The MT data used in the 3-D included the SAMTEX data profile along
northern Botswana (Figure 2.4¢) as well as other MT broadband data acquired around the Barotse Basin.
From their model, the lithosphere beneath Barotse Basin is substantially thinned and is underlain by melt
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from the African superplume, which is evidenced by high conductivity structures in the upper mantle. Their
results suggest continental rifting beneath the Barotse basin, which connects with parts of the more mature
EARS in the Okavango Rift Zone. However, their interpretation does not include the east-west (EW)
electrical conductivity model across the SAMTEX profile in northern Botswana, which could provide more
information about the development of the ORZ in Botswana and its relationship with the EARS.
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Figure 2.7: (a) Electrical conductivity model cross-section in northwest Botswana detived from 3-D
inversion of MT data by Khoza et al., (2013) (b) Map of MT stations covering Botswana. The magenta
squares show the MT sites across the profile presented in (a).

Moorkamp et al. (2019) investigated the 3 April 2017 6.5 Mw earthquake in central Botswana using surface
wave and MT data (Figure 2.4f). From their resistivity models, two displaced conductive structures are
revealed and interpreted as fluid/melt (Figure A2 in Appendix 2). Their results suggest the reactivation of
the old fault zone by the injection of melt from the mantle as the cause of the earthquake. Also, Moorkamp
et al. (2019) suggest that the earthquake reactivated existing fault from the deformation process of the
collision between Kaapvaal and Zimbabwe cratonic blocks. However, the limited coverage of their study
did not allow for further investigation of the possible association of the melt/fluid with the EARS.

2.3.4. Joint Velocity-Conductivity Inversion and Interpretation Efforts

The efforts to perform joint inversion or joint interpretation of seismological and MT data to investigate
the crust and upper mantle structure of the southern African region have been restricted to only two known
case studies. Hamilton et al. (2006) conducted a study on the crust and upper mantle of the northern part
of South Africa using the joint interpretation of electrical anisotropy derived MT data and seismic anisotropy
derived from shear-wave splitting. This study does not cover any part of Botswana. A joint velocity-
conductivity interpretation study in southern Africa was done by Jones et al. (2013). Jones et al. (2013)
carried out a joint interpretation of the 3-D shear wave tomography model from seismic data and
conductivity model from MT data to study the lithosphere beneath the southern Africa region. This study
shows the linear relationship between conductivity and shear wave velocity structure at 100 km depth
beneath southern Africa. Their velocity-conductivity model also shows a very wet and depleted lithosphere
in central Botswana at depth of 100 km. A high-resolution joint inversion and interpretation would give a
better understanding of the tectonic units and geodynamic processes in Botswana.
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3. DATASET AND METHODOLOGY

The first section (3.1) gives a succinct description of the MT method, explaining the theoretical basis of the
methodological steps used in this research. The description of the data used for the study is given in the
second section (3.2). Finally, the methodology workflow and how it was applied are provided in the last
section of this chapter (3.3).

3.1. The Magnetotelluric Method

311, Overview

The MT is a passive geophysical method that uses the natural Earth’s electromagnetic field to infer the
distribution of electrical conductivity of the Earth’s subsurface up to hundreds of kilometers depth (up to
the Earth’s mantle) (Cagniard, 1953; Tikhonov, 1950). The electromagnetic source field penetrating the
subsurface induces electrical currents (also called telluric), which generate secondary magnetic fields. In the
MT method, the induced time-varying Earth’s electric (E) and magnetic (B) fields are simultaneously
measured from the Earth’s surface. Later in this chapter, the processing, analysis, and inversion techniques

of the MT data are described with the aim to image the subsurface electrical conductivity.

31.2. Basic Theoretical Concepts of Electromagnetics

The ecarliest works on the fundamental theory of the MT method were by Rikitake (1946) and Tikhonov
(1950), who proposed that the relationship between the electric and magnetic field can be used to determine
the electrical characteristics of the Harth’s subsurface. In more detail, Cagniard (1953) described a practical
application of the MT method in a study over sedimentary basins. Over time, the theory and practical
application of the MT methods have developed in the last decades (e.g., Becken et al., 2008; Jones et al.,
2009; Megbel et al., 2014)

The time variations in the natural electromagnetic field of the Earth are utilized in MT investigations. The
electromagnetic field of the FHarth is generated mainly by the magneto-hydrodynamic process of the Earth’s
outer core (McPherron, 2005). Whilst the magneto-hydrodynamic process generates the greater part of the
Earth’s time-varying magnetic field; the MT method makes use of the low-amplitude and transient variations
in the external geomagnetic fields. The small-amplitude fluctuating signals with periods between 10-3- 105
seconds (corresponding to frequencies between 103-10-> Hertz) are used in the MT method (Vozoft, 1991).
Electromagnetic fields with periods below 1s are generated from lightning (spherics), while long-period
signals are generated from the interaction of the solar wind with the Earth’s magnetic field and ionosphere
(Parker, 1958). There exist an MT signal dead-band between frequencies 0.5 — 5 Hz, where the intensities
of the electromagnetic fluctuation is low, which give rise to reduced MT data quality within this frequency
range.

The electromagnetic field of the Earth used in MT measurements propagates diffusely, which yields
volumetric soundings (volumetric bulk property), and the energy decays exponentially as it travels through
the Earth. The propagation and induction of the electrical and magnetic fields in a medium as used in the
MT method are well described by Maxwell’s equations:

Gauss’ Law for magnetic field VXE = — Z—Ij Equation 3.1
Gauss’s Law for electric field VXH= js+ Z—LZ Equation 3.2
Faraday’s Law V:-B=0 Equation 3.3
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Ampere’s Law with Maxwell’s Term V-D = nf Equation 3.4

where E is the electric field in volt per meter (Vm?), B is the magnetic induction in tesla (T), H is the
magnetic intensity in ampere per meter (Am-1), D is the electric displacement in coulomb pet square meter
(Cm2), jr is the electric current density in ampere per square meter (Am2), and 7y, the electric charge

density in coulomb per cubic meter (Cm-).

In a uniform isotropic medium, Maxwell’s equations can be expressed by following constitutive relationships
given in the equations below (3.5, 3.6, and 3.7). In the case of isotropic medium, the magnitudes of the
electrical conductivity (0) and electrical permittivity (€) are scalars and a free space magnetic permeability

(Ho) is assumed, while they take tensorial form in an anisotropic medium.

jr = oE Equation 3.5
D = ¢E Equation 3.6
B = uH Equation 3.7

Where o is the electrical conductivity in siemens per metre (Sm), € is the electrical permittivity in farads

per meter (Fm1), and y is the magnetic permeability in henry per meter (Hm).

The measured time-domain variation in the electric and magnetic fields MT data is generally analysed in the
frequency domain. The depth of penetration of the electromagnetic wave is dependent on the resistivity of
the medium and oscillation frequency of the signal. The higher the resistivity of the medium, the higher the
depth of penetration and the lower the frequency of measurement, the higher the penetration depth.
Electromagnetic skin depth is a measure of the depth of the maximum sensitivity of the measured field. The
skin depth is the distance in the subsurface at which the amplitude of the propagating electromagnetic wave
attenuates to ~37% of its surface value. Skin depth depends on the square root of the product of the
resistivity of the medium and the period of the signal (Simpson & Bahr, 2005). Long period (low frequency)
MT data can be used to image greater depth in the subsurface (up to the mantle). This is because long period
clectromagnetic waves attenuate slower than short period waves; hence the former penetrates deeper into
the Earth.

Skin depth (8) = 503,/pT Equation 3.8

where p =resistivity of medium and T = period of the MT measured signal

The simultaneous measurement of the electric and magnetic field time variations in orthogonal directions
at the Farth’s surface, including two horizontal electric components (Ex, Ey), two horizontal magnetic
components (Hx, Hy), and one vertical magnetic component (Hz), generates the time series MT data. The
measured time series data is then processed by transforming the data from the time domain to the frequency
domain. Also, complex transfer function ratios (impedances and vertical magnetic field) that describe the
penetration of the electromagnetic field in the subsurface, apparent resistivity and phase parameters can be
derived from the MT data (Simpson & Bahr, 2005).

3.1.3. Transfer Functions of Magnetotelluric Response

To obtain conductivity information from the MT method, the measured time-series data of the electric and
magnetic field must be processed into MT response data (transfer function). A transfer function can be
defined as a function that linearly relates the measured electric and magnetic field components to the
properties of the subsurface materials at a given frequency. The natural sources used in the MT method are




CRUSTAL AND UPPER MANTLE IMAGING OF BOTSWANA USING MAGNETOTELLURIC METHOD

of variable and unknown intensities; hence the transfer functions must be independent of the signal source
(Booker, 2014). Therefore, the transfer function depends only on the electrical properties of the medium,
and they can be used to infer the conductivity distribution of the subsurface materials from the measured
data. Examples of transfer functions are impedance tensor, MT tensor and vertical magnetic transfer
function. Vatrious methods of processing MT time series data into MT response functions, including the
remote-reference and robust time series processing methods, are described in details by Jones, Chave,
Egbert, and Auld (1989).

The impedance tensor (Z) is a complex second-rank frequency-dependent tensor. Impedance tensor shows
the relationship between the horizontal components of the electric and magnetic fields at a particular
frequency. The MT tensor is like the impedance tensor but uses magnetic induction (B) instead of the
horizontal components to express the relationship between the field components (Weaver, Agarwal, &
Lilley, 2000). The impedance tensor (Z) is given by:

E Ex Zxx ny Hx
Z=— or [ ] = ] [ ] Equation 3.9
H Ey Zyx Zyy Hy quation

where Zyy and Z,,, are the principal diagonal impedances and Zy,, and Z,,x are the principal off-diagonal

impedances.

The impedance tensor is composed of the real and imaginary part. The magnitude of the impedance tensor
is used to derive the apparent resistivity. Apparent resistivity (p,) represents the volumetric average
resistivity value of the subsurface. Also, the phase parameters can be extracted from the impedance tensor.
Impedance phase (@) is given by the inverse tangent of the ratio of the real and imaginary parts of the
impedance tensor. The impedance phase gives additional information about the conductivity of the
subsurface structures (Simpson & Bahr, 2005). Impedance phase above 45° is diagnostic of increase in
conductivity with depth (also evident in apparent resistivity curve), impedance phase below 45° is diagnostic
of decrease in substrata conductivity with depth. If the impedance phase is 45°, it is diagnostic of no change
in the substrata conductivity (Megbel et al., 2014; Simpson & Bahr, 2005). These two parameters, apparent
resistivity and phase, are the most frequently used parameters for visualizing MT data and are plotted against
period (Campany et al., 2016; Robertson et al., 2020).

Paij = u%o |Zii ("’)|2 Equation 3.10
LT .
@ij = tan ( Re{Zij}) Equation 3.11

where w is the angular velocity (petiod, T = 21/ w) and p, is magnetic permeability of free space.

The vertical magnetic transfer function (VIFs) is a dimensionless complex induction vector that shows the
relation between the horizontal and vertical components of the magnetic field. It is also referred to as the
tipper vector and is represented by:

H, = TyHy + T,y H, Equation 3.12
where T,y and Ty, are the induction VTFs components.

The vertical component of the magnetic field is created by lateral conductivity variation. In a case where the
conductivity of the subsurface only varies with depth, that is, one-dimensional (1-D), the vertical component
of the magnetic field is zero.
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3.1.4. Dimensionality Distortion of Magnetotelluric Data

Dimensionality analysis of MT data is an essential step to ensute that the subsurface structure has the same
dimensionality as the modelling approach used for the data. In a case where the dimensionality of the MT
data is higher than the dimension in which the data is modelled or interpreted (e.g., a 1-D interpretation of
a 2-D or 3-D structure), dimensionality distortion occurs in the model, causing inaccurate and erroneous
interpretation (Ledo, 2005; Ledo et al., 2002). There are different methods for assessing the dimensionality
of MT data, including rotational invariants, induction arrows, Groom and Bailey distortion parameters, and
dimensionality indicators (e.g., Groom & Bailey, 1991; Ledo et al., 2002; McNeice & Jones, 2001; Ritter &
Banks, 1998; Smith, 1995 and references therein). Aside from the methods above, the impedance tensor
holds essential information about the dimensionality of the MT data. In a 1-D Earth, lateral conductivity
variation is zero as conductivity varies only with depth. Hence, the diagonal components of the impedance
tensor are zero, and the off-diagonal components are equal in magnitude but of opposite signs:

Loy = Zyy, =0

e Equation 3.13
Zyy = — Zyx
For a 2-D Earth model, conductivity varies with depth as well as along horizontal direction; hence the
diagonal components of the impedance tensor are equal in magnitude but of opposite signs, and the off-
diagonal components differ and are non-zero:

Zyx = — Zyy .

ny £ _ Zyx Equation 3.14
For a 3-D Earth, conductivity varies in all directions, and all the components of the impedance tensor are
independent of each other. The dimensionality of the MT data is dependent on the scale of the structure.
For MT data with short periods, the electromagnetic skin depths are small relative to the dimension of the
anomalous structure, and only 1-D information can be retrieved. With increasing period of MT sounding,
the depth to which the data is sensitive increases and sufficient to cover at least one edge of the anomalous
structure and 2-D information can be retrieved from the data. As the MT sounding period increases further,
the electromagnetic skin depth increases sufficiently to encompass the dimensions of the anomalous
structure. However, the non-inductive response generated by near-surface 3-D conductive bodies persists
and cause a frequency-independent distortion in the MT data. The effects of these distortions of MT data
and how to correct them are described next.

