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Abstract I present the first information on the 3-D crustal density

structure across Botswana obtained from 3D tesseroid inversion of
Bouguer anomaly data. Crustal density structure provides important
information for understanding tectonic and geodynamic processes in
Botswana. I applied the inversion algorithm in spherical coordinates and
included constraints consistent with the geological information for
Botswana. The results show that density values in Botswana are
inhomogeneous, varying from 2650 kg/m?® to 3000 kg/m?. Greater
variation is noticed in the upper 20 km while the lower crust has a
mostly uniform density of ~ 2850 kg/m®. A combination of density,
published Curie point depth, and Moho depth data shows that cratonic
regions are mostly characterized by homogenous density values, with
presence of mafic intrusions. On the other hand, mobile belts and
sedimentary basin exhibit greater density variation, with the presence of
> 2800 kg/m? density in some of the crustal scale elements. The study
further maps possible edges of tectonic terranes. Furthermore, the
northern end of Nosop basin indicates possible magnetization in the

lower crust, which could be the result of serpentinization.
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1. Background
Density heterogeneity of the lithosphere can

indirectly inform the tectonic structure of the crust,
which is paramount to constraining earth’s
geodynamic processes responsible for density
distribution within the crust (Kaban et al., 2018).
Thus, it is imperative to determine the resulting
heterogeneity of the crust, especially in stable
continental regions. In complex tectonic
environment, the density variation becomes handy
in determining the state of the crust, which points

to driving forces in continental tectonic activities.

Botswana is a classic example where the
underlying lithosphere comprises the stable
continental shield, orogenic mobile belt and
incipient rift region. Crustal thickness variation
beneath the thick Kalahari sand was unraveled
using both seismic observations (e.g., Fadel et al.,
2018; Kachingwe et al., 2015; Yu et al., 2015) and
gravity observations (Leseane et al., 2015), which
showed localized regions of crustal extensions and
thinning. However, the crustal variation does not
indicate any compositional variation, which could
be the effect of either strong or weak mantle density
heterogeneity. Furthermore, there is  geodetic
evidence for a very low strike-slip crustal motion,
at a rate about 1 mm/year, in the Okavango Rift
Zone (Pastier et al., 2017). Seismological studies
also show lower temperature and high velocity in
upper mantle in the southern cratonic regions (e.g.,
James et al., 2001) suggesting a strong lithospheric
keel, which could result in basal crustal drag
beneath the cratons. Cratonic regions show low
temperature, which increases towards the cratonic
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boundary with orogenic belts (Ballard et al., 1987).
These results support a possible low rate of
geodynamic processes in the upper crust beneath
the stable continental region. However, on April 3,
2017, a dip-slip earthquake of magnitude of M,, 6.5
hit Botswana in the Moiyabana region in the
Southern Marginal Zone (SMZ) of the Limpopo-
Shashe Belt (Kolawole et al., 2017). Moiyabana
region is within a continental stable environment
on the cratonic edge of the Kaapvaal Craton. This
indicates that the geodynamic state of the crust is

not well understood.

In this study, I characterize crustal structure of
Botswana to understand the heterogeneity of the
crust, as the results of mantle perturbations that
indicate the tectonic state of the crust. Seismic
studies (e.g., Fadel et al., 2018; Kachingwe et al.,
2015; Yuetal., 2015b) provide limited information
since they are more sensitive to temperature
differences and infer the compositional variations
based on seismic velocity (e.g., Tesauro et al.,
2014) especially in upper mantle and lower crust.
Conversely, gravity data inversely measures crustal
density variation, which could give an insight into
the compositional variation and heterogeneity of
the crust. Nevertheless, it is challenging to give a
complete assessment of the lithosphere in such a
complex tectonic environment, where different
episodes of metamorphism, rifting, accretion and
magmatism occurred (Begg et al., 2009; Sippel et
al.,2017). Thus, I develop a constrained 3D density
model to show the present-day crustal

heterogeneity, as a result of mantle heterogeneity
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and geodynamical processes that indicate crustal

deformation.