3.1.5. Distortion of the Magnetotelluric Data

The time series MT data collected is often affected by distortions in the electromagnetic field. The
distortions in the MT data (galvanic distortion) are caused by the disturbance of the current that generates
the electrical field. Galvanic distortions are non-inductive frequency-independent responses caused by the
scattering of regional MT response by accumulated charge distribution on small-scale shallow bodies or
inhomogeneity in local geologic structures (Chave & Jones, 2012). Multidimensional conductivity contrasts
at depths shallower than the penetration depth of the electromagnetic field cause galvanic distortion in the
amplitudes of the electric field, hence, affecting the magnitudes of impedance tensor. This distortion causes
obscuring of the geoelectric strike, phase mixing, masking of properties of regional structures, and static
shift of the apparent resistivity. At long periods, the magnitude of the inductive response decreases;
however, non-inductive response persists, which makes galvanic distortion removal important in MT data
analysis.
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The inherent distortion in the MT data has informed the need to extract undistorted data from the measured
data for the purpose of modelling the deep subsurface. There are several approaches discussed by several
authors on reducing the effects of the galvanic distortion on MT response to improve the certainty of the
interpretation of the data. The foremost and most common methods used for galvanic distortion removal
are the decomposition methods of Groom and Bailey (1989, 1991) and Smith (1995). However, both
methods assume that regional structures are 2-D to determine the appropriate strike of the regional
structure. Hence, the methods pre-condition MT data survey to 2-D interpretations. An alternative method
for galvanic distortion removal is that of Bahr (1988,1991), which is aimed at determining the dimension of
the regional MT response and strike direction. However, in some cases, more than one strike direction exist
in MT response at different depths due to continual changes in the Earth’s structure by geologic processes.
This makes the galvanic distortion removal process more complex, and assumptions of average strike
direction would result in 2-D models that contain extraneous structures due to displacement of other
structures from the assumed strike direction (Simpson & Bahr, 2005). Examples of good in-depth
descriptions of the other galvanic distortion removal approaches can be found in McNeice and Jones (2001)
and Ritter and Banks (1998). More recently, there are newer approaches that explore the recovery of the
regional MT response with the use of phase parameters of the MT response, which are undistorted by
galvanic distortion (e.g., Becken & Burkhardt, 2004; Bibby, Caldwell, & Brown, 2005).

According to Caldwell, Bibby, & Brown (2004), the heterogeneity in the near-surface causes distortion to
the electric field; however, the phase relationship between the magnetic field and electric field remains
unaffected and can be used to retrieve the regional impedance tensor. On this basis, Bibby, Caldwell, and
Brown (2005) described an approach of galvanic distortion removal in MT response using the phase tensor,
which provides maximum information about the dimensionality of the regional impedance tensor with the
minimum assumptions about the data and provides a solution to the challenge of strike directions. This has
been used as a better approach for galvanic distortion removal in several studies (e.g., Dehkordi, Ferguson,
Jones, Ledo, & Wennberg, 2019; Xue et al., 2019). However, there are other arguments that there would be
no need to perform galvanic distortion if the MT response can be modelled directly in 3-D interpretation
(Chave & Jones, 2012). According to Meqbel et al. (2014), the scattering effects of small-scale local structures
with dimensions or spatial scales larger than the MT site spacing can be modelled in 3-D inversion, and the
regional MT response can be reliably recovered. However, when MT site spacings are very large and cannot
recover details of scattering effects of small-scale local structures, the need to correct for galvanic distortion
in the MT response remains essential.

The static shift is a subclass of local galvanic distortion in MT response. The static shift is a frequency-
independent shift in the apparent resistivity curve by a factor (Chave & Jones, 2012; Simpson & Bahr, 2005).
In 1-D modelling, static shift causes a shift in the depth to a conductive body and error in the modelled
resistivity values. In 2-D and 3-D cases, static shift, if not corrected, may cause artefacts (extraneous
structures) in the model (Simpson & Bahr, 2005). There are several approaches to correcting static shift
effects in MT response. Simpson & Bahr (2005) described three broad methods for static shift correction,

which are:
@) short period correction based on data from active electromagnetic method,
(i1) spatial averaging method (statistical), and
(iif) long-period corrections.

The first technique is based on active electromagnetic data recorded at locations close to the MT sites. The
active electromagnetic data is not affected by static shift (Simpson & Bahr, 2005); hence, it can be used to
correct static shift rising from near-surface effects in MT data. The second technique, which is the spatial

averaging method, gives a relative static shift correction factor based on other MT sites rather than an
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absolute correction factor. As the spatial coverage of the area to be imaged increases, the inaccuracies of the
depth estimates and resistivity values in the resultant model based on spatial averaging corrected static shift
reduces (Simpson & Bahr, 2005). Lastly, static shift corrections based on long-period depends on assumed
deep structures (up to mid mantle depth) and required MT data with periods up to 100,000 seconds
(Simpson & Bahr, 2005). When possible, the short period correction based on data from an active
electromagnetic method is preferred, as it gives absolute values of static shift factor (Simpson & Bahr, 2005).

3.1.6. What can the Magnetotelluric Method Image?

The MT method images the electrical conductivity property of the subsurface, which defines the ability of
Earth materials to carry electric current. The electrical conductivity of Earth materials has a wide variance
spanning up to 14 orders of magnitude, as dry crystalline rocks (igneous and metamorphic) can have
resistivity above 106 (0m, while rocks bearing graphite can have resistivity values below 0.01 Qm (Simpson
& Bahr, 2005). Factors affecting the conductivity of rocks and minerals include temperature, permeability,
porosity, physical and chemical state, and pressure. Since MT yields volumetric bulk conductivity of the
medium and is less sensitive to the electrical conductivity of the host rock, it is generally not possible to link
electrical conductivity to lithology. Sedimentary rocks generally have high porosity and typically contain
fluids, which make them more conductive than igneous and metamorphic rocks. However, highly fractured
igneous and metamorphic rocks would have relatively high porosity and permeability, hence have a high
conductivity signature. Other factors that affect the bulk conductivity of Earth materials are the presence of
highly conductive minerals (such as ore minerals and graphite), aqueous fluid, and partial melt. For example,
long-period MT sounding shows that the anomalous high conductivity of the deep-crust and upper mantle
(asthenosphere) is generally due to partial melting materials present in the tectonically active crust and
volcanic areas (Unsworth & Rondenay, 2012; Wei et al., 2001).

The MT method is capable of imaging great depths (up to the upper mantle) significantly more than other
active source electromagnetic methods. As described earlier (subsection 3.1.2), the depth of penetration of
the MT method is dependent on the resistivity of the medium and the period of sounding. With an assumed
average resistivity of the crust and upper mantle and data recording at long-period fluctuations of the Earth’s
electromagnetic field, a depth of penetration greater than 500 km might be possible with the MT method.
The electromagnetic waves have a diffusive nature; hence the MT images volumetric property of the Earth
and not only depths beneath the stations as shown in Figure 3.1. The MT data is sensitive to changes in the
clectrical conductivity of the Earth in-depth as well as in the horizontal directions (Megbel, Weckmann,
Mufioz, & Ritter, 2016). Structures that are laterally displaced from MT stations could influence the MT
data. The lateral distance to which the MT data is sensitive is referred to as horizontal adjustment length,
which must be considered alongside the depth of penetration when quantifying the sensitivity of MT data.
“Penetration depths and horizontal adjustment lengths are not equivalent. In fact, conductivity anomalies
laterally displaced by 2-3 times the penetration depth may affect the MT transfer functions.” (Simpson &
Bahr, 2005, p. 31). An example by Simpson and Bahr (2005) shows that a conductive structure that is located
30 km away from an MT site A (Figure 3.2) begins to affect the MT transfer function as the period of
measurement increases. The resistivity of the layer beneath the MT site A is 100 Qm, and at 10 second
period, the depth of penetration is ~16 km when calculated using Equation 8. As shown in Figure 3.2, the
impedance phase response at about 10 seconds begins to deviate from the expected response from a 100
Qm half-space that is beneath the MT site. For example, the impedance phase begins to split at a petiod of
~8 s by up to 2 © and up to 8° divergence at 50 seconds. Hence, the horizontal adjustment length is
approximately twice the depth of penetration at period of 10 seconds, which demonstrates the possibility
that horizontal adjustment can vary from the depth of penetration depending on the subsurface resistivity
structure.
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Figure 3.1: Volumetric sensitivity of the MT data in the subsutface

A
—— 30km —|
1km] 0250m
100 Qm
. 10° i
o -

é Bpo.
= « B-pol.
a
=
'%1024.....““., paa st t
8 LI o
- © o0 gq
5
g
(=}
< 1 . ,

10 - -

10° 10 10° 10°

Period (s)

90 S%HRE L ETE=b,
~ FT en B okl ¢F
< \;."*/Lg_’é“ }g*“’
%45«91:9#‘?0%9??.22::2000
3 saa
o

0 t t

10° 10" 10° 10°

Period (s)

Figure 3.2: Apparent resistivity and impedance phase curves showing the effects of laterally displaced
structure on MT data (Simpson & Bahr, 2005). In a simple 2-D MT model interpretation, E-pol.= E-
polarisation mode in which electric fields parallel to the strike direction and B-pol.= B polarisation mode

in which magnetic fields is parallel to the strike direction.

3.2, Dataset

For this study, the Southern African Magnetotelluric Experiment (SAMTEX) data was used (Figure 3.3a).
The SAMTEX was conducted to image the electrical structure of the crust and upper mantle beneath the
southern African region comprising of Botswana, Namibia, and South Africa (Jones et al., 2009). The data
consist mainly of broadband MT sites (up to 1000s period), and some sites with long-period MT (up to
10,000 s period) and audio MT recordings (up to ~ 0.1 second). Figure A4 (in Appendix 4) shows the
maximum periods available in SAMTEX data sites in Botswana. The average intervals between the MT sites
are approximately 20 km. The recorded time series of the fluctuations of the electric and magnetic field were
processed into MT response function using the robust processing methods described in Jones et al. (1989).
The SAMTEX data is generally of high quality in Botswana and Namibia but poor in some locations in
South Africa due to cultural noise from DC power supply to railway lines and mines. A subset of the data
covering Botswana and its boundaries was used for this study (Figure 3.3b).
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3.3. Methodology

The methodology used for this study is divided into three main stages: data correction and preparation, data
analysis, and data inversion. Figure 3.4 summarizes the main steps of the methodology workflow used. In
this section, the description of the codes used, the different methodology steps, and outputs are explained.
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Figure 3.3: (a) Map of full SAMTEX sites. Red squares represent MT sites (b) SAMTEX data subset
covering Botswana used in this research.

3.31.  Codes

The MT method is a relatively new geophysical method; hence the softwate available for the data analysis
and interpretation are still limited compare to the other methods (Kirkby, Zhang, Peacock, Hassan, & Duan,
2019). For this study, the MTPy, which is a Python toolbox for MT (Kirkby et al., 2019; Krieger & Peacock,
2014) and ModEM inversion codes (Kelbert, Meqgbel, Egbert, & Tandon, 2014) were used for the data
preparation, analysis, and inversion. These codes allow for various processing steps in one framework,
including processing, analysis, modelling, and visualization (Kelbert et al., 2014; Krieger & Peacock, 2014).
The MTPy package can also handle common file handling operations, coordinate transformation, and
conversion from impedance tensor to phase and apparent resistivity. For the visualization of the results,
figures and illustrations the MTPy, Matplotlib and the Generic Mapping Tools (GMT) (Wessel et al., 2019)

were used.

3.3.2. Data Correction and Preparation

The full impedance tensor and the VIF were jointly used for modelling the electrical structure in this study
(Becken et al., 2008; Campany et al., 2016). To achieve more accurate inversion results, the MT data were
corrected for distortions and errors. The data correction processes that included galvanic distortion removal,
static shift removal, and data smoothening were done on all the impedance tensor and VIF components.
Figure 3.5 shows examples of outputs of data correction on the MT data for two MT sites.
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Figure 3.4: Methodology workflow

3.3.21.  Galvanic Distortion Correction

The galvanic distortion correction was done to remove the effects of near-surface conductive heterogeneity
from the MT response. The galvanic distortion correction was necessary for this dataset because of the high
spatial aliasing between the MT site profiles (Figure 3.3b). The dataset would not be able to recover details
of scattering effects of small-scale local structures, hence the galvanic distortion correction (Megbel et al.,
2014). The galvanic distortion was done following Bibby et al., (2005) approach, which makes use of phase
tensor parameters and implements minimum explicit assumptions about the data parameters as describes
carlier. This processing step removes galvanic distortion from the MT response and writes new data files.

The outputs of the process are galvanic distortion corrected MT responses.

3.3.22.  Static Shift Correction

The purpose of this processing step was to correct for the frequency-independent shift in the apparent
resistivity curve so that they can correctly represent the subsurface resistivity structure. The static shift
correction process will ensure that extraneous structures because of static shift error are removed from the
data and consequently produces more accurate models. Static shift factors are generally undeterminable
from the MT data itself. Addition measurements such as audio-magnetotelluric data or time-domain
electromagnetic data are more suitable for estimating the static shift correction factor. In the absence of
such additional data, the statistical averaging method was used to estimate the relative static shift correction
factor for each MT station from other stations in the radius of 30 km (Simpson & Bahr, 2005). The outputs

of the process are static shift corrected MT responses.

3.3.2.3. Data Smoothening

The MT data were smoothened to improve the quality of the MT response, remove outliers in the data and
improve the convergence of the data inversion process. To ensure minimum errors in the data, period data
points with error bars of the impedance tensor data above 5% were removed from the data. This maximum
error threshold of 5% was also used as the inversion Egbert error floor value for the impedance data. From
data examination, high error values were observed at long periods in the data. The removal of data points
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with high errors meant a trade-off of long period part of the data for high-quality inversion data input. This
trade-off helps to improve the convergence of the inversion process and produce more accurate electrical
models. The maximum period in the MT data after the smoothening process was 10,000 seconds. Figure
A4 (in Appendix 4) shows the range of maximum periods available in MT data before and after the data
smoothening process was done. Alongside the removal of data with high errors, all the MT sites data were
examined visually to verify the data quality and smoothness. The curve smoothness was examined on the
criteria that the variation in MT apparent resistivity curve from period to period should not be more than
45 © on a logarithm versus logarithm scale plot. Periods with anomalous data were removed to improve the

smoothness of the MT response curve. The outputs of the process are smooth MT responses.

(a) Bot409 o= """, (b) Bot 409 oo™ "een. jimm

.
. -

App. Res. (N-m)
.
‘

App. Res. (N-m)
.
‘

60 i R
P . g N =
. -
- - =
] -, Teeg¥
s B e » 1. e D

= A 1 ol .. i

Phase (deg)
.
0
0
0
Phase (deg)
.
0

- -
B . . .t e -
151 * Ceerecce, o2l .- 15 et s e, Se”

10! 10~ 10 10° 10t 10 10 10° 107 10- 10 10° 10! 107 10"

10

‘ (c) Bot 417 = i (d) Bot 417

T I . 22}: i
-

“n

App. Res. (-m)
App. Res. (2 m)

100 422 ' v - v v

tsgensy

=2 ‘ o
o FTEe,, e 5
100 ...::-.' Tetese .,ma:ﬁ%T
Sy o

S idadbadh i S
:

Phase (deg)

OOUK

Phase (deg)

g .mwm“"“i'mumii?HH i ;
5§ |
3

PAIBS Shlas e S
"
"
.
"
"
"
"
+
L]
L]
-

PERSTEFEFE

U

10 10-2 10 100 10 102 10° 104 107 10-2 10! 10° 10t 102
Period (s) Period (s)

- Zxy component - Zyx component

Figure 3.5: Examples of data correction of MT data through the galvanic distortion removal, static shift
correction and data smoothening processing steps. Products are plotted as apparent resistivity and
impedance phases against period (in logarithm scale). (a) Raw MT response from station Bot 409 (b)
Corrected Bot 409 MT data after galvanic distortion, static shift correction and data smoothening. (c)
Raw MT response from station Bot 417. (d) Corrected Bot 417 MT data (similar to (b)).

3.3.3. Data Analysis
Analysis of the MT data that involved dimensionality analysis, impedance component analysis and depth
sensitivity were done. The descriptions of data analysis processes are discussed next.

3.3.3.1. Dimensionality and Impedance Data Analysis
The purpose of this process is to analyse the dimensionality captured in the MT data. The dimensionality

analysis was done based on the phase tensor, which is not affected by galvanic distortion as described by
Bibby et al. (2005), Booker (2014) and Caldwell et al. (2004). The skew value and ellipticity parameters of
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the phase tensor were used to analyse the dimensionality. The skew value is a ratio of the amplitudes of the
sum of diagonal components to the sum of the off-diagonal components of the impedance tensor. High
skew values of the phase tensor greater than 6 ® indicate 3-D effects, skew values of 0 ° indicate 2-D data,
and lower skew values indicate 1-D subsurface structure (Cherevatova et al., 2015; Comeau et al., 2020).
The ellipticity of the phase tensor is defined by the ratio of the amplitudes of the sum of diagonal
components to the sum of the off-diagonal components of the impedance phase. When the phase tensor is
a circle, it indicates 1-D subsurface, while the elliptical phase tensor represents 2-D or 3-D effects in the
conductivity distribution (Becken & Burkhardt, 2004; Bibby et al., 2005). Figure A3 (in Appendix 3) shows
the graphical description of the phase tensor parameters. A more in-depth description of the parameters of
the impedance tensor can be found in Bibby et al. (2005) and Booker (2014).

The analysis of the apparent resistivity of the MT site was done. The outputs of the process are apparent
resistivity derived from the off-diagonal components of the MT data at representative periods (100, 250,
500, and 1000 seconds) and are described in subsection 4.1.2.

3.3.3.2.  Penetration Depth and Horizontal Adjustment Length

The purpose of this step is to examine the depth of penetration and estimate the horizontal distance to
which the MT response is sensitive. The depths of penetration were calculated using the Niblett-Bostick
transformation (Niblett & Sayn-wittgenstein, 1960) to account for variation in depth of penetration for MT
sites at similar frequencies. The outputs of this process are penetration depths of the MT data at
representative periods (100, 250, 500, and 1000 seconds). From the estimated penetration depths at various
periods, the horizontal adjustment was estimated to be equal to the penetration depth at the minimum or
up to two times the penetration depth as described by Simpson and Bahr (2005). The result of the depth
sensitivity analysis is described in subsection 4.1.1.

3.34.  3-DInversion

Iterated and linearized inversion algorithms have been the standard method for solving nonlinear
geophysical inverse problems. These iterated linearized inversion methods require large computation power,
taking several hours on modern workstations, and are impractical to compute as complexities increase from
2-D to 3-D. To solve the challenge of large demand of computing resources and minimize the misfit in data
and model norms in solving the inverse problem in electromagnetics, several algorithms, including the
Newton method, Gauss-Newton method (Mackie, Madden, & Wannamaker, 1993), and gradient-based
minimization methods (Newman & Alumbaugh, 2000; Rodi & Mackie, 2001) have been used. Examples of
good in-depth descriptions of the different algorithms to solve the inverse problem with particular focus on
the use for MT data can be found in Rodi & Mackie (2001) and Egbert & Kelbert (2012). Of particular
interest to discuss in this report is the non-linear conjugate gradient (NLCG) technique for solving the
inverse problem in MT, which is an example of gradient-based minimization schemes. The NLCG algorithm
uses non-linear optimization, which deviates from the traditional geophysical techniques of linearized
solutions for the nonlinear inverse problem. The NLCG applies nonlinear optimization for minimizing the
objective function of the nonlinear inverse problem, which includes data misfit and model norm (Avdeev,
2005). The NLCG method is generally accepted in the electromagnetics community due to its relative
simplicity in solving large inverse problems compared to the other techniques. The NLCG method is
efficient because it requires lesser processing units (CPU and memory) as inversion model grids and data

increases compared to other techniques.

For this study, the MT data were inverted in 3-D to image the crust and upper mantle structure beneath
Botswana. In a 3-D inversion, no assumption about the dimensionality of the data is required, and it also
accounts for conductivity variations in all directions, hence making the subsurface structure interpretation
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more straightforward. Imaging the crust and upper mantle structure in 3-D gives the opportunity for precise
geological interpretation of the natute of the structures. The Modular system for Electromagnetic Inversion
(ModEM) code was used for the inversion of the MT data (Egbert & Kelbert, 2012; Kelbert et al., 2014).
The ModEM utilizes the finite difference approach for forward calculations and NLCG to solve the inverse
problem. In the MT academia community, the ModEM code is the most widely used 3-D code. This is
because the ModEM is the only codes with both serial and parallel versions available for non-commercial
academic use. ModEM code is very robust and also take relatively shorter computation time (Miensopust et
al., 2013). Kelbert et al. (2014) gives a detailed description of the ModEM codes for inversion of MT data.

The ModEM codes allow the user to control the inversion process with the initial damping parameter and
inversion computation stopping criterion (Kelbert et al., 2014). The damping parameter controls how the
model fits the data progressively in the inversion process (Robertson et al., 2020). As part of this study, a
sensitivity test was carried out to investigate how the initial damping parameter affects the resultant model.
The description of these tests is given in subsection 3.3.4.4.

For the 3-D electrical modelling of this study, the full impedance (Z) and the VITF were jointly inverted.
Incorporating the VTF into the inversion complements the model development by improving the resolution
of high resistivity anomalies and 3-D structures than inversion with standard impedance tensor (Z) only
(Becken et al., 2008; Campany et al., 2016). Several parameters were set to build the starting model grid for
the MT inversion. Figure A5 (in Appendix 5) shows an illustration of how the model grid was developed
and an example of the starting model grid. Topography data was incorporated into the 3-D model grid to
account for topographic variations of the MT sites in the model. The minimum interstation spacing in the
MT dataset used was 10 km. The minimum interstation spacing could already inform the suitable grid
resolution for the electrical modelling. A choice of 10 km grid resolution will not only recover finer
resolution model but also ensure that the MT sites are approximately positioned at the centre of the grid
cells as required by ModEM codes (Megbel et al., 2014). However, a test on sensitivity of the inversion
result to the model grid resolution was carried out to understand how it influences the resultant model.
Another parameter that affects model development is covariance. The covariance controls how the norm
of the model behaves. The covariance parameter has possible values between 0 — 1. Large covariance values
result in smoother models, while small covatiance values result in less smooth models (Robertson et al.,

2020).

For this study, an inversion of the MT data covering Botswana was done to derive a nationwide 3-D
electrical conductivity model of Botswana. Multiple inversions were done to assess the sensitivity of the
model to inversion parameters, data, and model grid properties (Figure A6 in Appendix 6). For the MT data
and inversion parameter sensitivity tests, smaller datasets were used to ensure that the computational time
required are shorter and feasible within the time frame of this research. The details of the data used for the
various inversions are given below. For the inversion computation, two Intel Xeon computing facilities
(with CPU @ 3.20GHz and @ 2.60GHz) of the Faculty ITC, University of Twente, were used. The Dutch
National Supercomputing Facilities, Cartesius (Grant Number: EINF-1468), which has higher computing
powet, was also used to accelerate the computation of the 3-D electrical conductivity models.

3.3.4.1. Nationwide 3-D Electrical Conductivity Model of Botswana

The SAMTEX sites comprising of 355 stations covering Botswana were inverted to create the nationwide
electrical conductivity model of Botswana. The location of the MT data is shown in Figure 3.6. The MT
data covers 31 periods from 0.1 — 10,000 seconds. In this inversion, a fine 10 km X 10 km grid resolution
was used, which was chosen based on the minimum MT site spacing in the data (10 km) and results of the
grid resolution sensitivity test. A first layer thickness of 10 m was used in the starting model, and the
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subsequent layers’ thicknesses increase by a factor of 1.1 logarithmically. The choice of first-layer thickness
of 10 m was based on the tenth of the skin depth in the most conductive surface layer at the shortest period
in the data and a need to recover high resolution in the vertical gridding (Megbel et al., 2016). Topography
data was incorporated into the inversion process to compensate for site elevation difference in the model.
With the incorporation of the topography data, areas between the MT sites that are not on the topography
are masked with highly resistive air column. To compensate for the effect of the highly resistive air in the
model, ten air layers were added to the starting model to pad the Earth model. Starting resistivity of 100 Qm

was used for the prior model. Also, for this inversion, error floor (\/ | ZyyZyx |) of 5% was used for the Zy,,

and Zy,, impedance data, (\/ | ZxxZyy|) of 5% was used for the Zyy and Z,,,, impedance data, and 0.03 for
the VITFs. These error floor values were chosen to account for numerical and systematic limitations of the
model (Kelbert et al., 2014; Robertson et al., 2020). An initial damping parameter of 10 was used based on
the model space exploration results (subsection 4.2.4). A covariance value of 0.4 was used in inversion to
better resolve features in the model (less smooth) (Robertson et al., 2020).

Okavango Rift Zone
MC  Maltahohe Microcraton

Q The 65Mw Earthquake

Figure 3.6: Map of SAMTEX data covering 355 stations in Botswana used for the nationwide 3-D

electrical conductivity modelling (MT station represented with black squares).

3.3.4.2. Data Period Resolution Test and Effect of Short Period Data

To test how the resolution of the data in period domain affects the inversion model, MT data from 127 sites
covering central and northeastern Botswana were used (Figure 3.7a). This subset was chosen because the
MT data arrays are more closely spaced. The dataset was prepared in four different ways with all other data
and inversion parameters constant (subsection 3.3.4.1), except for the period resolution of the data. The
first dataset was prepared with data at 3 periods per decade of the period (in logarithm scale), with a total
of 16 periods from 0.1 — 10,000 seconds. The second dataset was prepared with data at 6 periods per decade
of the period (in logarithm scale), with a total of 31 periods from 0.1 — 10,000 seconds. The third dataset
was prepared with data at 10 periods per decade of the period, with a total of 51 periods from 0.1 — 10,000
seconds. Finally, the last dataset has data points at 15 periods per decade of period (in logarithm scale),
which total to 76 periods from 0.1 — 10,000 seconds. The results from the test and the discussion are
provided in subsection 4.2.1.

Other inversions were done with this dataset to verify the influence of short-period data (high frequency)
on the inversion process and the output model. The test matrix includes dataset with periods covering
0.0001 - 10,000 seconds, 0.001 — 10,000 seconds, 0.01 — 10,000, 0.1 — 10,000 seconds and 1 — 10,000 seconds.
In this test, only the period coverage of the data was varied, while keeping other data and inversion
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parameters fixed. The results and discussion on the test with short period data on the inversion are provided
in the next chapter (subsection 4.2.2).
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Figure 3.7: (a) Map of SAMTEX data covering 127 stations used for data period and model grid resolution
sensitivity tests (b) Map of SAMTEX data covering 28 stations used for ModEM inversion damping
parameter sensitivity test (MT station represented with black squares).

3.3.43. Model Grid Resolution Test

Model grid resolution determination is an important step in 3-D MT inversion. The decision of the size of
the model grid is usually based on two factors; the need to recover fine model details by using a higher-
resolution grid (smaller grid dimension) and minimization of the computation time and resources required
by using coarser grid resolution. In this study, the sensitivity of the inversion result to the resolution of the
model grid was tested using a dataset covering central and northeast Botswana (Figure 3.7a). This test was
done using a coarse grid of 30 km, an intermediate grid of 15 km and a fine 10 km grid resolutions, while
other data and inversion parameters remain constant (subsection 3.3.4.1). The results and discussion on the
grid resolution test are provided in subsection 4.2.3.

3.3.44. ModEM Inversion Damping Parameter Sensitivity

To understand how the initial damping parameter affects the output model and the final data misfit. A
sensitivity test was done on a smaller data subset covering 28 stations in central Botswana (Figure 3.7b).
Initial damping parameters of 1, 10, 100 and 1,000 were tested while keeping other inversion parameters
constant (subsection 3.3.4.1). The data were interpolated to six periods per decade of the period, with a total
of 31 periods from 0.1 - 10,000 seconds. The results from the test and the discussion are provided in
subsection 4.2.4.