2. Summary of the tectonic setting of

Botswana

Botswana is a relatively flat country located within
the southern African tectonic framework, with an
estimated area of ~580 730 km?. The country is
200 m thick
the Kalahari desert

entirely covered (~ 80%) by
Phanerozoic sediments
(Haddon, 2005; Fadel et al., 2018), with geological

exposure in the eastern region of the country (Key
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and Ayres, 2000). The tectonic framework of
Botswana is made up of two Archean cratons, the
Congo Craton to the northwest and the Kalahari
Craton (a collage of the Zimbabwe Craton, the
Limpopo Mobile Belt and the Kaapvaal Craton) to
the southeast separated by the Damara-Ghanzi-
Chobe Belt (Figure 1). The current geological
understanding is based on the synthesis of
geophysics, structural geology and geochemistry,

with the latter gleaned from limited outcrops.
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Figure 1: The Precambrian tectonic map of Botswana, modified after Key & Ayres (2000), Ranganai et al.

(2002) and Singletary et al. (2003). The white polygon indicates the extent of Okavango Rift Zone after Yu et
al., (2015). The blue star shows the location of the Mw 6.5 Botswana earthquake of April 3, 2017

Geochronology and radiometric dating studies
suggest that the Kalahari Craton nuclei, of the

Kaapvaal Craton and the Zimbabwe Craton, was
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formed between 3.7 Ga and 2.6 Ga (Begg et al.,
2009). The Kaapvaal Craton, which extends from

South African into Southern Botswana, is made up

Advances in Sciences and Arts



Chisenga, 2025

of granitoids with gneisses and 3.7-2.7 Ga narrow
greenstone belts. The suture between the two nuclei
is the 2.7-2.6 Ga high metamorphic grade, NW-SE
trending Limpopo-Shashe Belt, which extends into
Botswana from eastern Zimbabwe and South
Africa (Clifford, 1970). To the northwest, the
Limpopo-Shashe Belt is truncated by the NE-SW
trending Magondi Belt, the deep Passarge Basin,
and Damara-Ghanzi-Chobe Belt. Ranganai et al.
(2002) postulated that the boundary between the
Limpopo-Shashe Belt boundaries with the
Zimbabwe Carton is defined by the Shashe Thrust
Zone. Furthermore, he used lithological and
structural correlation to subdivide the belt into
three marginal zones, the Northern Marginal Zone
(NMZ), the Central Zone (CZ), and the Southern
Marginal Zone. On the other hand, the southern
boundary with the Kaapvaal Craton was placed
within the Dinokwe Thrust. The Lechana Fault and
the Mahalapye Shear Zone separates the CZ from
the SMZ and NMZ.

The northern boundary of the Limpopo-Shashe
Belt shows that the belt is truncated by the NE-SW
striking Magondi Belt. The relationship is still
enigmatic and a subject of debate. The Magondi
Belt, which is expressed as low magnetic and
gravity response, is concordant with Damara-
Ghanzi-Chobe Belt to the north, and their boundary
is the Kalahari Suture Zone. The development and
evolution of the Damara-Ghanzi-Chobe Belt is
closely linked to the collision between the Congo
Craton and the Kalahari Craton between 870 and
550 Ma as part of the Damara Orogeny (Begg et al.,
2009). The boundary with Congo Craton is still a
Page |5

subject of debate with recent studies placing it
within Botswana (e.g., Khoza et al., 2013) while
previous studies suggested it was confined within
Namibia. The Ghanzi-Chobe Belt is mainly made
up of Late Mesoproterozoic to Neoproterozoic
northeast and southwestern verging low grade
metamorphic sediments. The sediments were
deposited on top of the granitoids/gneisses that are
preserved on the leading edge of the Congo Craton
(e.g., Nguuri et al, 2001; Khoza et al., 2013). The
area is suggested to be active due to the
overwhelming evidence of classic rift faults with
prominent earthquake activity. Most lithospheric
studies entail the use of P-wave H-K stacking
analysis to understand the lithospheric structures,
with findings by Yu et al. (2015) suggesting that
there is lack of thinned lithosphere. This
observation was echoed by Khoza et al. (2015).