3.3.5.  Model Visualization and Assessment

The geoelectric models were visualized using MTPy, Matplotlib, and GMT. The models were visualized
using plan view depth sections and vertical cross-sections to answer the defined research questions. Misfit
analysis of the results of the inversion and the measured data was done using the normalized root-mean-
square (nRMS) analysis. The nRMS describes how the model fits the data, and this measure is ubiquitously
used for electrical model assessment in the MT community (e.g., Meqgbel et al., 2014; Marion et al., 2013;
Robertson et al., 2020).
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4. RESULTS AND DISCUSSION

The result and discussions on the analysis of the MT dataset used for the nationwide conductivity modelling
are provided in the first section (4.1). In section 4.2, the results and the discussion on the sensitivity tests on
the inversion and data parameters are provided. The results and discussion on the new 3-D nationwide
electrical conductivity model of Botswana are provided in section 4.3. Finally, a velocity-conductivity
interpretation of the crust and upper mantle structure beneath Botswana is discussed in the last section (4.4).

41. Magnetotelluric Data Analysis
The results of resolution depth analysis, apparent resistivity analysis, and dimensionality of the MT dataset
in Botswana are given and discussed.

411. Resolution Depth and Horizontal Adjustment Length

The results of the depth of penetration estimates of the MT data coverage in Botswana for representative
periods of 100, 250, 500, and 1,000 seconds are shown in Figure 4.1. The red colour indicate high depth of
penetration of the MT data (between 200 km — 250 km), while the blue colour shows shallower depth of
penetration (< 120 km). There is a general increase in the depth of penetration of the MT sites as the period
increases, which is evident by more MT sites with high depth of penetration at periods of 500 seconds and
1,000 seconds. At the period of 100 seconds, there are some missing MT sites in the result, whose shortest
periods are greater than 100 seconds. The disappearance of some MT sites in the result at longer periods of
500 seconds and 1,000 seconds is due to the lack of long-period data at those sites.

The depth of penetration of the MT data is dependent on the period of recording the MT data and the bulk
resistivity of the Earth medium. High bulk resistivity in the subsurface allows for a high depth of penetration
of the MT data. Spatially, MT sites that have a relatively higher depth of penetration correspond to stations
above cratonic provinces, which have high bulk resistivity values as revealed in the electrical conductivity
model discussed in section 4.3. For example, at the period of 250 seconds, higher depth up to 250 km depth
is sensed by MT stations above the Congo Craton, Zimbabwe Craton, Rehoboth Province, and Kaapvaal
Craton in the northwest, east, west, and south of Botswana, respectively. From the results, the MT data
cover in Botswana used in this study can image up to 200 - 250 km depth in the subsurface, with 68% of
the MT sites having periods above 1,000 seconds.

As the depth of penetration of the MT data becomes higher, the horizontal adjustment length, which is the
lateral distance that the MT data is sensitive to increases. At the various depth of penetration of the MT
data, the horizontal adjustment length is approximately 2 — 3 times the value of the penetration depth
(Simpson & Bahr, 2005). It is then possible to image any subsurface structure that is off the MT data site
within the horizontal adjustment length range at a given depth. The results of the 3D nationwide model of
this study are discussed along profiles on top or in the near proximity of the MT stations to address the
shortcoming of the small horizontal adjustment distance at short periods.
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Figure 4.1: Depth of penetration of the MT data at periods of 100, 250, 500, and 1,000 seconds.
The MT sites are represented in circles and the corresponding depths of penetration are indicated
by the colour.

41.2. Apparent Resistivity

The apparent resistivity maps for the off-diagonal components of the impedance (pxy and pyx) are plotted
as a function of the MT station at representative periods of 100, 250, 500 and 1,000 seconds (Figure 4.2).
The blue colour represents high apparent resistivity values, while the yellow-red colours show low apparent
resistivity values. One of the most prominent features in the apparent resistivity map (Figure 4.2) is the very
low apparent resistivity values (< 5 Qm) at MT sites located within the ORZ. This anomaly occuts at petiods
of 100, 250, 500, and 1,000 seconds. This feature indicates the presence of a conductive structure in the
subsurface. Similarly, there is an observed low apparent resistivity anomaly (< 10 Qm) at MT sites located
in northeast Botswana. Another conductivity anomaly of note is the high conductivity feature (< 5 Qm) in
the southern part of Botswana. This anomaly is consistent in both the pxy and pyx components. The
anomaly corresponds spatially with some parts of the Kaapvaal Craton region. The preliminary
interpretation of this high conductivity feature is that it is due to the Bushveld Complex. The three
distinctive high conductivity anomalous features observed in the apparent resistivity maps correspond to
high conductivity structures in the crust and upper mantle from the new nationwide 3-D electrical
conductivity model, which is discussed in detail later in this chapter (section 4.3).
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Figure 4.2: Apparent resistivity maps for principal off-diagonal components (pxy and pyx) at representative
periods of 100, 250, 500, and 1,000 seconds.

41.3. Dimensionality of the Magnetotelluric Data

The results of the phase tensor dimensionality analysis for three representative profiles from major
geological provinces in Botswana are presented as pseudo section plots in Figure 4.3. The results for three
other representative profiles are given in Figure A7 (in Appendix 7). The pseudo sections are plotted as
circles and ellipses, while the colour indicates the skew value of the phase tensor. High skew values greater
than 6 ° which are shown in light to dark brown colour, indicate 3-D effects in the data. Also, when the
phase tensot’s shape is circular, it indicates a 1-D structure, while elliptical phase tensors show 2-D or 3-D
effects in the data. More explanation on the phase tensor skew, the skew threshold of 6° for 3-D signature
and ellipticity of the phase tensor is given in subsection 3.3.3.1.

The previous MT studies done in Botswana using the SAMTEX data (e.g., Miensopust et al., (2011), Muller
et al,, (2009), and Khoza et al., (2012)) confirmed the presence of 3-D components in the MT data. There
exist multiple principal geoelectric strike directions in the MT data, which is indicative of 3-D structure (e.g.,
Miensopust et al., (2011), Muller et al., (2009), and Khoza et al., (2012)). The results of the phase tensor
analysis (Figure 4.3) shows the presences of 3-D components in the MT data. There is 3-D resistivity
structure in most of the MT data sites, which is evident by the high skew values (> 6 ©) and elliptical nature
of the phase tensor for many of the MT sites, hence the need to model the data in 3-D. The result of this
analysis confirms the 3-D nature of the terrane beneath Botswana as reflected in the MT data. The MT data
for this study were inverted in 3-D without need for assumption of geoelectric strike directions, which is
required for 2-D modelling.

4.2. Results and Discussion on Sensitivity Tests
To explore the influence of the various inversion parameters, data resolution, and model grid properties on
the 3-D resultant model, several sensitivity tests were carried out. The results of these tests and discussions

on them are explained in this section.
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Figure 4.3: Phase tensor analysis result for three representative profiles. (a-c) Phase tensor ellipses for all periods in MT sites plotted. The corresponding profile
location are also shown below each phase tensor ellipse plot. The phase tensors are plotted left-right or top to bottom along the profiles. The pseudo sections

are plotted as circles and ellipses, while the colour indicates the skew value of the phase tensor
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4.21. Data Period Resolution

Table 4.1 shows how the nRMS of the four models created with varying data period resolutions and the
number of NLCG iterations completed before the convergence of the inversions compare. The results show
similar overall nRMS values for the four models. To gain insight from this test, misfit analysis of the data
components for the four resultant models was done. Figure A10 (in Appendix 10) shows how the MT site
nRMS values for the impedance and VIFs components of the data compate. From the results, the nRMS

values per MT sites are similar for the four models.

Table 4.1: Summary of the nRMS for the Data Period Sensitivity Test

Data Period Resolution | Overall nRMS Number of NLCG Iteration
16 periods 3.150337 81
31 periods 3.115478 82
51 periods 3.120504 83
76 periods 2.977310 82

From the results, the overall nRMS values of the four models have no significant differences, which implies
that increasing the period resolution of the data does not significantly improve the nRMS of the model.
Although increasing the period resolution of the data from 16 periods to 31 periods did improve the data
fit, the decrease in nRMS is not very significant (Table 4.1). On the other hand, there was an increase in the
nRMS when the data period resolution was increased from 31 to 51 periods, although not very significant
also (Table 4.1). There is an observed slight decrease in the nRMS value from the 76 periods data inversion.
However, this change is not very significant. Also, the number of NLCG iterations required for the four
different inversions to converge are similar. No change is observable in the nRMS values per site of the four
different models with data of varying period resolution (Figure A10 in Appendix 10). Generally, from the
visual comparison of the resultant models from these four different models (Figure A6 in Appendix 0),

there is no significant changes in the resolved features.

It is expected that MT data with lower period resolution will have smoother impedance data curves than
data with higher period resolution. This smoothness property of the data makes it easy for the inversion
process to fit the electrical conductivity model to the data better. The data used in this study were
smoothened as part of the data preparation, which improved the data curve smoothness and reduced error
points in the data. Hence, the differences observed in the results of the inversion of MT data with the
different period resolution is quite negligible. It can be inferred that once the MT data sufficiently represent
the behaviour of the impedance curve, it can be used to model the subsurface electrical structure effectively.
The penalty for increased period resolution in the data is the higher computational resources and time
required for the inversion process. For the 3-D nationwide electrical conductivity modelling of Botswana,
MT data with 6 periods per decade of period (in total 31 periods) were used to reduce the computation time
while still retaining the properties of the impedance curve of the data.

42.2.  Effects of Short Period Data in Inversion Process

The SAMTEX data includes high-quality MT data at short period range up to 0.0001 seconds. Multiple
inversions were done, which include various levels of the short period data. While including short period
(high frequency) data in the inversion resolves the near-surface structures in high detail, it does not allow
for quick development of deeper structures in the model. From the several inversions done, the inversions
of the MT data that include periods lower than 0.1 seconds took longer time, up to 12 hours per NLCG
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iteration for the nationwide 3-D electrical conductivity model. Also, those inversions with short period data
restrict the model development to only topmost 300 m depth even after 40 NLCG iterations (Figure A6 in
Appendix 6). The high variability in the short period data dominated the misfit function of the inversion
and therefore made the inversion busy instead of resolving the smaller variability in the long period data.
This was not efficient, as the inversion process spends a lot of time in resolving the near-surface features in
the model. In the context of this study, the structures of interest are in the crust and upper mantle and not
the overburden layers. Therefore, a choice of 0.1 seconds as the shortest period to include in the inversion
data was made for subsequent inversions. This helps to resolve the deeper structures in the model and
reduce computation time without compromise on the shallow structures in the subsurface.

4.23. Model Grid Resolution

To investigate the influence of the model grid resolution on the resultant electrical model, test was done to
compare the results from three model grids with resolutions of 10 km, 15 km, and 30 km. Table 4.2 shows
how the overall nRMS of the three models compare and the number of NLCG iterations completed before
the convergence of the inversions. The overall nRMS decreases with increasing grid resolution. Increasing
the resolution of the grid from 30 km to twice as fine resolution of 15 km has a considerable improvement
on the nRMS. Similarly, a further increase in the grid resolution of the model from 15 km to 10 km
significantly improved the data fit, which is evident in the reduced nRMS.

Table 4.2: Summary of the nRMS for the Model Grid Resolution Sensitivity Test

Model Grid Resolution | Overall nRMS Number of NLCG Iteration
10 km X 10 km 2.392333 98
15 km X 15 km 3.115478 82
30 km X 30 km 4.067719 74

Figure 4.4 shows how the MT site nRMS values for all the components of the data (Z and T) compare for
the three models per MT sites. The nRMS per site generally decreases with increasing model grid resolution
(Figure 4.4). A closer examination of the nRMS per site revealed that the tipper components have a higher
data fit (low nRMS) than the impedance component (Figure 4.4). However, there are some other local areas
with poor data fit (high nRMS) for all the data components. These results reveal that finer grid model
resolution inversion aids better data fit and increase the confidence in the recovered model. However,

extremely fine grid resolution could lead to artefacts in the model and a higher weight of model norm over
the data misfit norm (Meqbel et al., 2014; Marion et al., 2013).

To further gain insight from how the electrical structures develop in the three different models, depth
sections at representative depths in the subsurface were examined. A plan view of the depth sections at 19
km and 49 km from the three models are given in Figure 4.5 and Figure 4.6, respectively. From the results
of the 19 km depth section, it is revealed that the electrical structures are narrower and less connected in the
fine grid model of 10 km (Figure 4.5). As the model grid resolution becomes coarser (15 km and 30 km),
the electrical structures become wider and more connected spatially. Deeper electrical structures are also
affected by the reduction of the model grid resolution in similar ways, as shown in the depth sections from
49 km in Figure 4.6. Also, the finer model shows fine and smooth boundaries of the electrical structures. It
is observed that conductive structures are more distinctive at deeper depth in the finer grid model (Figure
4.6.). From these results, it is revealed that finer grid resolution aid the recovery of high-resolution electrical
structure with smooth boundaries.

37



CRUSTAL AND UPPER MANTLE IMAGING OF BOTSWANA USING MAGNETOTELLURIC METHOD

10 km Grid Resolution 15 km Grid Resolution 30 km Grid Resolution
Total nRMS Total nRMS Total nRMS
4 400.004
400.00 2% 400.00 oD & oD .
*
200.00 200.00 a‘ 200.00
5 T “. n—?%
. 0.00
g 0.00 0.00 g.,‘f.i ”
¢ S o 3 A
5 \
.200.00 .200.00 "L’;‘ oy f ] +200.00
LV
400.00 400.00 [ 400,00
240.00-120.00 0.00 120.00 240.00 240.00-120.00 0.00 120.00 240.00 2400012000 0.0 120.00 24000
Total nRMS (Full 2) Total nRMS (Full Z) Total nRMS (Full Z)
J 400.00
400.00 - ey H 400.00 oy a e &Y .
200.00 200.00 200.001 \
E L sy 5
g 0.0 0.00 0.00 séf’.)'
= C
Q “‘,j o‘»“
-200.00 -200.00 <200.00 :\i
-400.00 -400.00 400.00
240,00-120.00 0.00 12000 240.00 -240.00-120.00 0.00 120.00 240.90 +240.00-120.00 0.00 120.00 240.00
Total nRMS (Full Tz) Total nRMS (Full Tz) Total nRMS (Full Tz)
400001 _ .y 400.00 o 400.00 >
[ Sae % o Y [ _as Y
bk L]
200.00 200.00 \ ‘ 1 200.00
g
§ 0.00 0,00 0.00
3
2
>
-200.00 200.00 -200.00 4
-400.00 4 o 400,00 400,00
-240.00-120.00 0.00 12000 240.00 .240.00-120.00 0.00 120.00 240.00 -240.00-120.00 0.00 120.00 240.00
Y-Distances (km) Y-Distances (km) Y-Distances (km)
1.0 2.0 3.0 4.0 5.0 nRMS
Figure 4.4: nRMS plot per station for impedance tensor and tipper data components derived for 10 km,
15 km, and 30 km model grid resolutions. The MT sites are represented in circles and the corresponding
nRMS are indicated by the colour. Masked sites (shown in black colout) =no data.

In terms of computation time required, the 10 km grid model took 4.5 hours per NLCG iteration, the 15
km grid model took 3 hours, and the 30 km grid model took 1 hour. From the results of this sensitivity test,
a choice of 10 km grid was made for the new nationwide 3-D electrical conductivity modelling in Botswana
to recover a finer model and more realistic model with better data fit. This helps to increase the confidence
in the recovered model, which has better data fit and fine spatial resolution. The choice of 10 km, which is
the minimum interstation spacing in the dataset, is also supported by the need to centre the MT stations in
the grid cells. However, the nationwide model comprising of 355 MT sites took a longer time per NLCG
iteration compared to the sensitivity test runs, which has 127 MT sites.
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Figure 4.5: (a) Plan view of electrical conductivity model depth slices at 19 km derived for 10 km, 15 km,
and 30 km grid resolution (b) Location Map. Red bounding box = location of models presented in (a).
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Figure 4.6: (a) Plan view of electrical conductivity model depth slices at 49 km derived for 10 km, 15 km,
and 30 km grid resolution (b) Location Map. Red bounding box = location of models presented in (a).

4.2.4. ModEM Inversion Damping Parameter

The inversion initial damping parameters (described in subsection 3.3.4) of 1, 10, 100, and 1,000 were used
to test the sensitivity of the model space to this parameter. The summary of the results of the misfit analysis
of the tests is present in Table 4.3. From the results, the nRMS values for the four models are similar. To
further gain insight into the resultant models, depth sections corresponding to 7 km, 31 km, and 49 km for
the four different models are presented in Figure 4.7. Visually, the plan view of depth sections when
compared for the four models look similar (Figure 4.7). However, there is a difference in the number of
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NLCG iterations required for the model to converge for the different initial damping parameters used.
Higher initial damping parameters of 100 and 1,000 took longer NLCG iterations and computation time to
achieve convergence of the inversion. The choice of the initial damping parameter has little influence on
the resultant model and data misfit. The observations from this sensitivity test are consistent with the results
from model space exploration with the Australian Lithospheric Architecture Magnetotelluric Project data
using the ModEM codes done by Robertson et al. (2020). For the Botswana 3-D national electrical
conductivity modelling, an initial damping parameter of 10 was used to reduce the computing time.

Table 4.3: Summary of the nRMS for Initial Damping Parameter Sensitivity Test

Initial Damping Parameter | Overall nRMS Number of NLCG Iteration
1 2.044264 81

10 2.101267 80

100 2.085736 110

1000 2.069875 122

(a) (b)
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Figure 4.7: Plan view of electrical conductivity model depth slices at 49 km derived for 10 km, 15 km,
and 30 km grid resolution. (b) Location Map. Red bounding box = location of models presented in (a).

4.3. Nationwide 3-D Electrical Conductivity Model of Botswana

An evaluation of the 3-D nationwide electrical conductivity model of Botswana was done and presented in
this section. The result of the new nationwide 3-D electrical conductivity model of Botswana are presented
in vatious representative plan view maps and cross-sections to show the crust and upper mantle electrical
structures (Figures 4.10 — 4.14). Based on the results presented, geological and tectonic interpretation of the
electrical structures are discussed.
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4.3.1. Evaluation of Data Fit of the 3-D Nationwide Electrical Conductivity Model

To evaluate the result of the nationwide electrical conductivity model, nRMS analysis of the model was done
to examine how it fits the measured MT data. Figure 4.8 shows the nRMS analysis between the measured
MT data and the model-predicted data from the inversion as a function of the MT station for impedance
tensor (Z) components, the VITFs components and all the components together. Figure A8 (in Appendix
8) shows nRMS plot per station for each component of the impedance tensor and VIFs. From an
examination of the nRMS for the components of the data used, the impedance tensor components have
poorer nRMS (3.34) than the VIFs components (2.91). However, there are some sites with poor data fit
across the whole dataset for both the impedance tensor and VIFs components, as shown in the total nRMS
plots per site (Figure 4.8 and Figure AS).

Figure 4.9 shows the plot of measured and model-predicted responses for three representative MT sites that
are in close proximity to some of the major tectonic domains. The measured and model-predicted responses
plots for six others MT sites are given in Figure A9 (in Appendix 9). The result shows a good fit between
the measured and model-predicted data across the whole periods for these representative sites.

From the inversion, the overall nRMS of the nationwide electrical conductivity model is 3.22 after 126
NLCG iterations. The overall nRMS is below the set error floors of 5% used in the inversion process, which
is considered good for the model. This error is considered good for a comprehensive dataset in terms of
spatial coverage and range of period as this.

Total nRMS Total nRMS (Full 2) Total nRMS (Full Tz)

nRMS=3.22 NnRMS=3.34 NRMS=2.91
500.00 X ) [

250.00+

0.00+

X-Distances (km)

-250.00

-500.00 -

-600.00 -300.00 0.00 300.00 600.00 ~600.00 -300.00 0.00 300.00 600.00 .600.00 -300.00 0.00 300.00 600.00
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[ I L
[ | |
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Figure 4.8: nRMS plot per station for all components of the MT data, impedance (Z) and VIFs. The MT sites are
represented in circles, and the corresponding nRMS are indicated by the colour. Masked sites (shown in black colour) = no
data.
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Figure 4.9: Observed and predicted responses for three representative MT Sites. Location map shows the MT sites

analysed.

4.3.2. Overview of the Electrical Structure of the Crust and Upper Mantle

To image the electrical structure of the crust and upper mantle beneath Botswana, depth sections from
representative depths in the subsurface are presented. Figure 4.10 shows a plan view of the depth sections
of the electrical conductivity structures of the crust and upper mantle corresponding to depths of 13 km, 20
km, 32 km, 50 km, 92 km, 120 km, 186 km, and 222 km in the subsurface.

From the 3-D electrical conductivity model, there exist some significant electrical structures in the tectonic
domains investigated. The main results of the electrical conductivity model and the geologic interpretations
are discussed in the coming subsections. However, this subsection discusses an overview of the electrical

structures imaged in the middle-lower crust and upper mantle beneath Botswana.

In depths that correspond to the crust (Figure 4.10), there exist spatial aliasing of the imaged electrical
structures. This is as a result of the low spatial coverage and density of the MT sites in Botswana, leaving
large distances between data profiles. At shallow depths, the horizontal adjustment length to which the MT
data is sensitive is small. For example, at a depth of 13km (Figure 4.10), the MT data is not sensitive enough
to resolve structures at locations that are spatially off the MT data stations. The background resistivity used
for the 3-D inversion is 100 Qm, and at locations that cannot be resolved by the MT data, the model retains
the background resistivity value. Hence, structures that are far from the MT profile are not reliably recovered
at such shallow depth, and 100 Qm is retained at those locations. However, as the depth of penetration of
the MT data increases, the lateral distance to which the MT data is sensitive increases, and the structutres
recovered are more regional. For example, at depths of 92 km and 119 km (Figure 4.10), horizontal
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adjustment is much higher, and at the minimum, it is equal to the depths of penetration. The structures
recovered at locations that are spatially off the MT data profiles at such depths are more regional and are
reliably interpreted (Figure 4.10).

From the results of the depth sections (Figure 4.10), there are distinctive high conductive structure spread
across the study area, both in the crust and upper mantle regions. In the middle and lower crust (12 km, 20
km, and 32 km), there are several local anomalous conductive structures that are mainly in the northeast and
northwest of Botswana. Also, in the mantle, there are some distinctive conductive structures in southern
Botswana. Several factors can contribute to the high conductivity in the mid-lower crust and upper mantle,

as discussed next.

Anomalous conductive structures in the lower crust can be interpreted as the presence of graphite or
aqueous fluids (Jones, Ledo, & Ferguson, 2005). In some areas, sulfides and other metalliferous ore deposits
or partial melt contribute to high conductivity in the lower crust (Wannamaker et al., 2008). The areas that
are spatially close to suture zones or fault zones also have high conductivity features due to the weakening
of the crust (Jones, Ledo, & Ferguson, 2005). In the mantle, high conductivity anomalies can be due to high
temperatures, partial melting, or hydration (Evans et al, 2019). In the context of this study area, the
proximity to some regional features such as the EARS, African superplume, Bushveld Complex, and
orogenic Belt from past tectonic activities play significant roles in the electrical structures in the crust and
upper mantle beneath Botswana. Results and interpretations focused on the main tectonic domains of

interest to this study, and their conductivity structures are given in the subsequent subsections.
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Figure 4.10: Plan view of electrical conductivity model depth slices at 13 km, 20 km, 32 km, 50 km, 92 km, 120 km, 186
km, and 222 km depths. MT sites are represented in black dots.
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4.3.3. Imaging the Geological Provinces of Botswana

To map the geological provinces of Botswana, vertical cross-sections along or in close proximity to MT data
profiles were taken to address the shortcoming of small horizontal adjustment length and make the geologic
interpretations reliable. These results provide images of the variation of the electrical structures of the crust
and upper mantle along the profiles with depth. The choices of the cross-section locations were defined to
address the first research question of this study. In southwest Botswana, Figure 4.11 shows cross-sections
A-A', B-B', and C-C' of the electrical structure across the Rehoboth Province-Kheis Belt-Okwa Block-
Kaapvaal Craton. In northwest Botswana, Figure 4.12 shows cross-sections D-D' and E-E' through the
Congo Craton-Damara-Ghanzi-Chobe Belt. Cross-sections F-F' and G-G' across the Magondi Belt,
Zimbabwe Craton and Limpopo Belt are shown in Figure 4.13.

Rehoboth Province-Kheis Belt-Okwa Block-Kaapvaal Craton

Figure 4.11 shows the 2-D cross-section across the Rehoboth Province to the Kaapvaal Craton in the
southwestern part of Botswana. In the northwestern part of the cross-section A-A', the Rehoboth Province
is imaged as a resistive structure. The Kaapvaal Craton is imaged in the cross-sections as a highly resistive
and very thick lithosphere. Between the Kaapvaal Craton and Rehoboth Province is the Kheis Belt, which
is imaged as a less resistive and very thin lithosphere relative to the adjacent Kaapvaal Craton. In the cross-
section, the Kheis Belt shows the thinnest and most conductive lithospheric structure.

The Archean Kaapvaal Craton was formed between 3.7 — 3.2 Ga (Figure 2.2) and has a resistive structure
as revealed by the 3-D conductivity model. The structure of the Kaapvaal craton as imaged in this electrical
conductivity model compares well with high-velocity anomaly associated with the Craton from previous
studies that used seismic data (e.g., Fadel et al., 2020; Ortiz et al., 2019). However, the transition from the
highly resistive cratonic root of the Kaapvaal Craton into the asthenosphere is pootly resolved by the MT
data. One other significant feature that is revealed in the Kaapvaal Craton from the electrical conductivity
model is the conductive Colesberg Magnetic Lineament (Figure 4.11, cross-section A-A"), which is a suture
zone separating the eastern Witwatersrand and western Kimberly blocks of the Kaapvaal Craton (Figure
2.1a). The Colesberg Lineament represents the zone along which the two blocks of the Kaapvaal Craton
were accreted from 2.93 — 2.88 Ga (Eglington & Armstrong, 2004). The Colesberg Lineament, which is a
magnetic anomaly, is confirmed by previous gravity and magnetic studies that cover the Kaapvaal Craton
(Cotner, Durrheim, & Nicolaysen, 1990), geochronological data (Eglington & Armstrong, 2004; Schmitz,
Bowring, de Wit, & Gartz, 2004), and rheological modelling (Kgaswane, Rathod, & Saunders, 2018).