The western boundary of the Kalahari Carton is
defined by the 2.0 Ga, north striking Kheis Belt that
deflects to the east as the Okwa Belt (James et al.,
2001). Locally, the north striking feature consists
of Kheis Belt in the southern part and Tshane
Complex in the middle part. The Okwa Belt in the
north connects to the Xade Complex in central
Botswana and the Magondi Belt along the
Makgadikgadi line. These belts are characterized
by high magnetic crustal features formed along the
Kalahari Suture Zone. These features form
boundary terranes between the Kaapvaal Craton
and the two Proterozoic sedimentary basins, the
Passarge Basin located in central Botswana and the
Nosop Basin located in western Botswana. The
basins contain considerable deposition of
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Neoproterozoic and early Paleozoic Ghanzi and
Nama sediments, with a maximum depth of ~ 15
km (Key & Ayres, 2000). The thick sediments of
Nosop Basin conceal a proposed craton believed to
be an extension of the Kalahari Craton (Fadel et al.,
2018) or a fragment of an ancient craton called the

Maltahohe Craton (Begg et al., 2009).

3. Methodology
3.1 Dataset

The gravity inversion algorithm used the gravity
data obtained from the Botswana Geosciences
Institute (BGI). The gravity data extended into a
rectangular form using Winograd Fourier
Transform algorithm (Winograd, 1978, 1979) and
then filled with maximum entropy method (Burg,
1975) (Figure 2a). Then, I applied a 1000 km
Butterworth high-pass filter to remove mantle
contribution(Block et al., 2009), to remain with

residual anomaly based on crustal contribution.
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I also used crustal thickness data (Chisenga et al.,
2019) and Curie Point Depth (CPD) data (Li et al.,
2017), which facilitated the tectonic interpretation.
The crustal thickness data (Figure 2b) was
produced from gravity inversion using the
regularized algorithm, which is based on the
Gauss-Newton’s formulation of Bott’s method
(Bott, 1960; Silva et al., 2014; Uieda & Barbosa,
2017). The crustal thickness model was then
constrained against Botswana’s new seismic depth
estimates from receiver function and H-K stacking
analyses (Fadel et al., 2018, Yu et al., 2015,
Youssouf et al., 2014). The CPD data (Figure 2c)
were obtained from the first global model of Curie-
point depth (GCDM) (Li et al., 2017). It is based
on the fractal magnetization inversion of magnetic
data, which was constrained with many previous

regional studies.
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Figure 2: (a) Extended Bouguer anomaly map with a resolution of ~7.5 km; (b) Crustal thickness model

(Chisenga et al., 2019); (c) Curie point Depth (CPD) map of Botswana and surrounding areas (Li et al., 2017)

3.2 Density inversion algorithm

The Density inversion applied in this study is based
on the and

Oldenburg, 1996; 1998), which is formulated as an

depth weighting algorithm (Li

optimization problem that minimizes the model
objective function and the data misfit in the

objective function of the density model (Eq. 1).
Page | 7

The model objective function is defined as a
balance between the physical properties of the
reference model and the desired output model. The
data misfit is the tradeoff between the calculated

data from inverted model and the observed data

g(m) =@, + ug,,

(1)
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where ¢(m) is the objective function, ¢, is the data
misfit, ¢, is the model objective function and y is

the regularization parameter.

The depth weighting function solves the clustering
of density values close to surface and counteracts
the decay of gravity signal with depth. The
algorithm produces a more uniform distribution of
density anomalies with depth, which makes it an
ideal algorithm for deep density studies.
Nevertheless, the depth weighting of Li and
Oldenburg (1996; 1998) 1is implemented in
Cartesian Coordinate System (CCS) with uniform
prism cells. This limits the algorithm
implementation to a small area where the earth
curvature can be ignored. For a large area like
Botswana, the earth curvature cannot be ignored;
since cell size becomes smaller with depth in the
radial direction from the surface. Liang et al.
(2014) redefined the inversion algorithm in
Spherical Coordinate System (SCS) by replacing
the rectangular prisms with spherical prisms, called
tesseroids. Thus, the cells are rescaled into the
same level and the depth weighting function is
redefined. The 3D tesseroid inversion was then
applied to the residual gravity data with defined

optimal parameters to recover a desirable model.

3.3 Implementation

A gravity inversion procedure is an ill-posed
problem with non-unique characteristics that
produce multiple solutions. We avoided the non-
uniqueness of solutions to recover a more realistic
density model that satisfies the observed

geophysical properties in two ways; by defining
Page | 8

the best fit model, and by including geological

constraints in the inversion process.