The part of the Rehoboth Province imaged (Figure 4.11, cross-section A-A') has a similar cratonic electrical
structure as the Kaapvaal Craton, although it is of relatively lower resistivity. This observation is confirmed
by the high-velocity anomaly beneath the Rehoboth Province from the shear wave velocity study (Fadel et
al., 2020) and high P and S wave velocity anomalies (Ortiz et al., 2019). More discussion on the electrical
structure beneath the Rehoboth Province as it relates to the hypothesis of the presence of MC in southwest
Botswana is explained in subsection 4.3.4.1

The Kheis Belt was formed between the western margin of the Kaapvaal Craton and the Rehoboth
Province. The Kheis Belt has been significantly deformed by series of orogenesis, reactivation, and
amalgamation processes (Figure 2.2). The weakness of this zone is evident by its relatively lower resistivity
signature compared to the Kaapvaal Craton (Figure 4.11, cross-sections A-A' and B-B'). This observation is
confirmed by the shear wave velocity observed beneath Kheis Belt, which is relatively lower than that of the
adjacent Kaapvaal Craton (Fadel et al., 2020). Similarly, the low negative P and S wave velocity anomaly in
the western end of the Kaapvaal Craton presented by Youssof et al. (2015) is related to the Kheis Belt.
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Figure 4.11: Nationwide electrical conductivity model vertical profiles across the Rehoboth Province - Kheis
Belt - Okwa Block - Kaapvaal Craton in southwest Botswana. KC=Kaapvaal Craton, KB=Kheis Belt,
OB=0kwa Block, and RP=Rehoboth Province.
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From the result of the electrical conductivity model (Figure 4.11, cross-section A-A"), thete is a variation in
the thickness and resistivity values across this terrane laterally. The Kaapvaal block has average resistivity of
approximately 10,000 Qm, the Rehoboth Province has an average resistivity of approximately 1,000 Qm,
while the Kheis Belt has an average resistivity of approximately 500 Qm. According to Jones et al. (2009),
at depths that correspond to mantle structure, variation in the electrical conductivity of the Earth is more
sensitive to temperature changes than it is to variation in composition. Therefore, the lateral variation
observed in the resistivity across the Rehoboth Province-Kheis Belt-Kaapvaal Craton can be explained by
changes in the lithospheric geothermal gradient (Muller et al., 2009). The Kheis Belt has the lowest bulk
electrical resistivity, which corresponds to high geotherm, while the Kaapvaal Craton has the highest bulk
electrical resistivity, which corresponds to lower geotherm. The observed lateral variation across the
Rehoboth Province-Kheis Belt-Kaapvaal Craton is confirmed by the previous shear wave velocity model by
(Fadel et al., 2020). The Kheis Belt has low shear wave velocity, the Rehoboth has intermediate shear wave
velocity, while the Kaapvaal Craton has high shear velocity.

The delineation of the terranes from the results of this cross-section (Figure 4.11, cross-section A-A') is
quite similar to the results published by Muller et al. (2009) from the same profile (Figure 2.4). However,
there exist some differences. Muller et al. (2009) carried out the electrical conductivity modelling of this
profile in 2-D. Their data decomposition analysis showed the presence of multiple strike directions, which
confirms the 3-D nature of the structure captured in the data. The challenge with multiple geoelectric strike
directions and the uncertainty based on the assumptions required for the 2-D inversion can be overcome
by modelling the data in 3-D. In this study, the data was inverted in 3-D and the result presented shows
better recovery of the electrical conductivity structures along this profile. The results from Muller et al.
(2009) could not recover the structure of the Rehoboth Province effectively. From their results (Figure 2.4),
the 2-D model with an assigned strike direction of 25 © seemed to image the Rehoboth Province better in
terms of positioning of the structure and the resistivity value when compared with the model with assigned
45 9 strike direction. However, the model from both the 25 © and 45 © strike direction interpretations are not
consistent with the velocity models of Fadel et al. (2020) and Ortiz et al. (2019). Due to the robustness of
3-D inversion and no directionality assumptions required to model the electrical structure of the subsurface,
the interpretation from this 3-D electrical conductivity model is preferred in this scenario.

Another major difference between the 2-D conductivity models of Muller et al. (2009) and the new 3-D
electrical model is the small low resistivity blobs in the 2-D models beneath the Rehoboth Province. The
blobs occur in dissimilar forms and at different depths in the 2-D model with an assigned strike direction
of 25 ? and the model with an assigned strike direction of 45 °. The low resistivity blobs could be because
of dimensionality distortion in the 2-D interpretations with different assumptions on the geoelectric strike
directions. In the 3-D electrical conductivity model (Figure 4.11, cross-section A-A'"), the Rehoboth Province
is more reliably defined as a resistive structute (approximately 1,000 Qm) with a lateral extent of about 120
km compared to Muller et al. (2009). This again validates the need to avoid dimensionality distortion in MT
data modelling (discussed in subsection 3.1.4) by ensuring that the modelling approach has the same
dimensionality as the dimensionality captured in the MT data. For example, 2-D interpretation of a 3-D

structure would cause erroneous interpretations (Ledo, 2005; Ledo et al., 2002).

Okwa Block-Kaapvaal Craton-The Bushveld Complex

To further image the terranes in southwest Botswana, another cross-section C-C' across Okwa Block and
the Kaapvaal Craton is shown in Figure 4.11. From the result, the lithosphere beneath the Okwa Block
(northwest of the cross-section C-C') is moderately resistive with an approximate resistivity of 1,000 Qm.
There is also a conductive structure beneath the Okwa Block. The Okwa Block is a zone of weakness that
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has experienced significant deformation, such as accretion and reworking (Begg et al., 2009). The weakness
in this zone explains the observed intermediate resistivity from the electrical conductivity model. The Okwa-
Kheis Belt was affected by metamorphism between 2.0 - 2.06 Ga (Begg et al., 2009). The time correlation
between this event and the emplacement of the Bushveld complex (2.06-2.05 Ga) suggests a possibility that
the two events are linked together.

The Kaapvaal Craton is imaged in the southeast of the profile as a very resistive structure (~10,000 Qm).
Another major feature imaged in the cross-section C-C' (Figure 4.11) is a highly conductive structure
beneath the southeast end of the cross-section. The possible interpretation of this high conductivity
structure is the Bushveld Complex magmatic intrusion into the Kaapvaal Craton.

The Bushveld Complex is the most extensive layered mafic intrusion into the crust in the world (Begg et al.,
2009). The emplacement of the Bushveld Complex in the north-central part of the Kaapvaal Craton took
place between 2.06-2.05 Ga (Begg et al., 2009; Haddon, 2005). Fouch et al. (2004), in a seismic study,
observed low seismic wave velocities in the Bushveld Complex and linked it to compositional changes in
the mantle due to iron enrichment from the formation of the Bushveld Complex. Similarly, other seismic
investigations, including the P and S wave velocity study by Ortiz et al. (2019) and the shear-wave velocity
study by White-Gaynor et al. (2021), revealed a region of low velocities beneath the Bushveld Complex in
the Kaapvaal Craton. Ortiz et al. (2019), supporting Fouch et al. (2004), argued that the low velocities
anomalies observed beneath the Okwa Block, Magondi Belt and Limpopo Belt, which is are extensions of
the Bushveld Complex, are results of the modification of the composition of the mantle material from the
magmatic event. Ortiz et al. (2019) ruled out the possibilities of thermal anomalies as the explanation of

these low-velocity anomalies since no tectonic event affected these terranes in the Phanerozoic age.

In a previous MT study across the Kaapvaal Craton, Evans et al. (2011) found an extremely high electrical
conductivity structure in the Bushveld Complex (Figure Al in Appendix 1). From their MT study, Evans et
al. (2011) suggest that connected metallic sulphides, iron-rich garnets, and other economic minerals form
the network of conductors within the Bushveld Complex. This is similar to the proposition of Jones and
Garcia (20006) for the high conductivity anomalies beneath the Yellowknife River Fault zone in the Slave
Craton in northern Canada.

At the depth in the upper mantle (~70 km) where the conductive structure occurs in the electrical model
(Figure 4.11, cross-section C-C"), the temperature range predicted is between 500 — 600 ° C from heat flow
data (Jones, 1988). This temperature range is similar for all the Kaapvaal Craton at this depth (Jones, 1988).
Also, the last thermal event in the emplacement of the Bushveld Complex occurred in the Archean (Begg
et al, 2009; Rob L. Evans et al, 2011). With these pieces of evidence, this study, supporting the
interpretation of Fouch et al. (2004), attributes the compositional change of the mantle material due to iron

enrichment as the cause of high conductivity structure in the Bushveld Complex.

Congo Craton-Damara-Ghanzi-Chobe Belt

Figure 4.12 shows the electrical conductivity model along cross-section D-D' in northwest Botswana. From
the result, there exists a highly resistive and thick structure in the northwest of the profile. This structure
has a cratonic signature, and it is interpreted as an extension of the Congo Craton. Next to this is a relatively
conductive crustal structure, which is interpreted as the Damara-Ghanzi-Chobe Belt (DGC). Similarly,
another cross-section E-E' taken in northwest Botswana (Figure 4.12) revealed the cratonic structure of
Congo Craton and the high conductivity anomaly that corresponds to the DGC.
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Figure 4.12: Electrical conductivity model from MT site profile across Congo Craton and Damara-
Ghanzi-Chobe Terrane northwest Botswana. CC=Congo Craton, DGC=Damara-Ghanzi-Chobe Belt,

The region of northwest Botswana has thick Kalahari overburden that hinders the study of the basement
rocks due to poor exposure. An earlier geological study of the terrane in northwest Botswana suggested that
the lithosphere in this region is an extension of the Damara Belt from the few mapped outcrops (Key &
Ayres, 2000). However, with the use of geophysical data, it is possible to image the Earth subsurface
structure beneath the thick sediment cover. The result of this 3-D electrical conductivity model (Figure 4.12)
shows an extension of the Congo Craton into the northwest tip of Botswana. The results of the electrical
conductivity model of this study are consistent with an earlier MT study by Khoza et al. (2013) in delineating
the Congo Craton extension into northwest Botswana (Figure 2.7). This result from the electrical model is
confirmed by the recent seismic models by Fadel et al. (2020), which shows high-velocity anomaly, and the
model of Yu et al. (2017), which shows high P and S wave signature in northwest Botswana. This high
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seismic wave velocity, which is indicative of cratonic signature, is interpreted as an extension of the Congo
Craton.

The DGC, which includes the ORZ, is a zone of weakness owing to past collision and reactivation processes.
The structure of the DGC in the 3-D electrical model was imaged as a conductive structure (average of 50
Qm) (Figure 4.12). Previously imaged sections of DGC using MT data in northwest Botswana by Khoza et
al. (2013) and in northeast Botswana by Miensopust et al. (2011) confirmed high conductivity structure
within the DGC. The observation from the electrical conductivity model within the DGC is confirmed by
previous seismic studies, which observed low velocities beneath the DGC and ORZ (Fadel et al., 2020;
Ortiz et al., 2019; White-Gaynor et al., 2021).

The well imaged conductive structure beneath the DGC from the new 3-D conductivity model, which also
corresponds to low-velocity anomalies from seismic models, still need to be understood in terms of the
cause of the structure. The DGC includes the ORZ, which is an important tectonic domain in Botswana
due to the incipient rifting that is believed to be taking place in the ORZ. Understanding the cause of the
conductive structure beneath this zone has implications on the understanding of the tectonic of the area as
discussed next.

Khoza et al. (2013) argued that the combination of interconnected graphite and sulfide mineralization
formed from the collision between the Congo and Kalahari Cratons is the most suitable explanation for the
high conductivity structure beneath the DGC. On the contrary, Yu et al. (2016) attributed the structure
beneath the DGC to the thermal anomaly related to the incipient rifting in the ORZ and not lithospheric
thickness changes at the edge of the adjacent Kalahari Craton. In another view, Ortiz et al. (2019) suggest
that the combination of thermal anomaly from rifting process in ORZ and thinning of the off-craton
lithosphere beneath the DGC contribute to the low velocity/high conductivity structure. Following the
interpretation of Ortiz et al. (2019), this study suggests that thermal anomalies from the incipient rifting in
ORZ is the most probable cause of the high conductivity structure beneath the DGC.

Magondi Belt-Zimbabwe Craton-Limpopo Belt

Figure 4.13 presents electrical conductivity model cross-sections across the Magondi Belt, Zimbabwe Craton
and the Limpopo Belt. The Zimbabwe Craton is imaged as a highly resistive structute in cross-section F-F'.
The Zimbabwe Craton is also well imaged in cross-section G-G' (Figure 4.13) as a highly resistive structure.
The observed high resistivity structure of the Zimbabwe Craton is consistent with results from seismic
models. There is a region of high-velocity anomalies beneath the Zimbabwe Craton (Fadel et al., 2020; Ortiz
et al., 2019; White-Gaynor et al., 2021).

In the central patt of the cross-section G-G' (Figure 4.13), the lithosphere beneath the Magondi Belt is
imaged as a conductive structure. Miensopust et al. (2011), in a previous MT study in northeast Botswana,
observed crustal conductors beneath the Magondi Belt. The previous deformation and reworking processes
on the lithosphere beneath the Magondi Belt explain the very high conductivity values observed from the
electrical model. The Magondi belt was accreted to the Kheis-Okwa Belt during the Eburnean Orogeny
(Thomas et al., 1993), and the Kheis-Okwa-Magondi Belt composite was modified by the Bushveld event.
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Figure 4.13: Electrical conductivity model from MT site profile across Magondi Belt, Zimbabwe Craton
and Limpopo Belt in southeast Botswana. DGC=Damara-Ghanzi-Chobe Belt, KC=Kaapvaal Craton,
LB = Limpopo Belt, MB=Magondi Belt, and ZC = Zimbabwe Craton.

The Limpopo Belt is imaged as a moderately resistive structure (Figure 4.13, cross-section F-F'). The low
resistivity region below the Limpopo Belt reflects the deformation that the zone has undergone, owing to
the collision between the Kaapvaal and Zimbabwe Craton and other events such as the Bushveld Complex
magmatic event. This observation is consistent with results from seismic studies. There is a region of low
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velocity beneath the Limpopo Belt (Ortiz et al.,, 2019). Ortiz et al. (2019) support that this region of low
velocity resulted from modification of the lithospheric and the mantle material by the Bushveld Complex
magmatic event. Khoza et al. (2012), in an MT study, proposed a tectonic model of the evolution of the
Limpopo Belt. According to Khoza et al. (2012), the Limpopo Belt has undergone a sequence of events; (1)
subduction of oceanic lithosphere beneath the southern part of the Zimbabwe Craton between 2.7 — 2.6
Ga, (2) collision between the Kaapvaal and the Zimbabwe Craton, (3) transpression as a result of the
movement of the Zimbabwe Craton relative to the Kaapvaal Craton (2.02 — 2.04 Ga), and (4) uplift as a
result of Bushveld magmatic event (1.95 - 2.03 Ga).

4.3.4. The Maltahohe Microcraton — Okavango Rift Zone - East African Rift System

The structure beneath the Rehoboth Province in southwest Botswana, the ORZ, and the EARS in Botswana
are the main tectonic domains that the second, third, and fourth objectives this study aims to investigate.
Three cross-sections were taken to investigate the crust and upper mantle beneath these focus tectonic
domains. The choices of the cross-section locations along or near the MT data sites were made to address
the shortcoming of small horizontal adjustment length and make the interpretation of the models reliable.

The results of the electrical conductivity model across these structures are presented in cross-sections H-H',
I-I', and J-J' in Figure 4.14.

4.3.4.1. The Maltahohe Microcraton

To investigate the subsurface electrical structure in the area that correspond to the suggested location of the
MC in southwest Botswana, a cross-section was taken across the area (cross-section H-H' in Figure 4.14).
From the cross-section, the Kaapvaal craton is imaged as a highly resistive structure (approximately 10,000
Qm). There is a relatively conductive mantle structure beneath the Kaapvaal Craton, interpreted as the
Bushveld Complex, as discussed previously. Also, the Kheis Belt is imaged next to the Kaapvaal Craton as
a relatively less resistive and thin lithosphere. In the western part of the cross-section, the result shows a
resistive structure with average resistivity of 1,000 Qm beneath the Rehoboth Province between 30 km to
100 km depth. This signature is indicative of a cratonic composition. This structure may be interpreted as
the MC. The MC structure in the model is resolved by multiple stations. There are three MT stations, which
have depth sensitivities of 100 km, 120 km and 150 km (Figure 4.1) directly above the imaged resistive
structure of the MC (Figure 4.14). This makes the interpretation of the MC structure reliable.

The result of the 3-D electrical model on the existence of the MC is confirmed by previous studies (e.g.,
Begg et al., 2009; Chisenga, Jianguo, et al., 2020; Fadel et al., 2020). Fadel et al. (2020), from their 3-D shear
wave velocity study, observed a positive shear wave velocity in southwest Botswana beneath the Rehoboth
Province between the depths of 50 km — 200 km, which is interpreted as the MC. The depth range of
occurrence of the MC from the study by Fadel et al. (2020) is not consistent with the depth range (30 km —
100 km) resolved for the microcraton in the electrical conductivity model. Due to the low MT site coverage
in the east of the imaged MC structure, the electrical model has a low spatial resolution in that area. Also,
the intermediate depth of penetration of the three MT sites above the MC structure (100 km, 120 km, and
150 km) could limit the further imaging of the structure to deeper depths.
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Figure 4.14: Electrical conductivity model cross-sections across southwest Botswana, ORZ, and Central Botswana.
The red star = location of the 6.5 Mw earthquake in Central Botswana. CC=Congo Craton, DGC=Damara-Ghanzi-
Chobe Belt, KC=Kaapvaal Craton, KB=Kheis Belt, MB=Magondi Belt, and RP=Rehoboth Province.
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In an earlier active deep seismic study in southwest Botswana, Wright and Hall (1990) suggested that the
cratonic structure beneath the Rehoboth Province is a thinned western extension of the Kaapvaal Craton.
However, this interpretation by Wright & Hall (1990) is not consistent with the results from the new 3-D
electrical conductivity model and recent seismic study by Fadel et al. (2020). While the electrical conductivity
model of this study reveals a resistive cratonic structure beneath the Rehoboth Province, which is interpreted
as the MC, it does not show a connection of the structure to the Kaapvaal Craton. The Kheis Belt is imaged
as a relatively less resistive structure, which separates the MC from the Kaapvaal Craton. Similarly, the
structure of the MC in the A-A' cross-section (Figure 4.11) is cleatly imaged as a separate cratonic unit from
the adjacent Kaapvaal Craton. The preferred interpretation of this study is that the MC is a separate cratonic
structure from the Kaapvaal Craton. This interpretation of a separate MC from the electrical conductivity
model is consistent with the results from the shear wave velocity model by Fadel et al. (2020).

The improved methodological approach of this study helped to investigate the MC better as compared to
the previous MT study by Muller et al. (2009). The 3-D MT modelling approach prevents dimensionality
distortion in the interpretation of the electrical model and also recovered the structure beneath the Rehoboth
Province better as compared to the previous 2-D modelling by Muller et al. (2009).

4.3.4.2. The Okavango Rift Zone and the East African Rift System

Figure 4.14 shows cross-section I-I' across the Congo Craton and DGC in northern Botswana. The cross-
section reveals a distinctive high conductivity anomaly around the Okavango Rift Zone at depths
corresponding to lower crust to upper mantle depth (30 km downward). In northeast Botswana, there exist
a region of high conductivity from a depth of about 150 km and downward (east of the cross-section I-I').

The high conductive anomaly around the ORZ cortresponds with the low-velocity anomaly revealed from
the shear wave velocity study (Fadel et al., 2020), high Vp/Vs ratio revealed by receiver function studies
(Fadel et al., 2018; Yu, Gao, et al., 2015) and shallow Curie depth from acromagnetic data (Leseane et al.,
2015). The result from the 3-D electrical conductivity model is consistent with the previously suggested
hypothesis of hot fluids migration from the mantle into the crust through zones of weakness (e.g., suture
zones associated with Damara-Ghanzi-Chobe orogeny) beneath the ORZ. According to Leseane et al.
(2015) and references therein, it is suggested that the earthquakes in the ORZ are triggered by the migration
of fluids from the mantle to the crust. The result of this study provides a piece of evidence for the role of

ascending hot fluids, which leads to the weakening of the lithosphere, strain regime, and subsequent rifting
in the ORZ.

There exist some contrary opinions on the mechanism of the incipient rifting in the ORZ (e.g., Khoza et
al., 2013; and references therein). Khoza et al. (2013), in a previous MT study, argued that evidence of
continental rifting such as thinned lithosphere and high conductivity mantle anomaly are not present in the
ORZ. From their electrical conductivity model (OKA-WIN profile shown in Figure 2.7), Khoza et al. (2013)
concluded that there is neither a thinned lithospheric structure nor high conductivity mantle anomalies
beneath the ORZ. They go further to propose a model in which the incipient rifting in ORZ is initiated
from the surface. However, at the northern end of imaged electrical conductivity model from their OKA-
WIN profile (Figure 2.7), there exists a high conductivity signature that could indicate the presence of mantle
anomaly. The limited spatial coverage of their model in this direction hindered further investigation of this
anomaly. In the new 3-D electrical conductivity model, this area is well covered, and it reveals this high
conductivity anomaly in the upper mantle clearly. The high conductivity structure continues downward up
to a depth of about 200 km (Figure 4.14, cross-section I-I").
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In the eastern end of the cross-section I-I' (Figure 4.14), there is a high conductivity anomaly revealed in the
upper mantle. This highly conductive structure may be due to the EARS extension to northern Botswana.
Also, it is observed that this high conductivity anomaly connects with the shallower high conductivity
anomaly around the ORZ (Figure 4.14, cross-section I-I'). The southwestern branch of the EARS is often
interpreted to have its terminus in northern Botswana by many previous studies (e.g., Fadel et al., 2020;
Leseane et al., 2015; Modisi, 2000; Ortiz et al., 2019; Youqiang Yu, Gao, et al., 2015). Fadel et al. (2020), in
a 3-D shear wave velocity modelling of Botswana, observed that the low-velocity anomaly beneath the ORZ
seems to connect with a low-velocity anomaly in the mantle, which is interpreted as an expression of the
EARS in northeast Botswana. The result of this 3-D electrical conductivity model supports the
interpretation of the role of ascending fluids from the EARS in the rifting in the ORZ by Fadel et al. (2020)
and Chisenga, Van der Meijde, et al. (2020).

The cross-section J-J' (Figure 4.14) cuts across geological terranes from northeast Botswana to the location
of the 6.5 Mw earthquake in central Botswana and downward to southern Botswana. Due to the
unavailability of closely spaced MT sites along the cross-section, the interpretation of the structures in areas
that are not well resolved by MT sites cannot be relied on. However, at high depths approximately below
100 km, the MT response becomes more regional, and off MT data locations in the model can be reliably
interpreted. From the result of the J-J' cross-section, at a location that corresponds to the 6.5 Mw earthquake,
there exists a high conductivity anomaly at a depth of 30 km, which is resolved by at least one MT site.
There is also a high conductivity anomaly in the northern part of this cross-section from the depth of about
100 km, which may be from the extension of the EARS to northern Botswana. Another feature of note is
the conductive structure beneath the southern part of the cross-section from a depth of 120 km (beneath
the Kaapvaal Craton), which may be due to the Bushveld magmatic emplacement. At a depth of about 200
km, the conductive structure in the northern part of the cross-section seems to connect to the further south
conductive structure but not to the earthquake location. Again, the areas along this cross-section atre spatsely
covered by the MT sites, which reduces the spatial resolution possible along the cross-section. Consequently,
the new 3-D electrical conductivity is not able to provide more insight into the connection between the
EARS and the 6.5 Mw earthquake in central Botswana.

4.4, Velocity-Conductivity Interpretation

In a recent seismic study, Fadel et al. (2020) presented a nationwide 3-D shear wave velocity model of
Botswana. Their results included an investigation of important tectonic domains in Botswana, some of
which were also considered in this study. In this section, a joint interpretation of the nationwide 3-D shear
wave velocity model of Fadel et al. (2020) and the new 3-D electrical conductivity model is discussed. Figure
4.15 shows how the results of the 3-D shear wave velocity model compare with the new 3-D electrical
conductivity model.

An east-west cross-section H-H' (Figure 4.15) across the southwest Botswana shows a separate high
resistivity cratonic structure beneath the Rehoboth Province. This structure is similar to the interpreted
high-velocity structure of the MC by Fadel et al. (2020) (cross-section HH-HH', Figure 4.15). However, in
the unresolved section along the H-H' profile due to low MT site coverage, the conductivity model of this
study could not image deeper sections of the supposed MC compared to the 3-D shear wave velocity model.

In the northern part of Botswana, to investigate the ORZ, cross-section I-I' (Figure 4.15b) was chosen along
the MT site profile, where the resolution of the imaged electrical structure can be reliably interpreted. The
I-I' cross-section is displaced to the north of the cross-section II-II' from the shear wave velocity model
(Figure 4.15). However, the structures recovered from these two cross-sections are comparable. At the area
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corresponding to the ORZ, there is a very high conductivity structure that connects to a deeper mantle high
conductivity anomaly. The deeper high conductivity structure in northeast Botswana may be due to the
extension of the EAR, which matches the last surface expression of the EARS rift lines (Figure 1.1). This
interpretation is consistent with the shear wave velocity model across the ORZ, which shows a region of
low velocity beneath the ORZ that seem to connect with a deeper low-velocity structure of the EARS in
northeast Botswana (Fadel et al. 2020).

Cross-section JJ-JJ' (Figure 4.15a) in the shear wave velocity model shows a connection between a low-
velocity anomaly beneath the area that corresponds to the epicentre of the 6.5 Mw earthquake and a deeper
low-velocity anomaly that may be due to the EARS (Figure 4.15b). According to Fadel et al. (2020), the
ascending fluids or melt from the EARS into the region below central Botswana may be the cause of the
6.5 Mw carthquake. To investigate the possible extension of the EARS into central Botswana, a cross-section
J-J' was taken in the north-south direction in the electrical conductivity model (Figure 4.15b). The electrical
conductivity model shows a region of high conductivity beneath the epicentre of the 6.5 Mw earthquake.
The cross-section also reveals a high conductivity structure in the northern part of the cross-section, which
may be due to the EARS extension in northeast Botswana. However, due to high spatial aliasing (pootly
constrained features) because of low MT site cover along the cross-section, the electrical conductivity model
of this study is not able to provide more insight into the connection between the EARS and the 6.5 Mw
earthquake of 2017 in central Botswana.

From the shear wave velocity model (Figure 4.15a), the two main sedimentary basins in Botswana are clearly
imaged. The Nosop Basin in the southwest and the Passarge Basin in central Botswana are distinctively
imaged in the shear wave velocity model. However, the sedimentary basins are not clearly imaged in the
electrical conductivity model (Figure 4.15b). This may be due to the large interstation spacings of the MT
sites that do not allow for the high constraint of features that exist between the MT sites. At shallow depths,
the horizontal adjustment length to which the MT data is sensitive is very small. Hence, near-surfce features
that are off the MT sites, such as the sedimentary basins are not well resolved in the new 3-D electrical

model.
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Figure 4.15: (a) The 3-D shear wave velocity model of Botswana after Fadel et al. (2020). (b) Electrical conductivity model derived from MT data. The red star
= location of the 6.5 Mw earthquake in 2017. The cross-sections are shown in relative (left) and absolute (right) shear wave velocity. The highlighter features
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56



CRUSTAL AND UPPER MANTLE IMAGING OF BOTSWANA USING MAGNETOTELLURIC METHOD

5. CONCLUSION AND RECOMMENDATION

5.1 Conclusion

This study presents the first homogenous 3-D electrical model with an unprecedented spatial coverage over
Botswana. The MT data used were corrected to remove distortions and errors to ensure high data quality,
which consequently produced more accurate inversion results. Several inversions were done to explore the
model space of the 3-D MT data inversion and determine appropriate inversion parameters. The study
employed a robust 3-D modelling methodological scheme, which requires no assumption about the
directionality of the subsurface structure. The results provide more straightforward, connected, and precise
geologic interpretations about different arguments raised in the literature on the tectonics and structure of
the crust and upper mantle beneath Botswana.