The best fit model was defined as a density model
that best describes the model objective function
while maintaining the fit with the observed data.
This was achieved through the use of an optimal
regularization parameter (Tikhonov and Arsenin,
1977) in the objective parameter (Eq. 1). A
regularization parameter is a trade-off between the
model objective function and data misfit. I
iteratively searched for the optimal regularization
parameter that is defined in the objective function
of the Li and Oldenburg (1996, 1998) algorithm. I
invented the gravity data with 13 different values
of regularization parameter (Figure 3). The
resulting model objective function was plotted
against the data misfit for each of the regularizing
parameter. The resulting plot, called the L-curve
method (Lawson and Hanson, 1974), indicates the
optimal value of regularization parameter as a
value that lies at the corner of the L-curve. As
shown in Figure 3, the optimal regularization
parameter value was 2.5, which best fits the data

while producing a desirable density model.
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The inversion algorithm also includes a penalty
factor and geological/geophysical constraint
during inversion using the Lagrangian multiplier
(Rockafellar, 1970). The penalty factor makes the
recovered model more reliable while the geological
constraints improve the inversion results (Zhang et
al., 2018). The approach constrains the inversion
results within a defined range while obeying other
inversion criteria. The penalty factor is assigned as
a small value of 1.0x107® (with an increment of 2)
and iteratively increased until the penalty factor fits
the constraints information (Zhang et al., 2015).
The geological upper and lower density constrains

are based on the crustal densities, relative to the

average crustal density value. Normally,
continental crust has density variation between
2650 kg/m? and 2950 kg/m* with an average of
2800 kg/m’. Due to occurrences of two
sedimentary basins (Haddon, 2005), I extend the
lower bound to 2450 kg/m?. Nevertheless,
Botswana is known to have mafic complexes in the
crust (Hutchins and Reeves, 1980; Key and Ayres,
2000), which have assumed grain density of 3200
kg/m?®. Therefore, the density contrast in our
inversion is allowed to vary between -350 kg/m?
and 400 kg/m?, relative to the assumed continental

mean density value of 2800 kg/m?.

I then prepared the 3D mesh and input dataset for
inversion as illustrated in Table 1. I set the
reference radius to the mean radius of the earth of
6173 km. The background density was set to zero
(0) kg/m® to obtain density contrast values,
considering that this value represents the average
crustal density value of 2800 kg/m® in absolute
density terms. The depth extent of the inversion
was set to 50 km, since the deepest point on the
Moho obtained from seismic studies in Botswana
is 50 km in the western Zimbabwe Craton (Fadel et
al., 2018). Finally, the density perturbation
solutions from the applied constrained 3D tesseroid
inversion were resolved using Eq. 2 as defined by

Zhang et al. (2015).

|
{GTWJWC,G # W+ M(F+ F, +F}>}m = GWW,d™ + W, m, ~ Fo gl + FA = F0] +

| |
SM(Emy+ Fmy Fmy) + S M(Fz! = F.2)
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)

where the diagonal of the matrix F; denotes the
index of the constrained information in each
divided rectanglular cell, ¢ is observed data; G
is the kernel function, which denotes the
relationship between the geological model and the

observed data; WV, is the weighting matrix for data

Table 1: The 3D mesh and dataset for inversion

misfit; W is weighting matrix for the model
objective function, g 1is the regularization

parameter, M is the penalty factor, A represents

Lagrangian multipliers and z, is the slack variable

of the ith cell, where i is the index number for each

cell.

Region  Inversion range Model

Data

Grid size  Grid number

Data size Data number

Longitude 0.1° 112

Latitude 0.1° 112
Botswana Depth 0—50km

Radial direction 2 km 17

0.1° 112

0.1° 112
0—50 km

2 km 17

4. Results and Discussion

The density structure beneath Botswana shows
crustal density variability ranges from 2650 kg/m?
to 3000 kg/m>. The variability differs in tectonic
terranes; lower values are noticed in sedimentary
basins and mobile belts and higher values in
cratonic areas and mafic complexes. I identified

subsurface structures from the existence of density

Page | 10

structures from the surface to a depth of 50 km. The
variability is mostly noticed in the first 20 km and
the lower crust seems to have a uniform density,
around the 2800 kg/m? mean value. The results are
shown as horizontal depth slices and vertical cross-
sections (Figures 4, 5 and 6) of the obtained density
models. Density structures for different tectonic
terranes based on terrain age and their tectonic
implications are presented and discussed in

subsequent subsection.
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Figure 4: Horizontal slices of the subsurface density structures: (a) at the depth of 20 km; and (b) at the depth
of 40 km. The cyan lines indicate the location of profiles for the vertical cross sections as presented in Figures

5and 6.
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8.

between 2650 kg/m? to 2950 kg/m?. The craton also
4.1 Archean crust shows a variation in thickness from 39 km to 46 km

(Chisenga et al., 2019) with shallow CPD (Li et al.,
The crustal density structure of the Kaapvaal )
2017). The most profound feature is the clear

Craton is mostly inhomogeneous and varies ) ) )
boundary with surrounding tectonic terranes, e.g.
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the Kheis Belt (Profile 4 on Figure 5), the Xade
Complex (Profile 5 on Figure 6) and the Limpopo-
Shashe Belt (Profile 7 on Figure 6). This suggests
that the boundary of the craton, which was illusive,
can be determined to some extent based on the
lithological and density variation. High-density
structures are noticed correlating with known
Proterozoic mafic complexes that intruded the
craton, e.g. Molopo Farm Complex and Tsetseng
Complex. The mafic complexes are completely
covered by the Kalahari Group and are
characterized by density values > 2900 kg/m>®. The
craton also shows an intermediate to mafic lower
crust with density values around 2850 kg/m’,
which corroborates with the Vp/Vs values of 1.74—
1.82 (Fadel et al., 2018). The Molopo Farm
Complex in southern Botswana shows higher
values larger than 2950 kg/m? at a depth of 20 km
(Figure 4a). This could suggest that the mafic
intracratonic Bushveld complex intrusion of South
Africa extended into Botswana (Nair et al., 2006;
Fadel et al., 2018), as most complexes in this region
show high gravity and magnetic values

(Ramotoroko et al., 2016).

Western Zimbabwe Craton shows relatively lower
density values < 2900 kg/m? compared to values of
the Kaapvaal Craton. Most notably anomalous is
the high-density intrusion located at the depth of
~10 km with density values of ~3000 kg/m?, as
seen in both vertical cross-section (Figures 5 and 6)
which extend to the depth of 20 km as it is visible
on the horizontal slice (Figure 4). The craton shows
an average crustal thickness of 41 km with CPD of
~ 12 km. The thinner crust in the Zimbabwe
Page | 14

Craton, ~40 km (Chisenga et al., 2019) that was
estimated to be ~50 km from seismic studies (e.g.,
Fadel et al., 2018; Youssof et al., 2013) shows a
lower crust density value of ~2800 kg/m3. This
suggests an intermediate composition, which is
slightly different to a felsic lower crust with a V,/V;
of 1.69 - 1.75 based on seismic studies (Fadel et al.,
2018). The area shows a low density, ~ 2700 kg/m?,
surrounded by high-density lithology as seen at the
depth of 20 km (Figure 4). This could be a result of
the crustal reworking and fractionated magma
chamber that led to the placement of the Karoo
Dyke Swarms. The region is shown to have a
shallow CPD of ~ 15 km (Li et al., 2017) with
elevated heat flow (Ballard et al., 1987).

The density value of the Congo Craton is
homogenously consisting of density values of <
2800 kg/m?®. However, there are some regions that
show high-density values of > 2800 kg/m®. The
spatial extent of the Congo Craton (Khoza et al.,
2013; Yuetal., 2015b; Fadel et al., 2018; Chisenga
et al., 2019) is interpreted as a Proterozoic crust
with the following terranes; Quangwadum
Complex, Tsidilo Hill Group, and Xaudum Group
(Key and Ayres, 2000). Chisenga et al. (2019)
suggested an over-thrust collisional zone in which
the Proterozoic crust lies on top of the Congo
Craton. The region has a lower crustal density
value of 2700 kg/m?, which was also proposed to
be a felsic composition of a reworked crust, similar
to cratons (Fadel et al., 2018). The region with 2700
kg/m? could represent granitic composition. This is
not surprising as few outcrops in the area (Key and
Ayres, 2000) suggest a buried syenite, granite,
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granitic gneiss and gnessetic granitoid of

Quangwadum complex.