The result of this study highlights the main geologic terranes in Botswana, including the cratonic terranes -
Congo, Kaapvaal, Zimbabwe Cratons and Rehoboth Province; and the mobile belts - Damara-Ghanz-
Chobe, Limpopo, and Kheis-Okwa-Magondi Belts. Besides mapping these geologic terranes, this study
provides an improved understanding of the current tectonic settings of Botswana and the deformation
history. This study also presents the electrical conductivity model and interpretations on the existence of
the MC and its connection with adjacent terranes in southwest Botswana for the first time using the MT
data. Furthermore, the 3-D electrical conductivity model offers new insight into the incipient rifting process
in the Okavango Rift Zone in northern Botswana, its link to the EARS. Finally, a joint velocity-conductivity
interpretation of the structures beneath Botswana was done using the new 3-D electrical conductivity model
and existing velocity model of Botswana. The joint interpretation validates findings and offers a more robust

understanding of the geologic terrane and tectonic processes in Botswana from both MT and seismic data.
The results to investigate the research questions ate:

1. What improvements does the nationwide 3-D electrical conductivity model from MT data add to

the understanding of the geological provinces in Botswana?
- The new nationwide 3-D electrical conductivity model offers precise imaging capability of the
clectrical structure of the Cratons and mobile belts in Botswana than previous 2-D electrical
modelling efforts, which were limited by low spatial coverage and the need for assumption on the
directionality of the subsurface structure.

2. Are there electrical structures that suggest the existence of the buried MC in southwest Botswana?
- Yes, there exists a cratonic structure (resistive structure) beneath the Rehoboth Province in
southwest Botswana that may be due to the MC structure.

3. If the presence of cratonic electrical structure is confirmed in southwest Botswana which suggests
the existence of the buried MC, does it occur as a separate craton or as an extension of Kaapvaal
Craton?

- From the electrical conductivity model, the structure of the microcraton exists as a sepatate entity
from the Kaapvaal Craton, with the Kheis Belt separating both terranes. This supports the
interpretation that the MC is a separate cratonic structure from the Kaapvaal Craton.

4. Can the MT data with constraints from the available seismic models confirm or reject the hypothesis
of rifting along the Okavango zone?

- The 3-D electrical conductivity model reveals a high conductivity structure around the ORZ which
seems to connect with a deeper high conductivity structure that may be due to the EARS’ extension
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to northern Botswana. This gives a piece of evidence to the role of ascending hot fluids or melt,
leading to weakening of the lithosphere and subsequent rifting in the ORZ.

5. Can the MT data, with constraints from the available seismic models, confirm or reject the
hypothesis of rifting in central Botswana?
- The 3-D electrical conductivity model showed a high conductivity structure beneath northeast
Botswana, which is similar to the low-velocity structure from the shear wave velocity model.
However, because of poor constrain of the electrical model due to lack of good MT site coverage,
the results could not clearly verify the hypothesis of EARS extension to central Botswana.

6. What is the role of the EARS in the 6.5Mw earthquake in central Botswana?
- The 3-D electrical model could not establish the link between the high conductivity structures of
the EARS in northern Botswana and central Botswana because of poor constrain of the model,

which is due to sparse MT site distribution in the area.

The improvements in the understanding of the electrical structure of the crust and upper mantle beneath
Botswana and the general southern Africa geodynamics from this study are significant contributions to the
scientific community.

5.2, Research Limitations

The use of multiple 3-D inversion codes for MT data modelling is highly recommended for more reliable
geologic interpretation of the resultant electrical conductivity models. However, only the ModEM 3-D
inversion code was used, as it is available for use in academia (Egbert & Kelbert, 2012; Kelbert et al., 2014).
Other known 3-D MT inversion codes are either very expensive to acquire or for private use only. The
upside is that the ModEM is known as the most robust and widely used 3D MT inversion package both in
academia and industry.

The 3-D modelling of MT data is computationally intensive and require high computational resources. The
extensive spatial coverage of the 3-D electrical conductivity model of this study also makes the 3-D
modelling computation more tedious and require more time. Also, several inversions with varying model
parameters were requited to explore the model space of the 3-D MT data inversion. Limited computational
resources were available for this study, which makes large models run between tens of days to a couple of
months (with up to 10 hours required per NLCG iteration in some cases). Also, several computational
downtimes were experienced during this research. However, in the last quartile of this research work, access
to the Dutch National Supercomputing Facilities, Cartesius, was granted (Grant Number: EINF-1468),
which accelerated the computation of the 3-D electrical conductivity models and eventual successtul
completion of this study.

5.3. Recommendations

1. The velocity models of the crust and upper mantle structures are more robust, as MT data losses
resolution with depth. The velocity models can be used as a priori information for constraining MT
inversions. Constrained MT data inversion using velocity models would help reduce the unrealism
and non-uniqueness of the geologic interpretation of the electrical model.

2. Whilst this study achieved a joint velocity-conductivity interpretation of the structure of the crust
and upper mantle beneath Botswana, there is yet a need for joint inversion of MT and seismological
data. Joint MT and seismological data inversion could be the focus of future research on the crust
and upper mantle beneath Botswana.
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APPENDIX 1

Electrical Conductivity Model across Kaapvaal Craton and Bushveld Complex
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Figure Al: (a) A map of southern Africa acromagnetic data and SAMTEX MT stations (yellow dots),
the black lines shows the outline of the Kaapvaal Craton(Begg et al., 2009). (b) Electrical conductivity
model across the main profile A-B highlighted in (a) showing the Kaapvaal Craton and Bushveld
Complex structure labelled. The figure is after (Evans et al,, 2011).
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APPENDIX 2

Electrical Conductivity Model around Location of 03 April Earthquake in Central Botswana
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Figure A2: (a) Cut through of the resistivity model by Moorkamp et al., (2019) viewed from the South-West. MT
measurement site locations are marked by black squares and the location of the hypocenters are marked by dots.
The main April 2017 event is marked by red and subsequent events in white. (b) Map of MT stations covering
Botswana. The magenta squares show the MT sites used by Moorkamp et al., (2019).
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APPENDIX 3

The Phase Tensor Representation

Y
>

Figure A3: The graphical representation of a phase tensor as an ellipse (see Appendix). The semi-major and
semi-minor axes of the ellipse are defined by the coordinate invariants dpmin and dpmax, respectively. The
intrinsic physical properties of the phase tensor are: Skew = B, ®min and @max, and they are not dependent
on the reference frame (Bibby et al., 2005).
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APPENDIX 4

Period Range of SAMTEX Data in Botswana
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Figure A4: Maximum period range of SAMTEX data in Botswana (a) Maximum period range in raw SAMTEX data in Botswana (b) Maximum period range in
SAMTEX data after removing bad data points with high error and smoothening the data. Correcting and smoothening the data reduced the maximum periods in
the data. However, this is a good trade-off of quantity for quality.
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APPENDIX 5

Model Grid Parameters and Model Mesh
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Figure A5: (a) Parameters setting for the starting model grid for the inversion process (b) An example of horizontal view of the starting model grid with
background resistivity of 100 Qm (c) Vertical discretization of them starting model grid.
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APPENDIX 6

Sensitivity Tests and Nationwide Inversions
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Figure AG: (a) Plan view of electrical conductivity model depth slices at 19 km and 49 km derived for four models with 16, 31, 51, and 76 periods data. Red
bounding box shows the location of models presented. (b) Vertical sections across A-A’ showing model development in inversion with short period data
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Dimensionality Analysis using Phase Tensor
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)
GHED GOOIED S VAVMR | LIIW A NVWER b e O
CHED OOSHED OOCHED S AVIWE |\ AVWER 4 Aiwm Vo L . L :
CUEED OO ¢ VMR S LOWER \ \AWER ¢ H0vWe
CHED OOCHED OOOMED © S0WWM | \\WWR A\ ] | &
GHD OOGNED OOOMEED © VAWM | LW 4 00\ ”
D 0 eemms ©ooMED ©OCNED © 00D O 000N \
CHED COCHED 0 00Mw o ocmmD O 000D OO
GED \VMEE scemmn OCCUND GeemEe © N a L5
WD O onmur < sommw ©O0NED OOCNED 000N 01N X
GED COMMED COCIED COIEED COMEED ©-<\(ND - 8
WL QOUED COGHED O 00D O 0NN ¢ o00mD) o c | &l
VER SeeuED OCCIED © VAR L ANED 0NN O K]
s
s
s .
GHID O OcmED ©OUITDL S VVER ©OMED ¢otm ¢ ool B
GliD CocmED OO VD ©OONED O O0NED O
S oot OCUID Scvm Sowmm SN O
— o ocsmmp OOCOUID S %UEDR ©ctumD © 0 &
Gl COEED OCOUWNDR O VUER Cocmmn 00N -1 Bl
o . °
GNP 0 OCHED ©O00NED ©OMEED ©ccEED O©OWNEY il | &
]
GED ©OMNED 000D 000D OOIID 0D 0 :
— ooesmmd OO0 OO OOCLID OOUIN
D GOWELL N NVEER S OEED ¢ senm T T T T X ]
o g & B P B
r T T 2 8 § 3 & g
o (s) polsad
-~

— T
| 3 . > w -
s ool | (E 118 AR 50
CHED OO00MED OO0NMNN [ ]
SOOCIMD © Q0w

000 V16802213
‘SeTD 92-900AdD
CUD OOCUNED & 27//W / /7MW 4 400 52-900AdD o
CHNED OONND OO0 © oo OO ¥2-900AdD
COMD 000D OO O oo OO0 2-900AdD
ZT-900AdD
' .' o0 eoocosmd 00 12900Ad &
D) OO0NNw o osimw I 000 02:900AdD .I.m
CHID 000D ©otum 90900A & ]
CHED OOED OO0MER ©swem \\\\\ £0-900AdD
CHED ©O00NED ¢ Stvum 20-900AdD
GHED GOMNER O\ \\\\WN \ \NWSTR e e 60-900AdD E
CHED OOSHmED © W) 000w o
000D 0 000MMD © ouED 1
ANER ¢ 00D © oouD
Y5 ¢comms ssams 890 ©
NN 0 000D O OCI
oMW /) oremw |
CUED O oonmmw 7 /11NN
T T T T T J
1 P & B 3 E 2
—
o) (s) pouad
=

G OONED 0 Oonvw s sosEED © V0NN
COND 0 00NN - rommw O OONED

0
0
OOED ©O0MED & VW \ NS N\
COED OCOED 000N V0 o
CO0ED OCOED 000D ¢ 000D ©
COND C0tNND ccouml) (00D ©
(]

0

0

CONND CONMW / ////H 1 I IR
D OOCHED ©O00ED O 00
110 (IS 1IN tie== o

CHED CO0NND OO <« o /S /I

10
0 o
It
1

(a) 10
g 4
&

18
20
22"
24
26
28

€ SAMTEX MT Site

Figure A7: Phase tensor analysis result for three representative profiles. (a-c) Phase tensor ellipses for all periods in MT sites plotted. The corresponding
profile location are shown also below each phase tensor ellipse plot. The phase tensors are ploted left-right or top to bottom along the profiles. The pseudo

sections are plotted as circles and ellipses, while the color indicates the skew value of the phase tensor.
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APPENDIX 8

nRMS per Station for Components of Impedance Tensor and VTFs (3-D Nationwide Electrical Model of

Botswana)
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Figure A8: nRMS plot per station for each component of the impedance tensor and VTFs for the 3-D
nationwide electrical model of Botswana. The MT sites are represented in circles and the corresponding
nRMS are indicated by the colour. Masked (shown in black colour) =no data.
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APPENDIX 9

Observed and Predicted Responses for Representative MT Sites

~18°

-20°

—22°

_24°

-26°

28|

* KAPO46

P s, 8

18°

T
20°

T T T T T
22° 24° 26° 28° 30°

MC Maltahohe Microcraton
0 The 6.5 Mw Earthquake

& MT Site

Okavango Rift Zone

Measured Data (Zxy)
Measured Data (Zyx)
Model Predicted Data (Zxy)
Model Predicted Data (Zyx)

ELZ208-91A MOF121 SANO08-6B
— T 300 T
2 I ]
2 | . 200
2 |
& | S
ol |
oy 100
< 3
o 1.00: i
Lo +
gl 1.000 0.000 ll)'Ot' 2000 3.000 -1.000 0.000 1.000 2000 3000 1.000 0.000 1.000 2000 3000 4.000
-
16000 ] 15000 ! ] 16000 1
120,00 120,00 H 4 120,00
e I os ] e
Pt W“J g i ] o W
o ot i 90.00 W 4 30.00-
[ 0.00 | 0,00 e N 000 ' 4
g 3000 | 3000 | 4 30 00: 4
£ 000 | 5000 4 5000 1
o -90.00 | 90,00 1 9000 1
-12000 i o0 12000 B -120.00- W .
160.00 W 150,00 vt 4 160,00
KAPO46 RTZ422
> ! 200 1 J
> 400 .. L 2.0 8 00 |
2 : ] 1 |
a : I ssi :
o L !
- :
& 300 e S 1 |
< | LI . |
S | i |
° | ‘
- ; v
2 T i 7 T o T % =
e LOG10 [Period (s)] LOG10 [Peniod (s))
e T = T ] }
120.00 ; 120,00 | | 120.00- | 1
e oo ] oo
60.00- M 6000: | 1 6000 | 1
200 0 s000 | OIS = — o i ] 2000 S U % Y WP e
[ 000 ® | 000: 4 R 000 | 1
] 3000 1 3000 | 4 30,00 | 1
i -60.00 | 60,00 | 1 +60.00- |
o 0000 | 90 00 | 4 0000 |
120 00 120 00: M—y—.—o—l—l—s—m 4 120 00- |
160,00 W R0 | S 1 10000/ "vw—v—'—'—v—v—v—w
o o o e o T s 7 " = 7
Log 10 (Period) Log 10 (Period) Log 10 (Period)
Figure A9: Observed and predicted responses for six representative MT Sites. Location maps shows the MT sites analysed.
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APPENDIX 10

nRMS per Station for Data Period Sensitivity Test Model
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Figure A10: nRMS plot per station for total impedance, impedance tensor, and VITs data components for models
derived from 16, 31, 51 and 76 periods data. The MT sites are represented in circles and the corresponding nRMS
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