4.2 Neo-Archean Mobile Belt

The Limpopo-Shashe Belt forms a relatively
inhomogeneous density terrane for the three sub-
terranes of the SMZ, the CZ and the NMZ. The
boundary of the Limpopo-Shashe Belt between the
Kaapvaal and the Zimbabwe Cratons has already
been mapped using gravity data (Ranganai et al.,
2002). The SMZ shows density values of less than
2800 kg/m?>. The thinnest crust, of ~ 40 km, in the
Limpopo-Shashe Belt is in the SMZ, which
corresponds to the April 3, 2017 Botswana
earthquake along the boundary with the Kaapvaal
Craton. The region shows lower density values of
~ 2750 kg/m® on the epicentral region for the
earthquake (Figure 7). The CZ is characterized by
density values of 2700 kg/m?, shallow CPD of ~ 10
km and a thick crustal thickness of 46 km (Profile
3 on Figure 5). Heat flow is elevated in the region,
~ 60 mW m (Ballard et al., 1987). This region has
a pop-up structure with thick lithosphere, which
was interpreted to be a collisional zone between the
Kaapvaal Craton and the Zimbabwe Craton
(Ranganai et al., 2002; Roering et al., 1992; Fadel
et al., 2018). The NMZ has a flat crust south of the
Moiyabana region relative to the surrounding
Zimbabwe Craton (Chisenga et al., 2019), which
signifies little deformation. This is also visible in
the density structure, with almost uniform density

values of around 2800 kg/m?.

4.3 Proterozoic Mobile Belts
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The Ghanzi-Chobe Zone constitutes two crustal
density divisions. The southwestern division
exhibits low density values of < 2800 kg/m?. This
region has a felsic lower crust (Profile 2 on Figure
5), which is slightly different from the intermediate
lower crust from seismic information with V,/V; of
1.81 (Fadel et al., 2018). It also has a thick crust of
46 km (Chisenga et al., 2019), which possibly
represents evidence/remnants of a collisional zone
for the Congo Craton and the Kalahari Craton. The
region has the deepest CPDs that range from 28 km
(Profile 2 on Figure 5) to 39 km (Profile 3 on Figure
5). The location of Curie point in the lower crust
close to the Moho could signify magnetization of
the lower crust. Li et al. (2013) suggested that the
magnetic source in upper mantle or lower crust
could be the result of serpentinization. The
northeastern division of the Ghanzi-Chobe Zone is
related to ORZ extension. The region shows high-
density values of > 2800 kg/m?. The ORZ and the
surrounding region show a mafic lower crust of >
2900 kg/m?, a thin crust of ~ 37 km and CPD of ~
20 km (Profile 1 on Figure 5), which is similar to
the mafic lower crust with V,/V; of 1.88 (Fadel et
al., 2018). Furthermore, the region contains
considerable high-density rocks of ~ 3000 kg/m?
(Profile 1 on Figure 5). This suggests the presence
of mafic rocks beneath the Kalahari cover in the
ORZ. The fault geometry aligns with the recovered
density at the depth of 20 km, in which low density
rocks are within the rifting zone and high-density
are outside the fault system (Figure 4a). They show
a NW-SE extension. The region, however, shows

shallow CPD and Moho depth (Profile 1 on Figure
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5; Leseane et al., 2015), which suggest that the
mafic bodies are not magnetized. It could also
mean that the mafic bodies exhibit little influence
of the bimodal basaltic volcanic that formed the
Kgwebe Formation around ~ 1106 Ma during the
initiation of the Northwest Botswana rift (Carney

et al., 1994; Modie, 1996).

The Damara Belt was formed due to the collision
of the Congo Craton and the Kalahari Craton
during the Pan-African and Damara orogeny (Gray
et al., 2008). It is in the south-eastern side of the
Congo Craton. The density structure of this belt
consists of two NE-SW striking features (Figure
2a). The first is the kidney-shaped feature with
density values > 2900 kg/m* (Figure 4), locally
called Roibok Complex with granite gneiss and to
some extent amphibolite (Key and Ayres, 2000;
Singletary et al., 2003). It shows a thick crust of
~40 km with average heat flow as evidenced by
shallow CPD at ~ 18 km. Horizontal density slice
at the depth of 20 km indicates two different
lithologies, the NE-SW and N-S striking features
(Figure 4). The other region, locally called the
Kwando Complex, is located east of the Roibok
Complex, which has a northeasterly striking
magnetic body of Granite gneiss, granite,
amphibole-gneiss, migmatite and meta dolerite
(Carney et al., 1994). Profile 6 on Figure 6 shows a
low- density body of ~ 2700 kg/m?, which also fits
the geology of the area as granitic crustal block

with a felsic lower crust.

The Paleoprotorezoic =~ Magondi-Xade-Okwa-

Kheis-Tshane Belts were formed during the
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Eburnean Orogeny (Begg et al., 2009) along the
KSZ. The Kheis Belt and the Tshane Complex are
north-south oriented features along the Kalahari
Line, with thin crust and relatively deep CPD. The
highest density values are in the Tshane Complex
of ~ 2950 kg/m?3, possibly due to the unexposed
basic-ultrabasic rock bodies (Carney et al., 1994;
Key and Ayres, 2000). The Kheis Belt shows a
relatively lower density of ~2850 kg/m? along the
boundary with the Kaapvaal Craton. The Okwa
Block in northern end of the Kheis-Tshane Belt
show lower density values of 2700 kg/m? (Profile 5
of Figure 6). The low density region of the Okwa
Block shows bulged Paleoprotorezoic crusts,
which interpreted to represent a post-Archean
reworking during the Eburnean Orogeny (Fadel et
al., 2018; Chisenga et al., 2019). Nevertheless, the
CPD is deeper in the Okwa Complex than the
Kheis-Tshane Belt. The Xade Complex shows
high-density values of 2900 kg/m® with an
intermediate lower crust. Magondi Belt has a flat
crust in the middle that thickens toward the

Limpopo-Shashe Belt (Chisenga et al., 2019).

4.4 Sedimentary Basins

The Nosop Basin has density values of ~ 2750
kg/m? in the northern part, and around 2800 kg/m?
in the southern part. The Nosop Basin has an
accumulation of Ghanzi and Nama group sediment
thickness of ~15 km (Key and Ayres, 2000).
Nevertheless, the crust is thin at ~ 38 km (Fadel et
al. 2018; Chisenga et al., 2019), which suggests
basement thickness of ~24 km. The northern Nosop
shows a deep CPD of ~37 km within a region with
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a crust thickness of ~39 km (Profile 3 on Figure 5).
As already discussed, this could suggest
serpentinization of the upper mantle and in some
cases lower crust (Li et al., 2013). Serpentinization
in the upper mantle creates a low velocity zone
(e.g., Mevel, 2003), which was also noticed in this
region from seismic data (Fadel et al., 2018). It also
shows a lower intermediate crust with density
values of ~ 2700 kg/m?. The central Nosop Basin
shows ~ 2850 kg/m? density value region beneath
the 15 km thick sediments in mid-crust at the depth
of ~ 20 km (Figure 4a). Conversely, the Passarge
Basin show relatively higher density values with an
average of ~ 2850 kg/m?, despite similar crustal
thickness as the Nosop Basin. The crust is however
thinner, at ~ 37 km, but unlike the Nosop, it shows
a shallower CPD of ~25 km. The Basin also shows
an intermediate to mafic lower crust (Profile 2 on
Figure 5), like seismic derived lower crust

composition (Fadel et al., 2018).

5. Conclusion

We have provided the first information on the
vertical and horizontal density variation in
Botswana. We used the 3D tesseroid inversion
algorithm that considered the earth curvature and
geophysical constraints to provide the insight into
the crustal density structure beneath Botswana
from gravity data. The results show that density
structure of Botswana is inhomogeneous, varying
from 2650 kg/m*® to 3000 kg/m3. It is mostly
dependent on the tectonic terrane age with greater

variation noticed in Proterozoic mobile belts than
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in Archean terranes. Generally, the upper 20 km of
the crust accounts for the variation that is noticed
while the lower crust has a mostly uniform density
of ~ 2850 kg/m>. Together with previous studies of
Curie point depth and Moho depth data, we
suggested that the northern end of Nosop basin
could be magnetized in the lower crust from the

introduction of serpentinization.
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