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A B S T R A C T

Botswana experienced a Mw 6.5 earthquake on 3rd April 2017, the second largest earthquake event in Botswana's
recorded history. This earthquake occurred within the Limpopo-Shashe Belt, ~350 km southeast of the seis-
mically active Okavango Rift Zone. The region has no historical record of large magnitude earthquakes or active
faults. The occurrence of this earthquake was unexpected and underscores our limited understanding of the
crustal configuration of Botswana and highlight that neotectonic activity is not only confined to the Okavango
Rift Zone. To address this knowledge gap, we applied a regularized inversion algorithm to the Bouguer gravity
data to construct a high-resolution crustal thickness map of Botswana. The produced crustal thickness map
shows a thinner crust (35–40 km) underlying the Okavango Rift Zone and sedimentary basins, whereas thicker
crust (41–46 km) underlies the cratonic regions and orogenic belts. Our results also show localized zone of
relatively thinner crust (~40 km), one of which is located along the edge of the Kaapvaal Craton within the MW

6.5 Botswana earthquake region. Based on our result, we propose a mechanism of the Botswana Earthquake that
integrates crustal thickness information with elevated heat flow as the result of the thermal fluid from East
African Rift System, and extensional forces predicted by the local stress regime. The epicentral region is therefore
suggested to be a possible area of tectonic reactivation, which is caused by multiple factors that could lead to
future intraplate earthquakes in this region.

1. Introduction

Most large and deep earthquakes occur in active tectonic and de-
formational zones along plate boundaries, where tectonic stress is re-
leased as earthquakes. Nevertheless, large intraplate earthquakes, with
moment magnitudes above MW 6.0, rarely occur in continental inter-
iors. The vast majority of intraplate earthquakes that occur far from
known plate boundaries are associated with rifting and extension re-
gions (Craig et al., 2011), and a few have been recorded in stable
continental regions (e.g., Talwani, 2014; Calais et al., 2016). Factors
controlling such intraplate earthquakes include a gradient in litho-
spheric thickness and the presence of weak zones at crustal scale
boundaries, especially cratonic edges, formed as a result of crustal
blocks amalgamation during continental buildup (e.g., Mooney et al.,

2012; Sloan et al., 2011; Tesauro et al., 2015). These crustal boundaries
remain weak zones and can be reactivated and trigger earthquakes.
Examples of large intraplate earthquakes include the 1811–1812 New
Madrid event in the Mississippi Valley of the central U.S, the 1988
Tennant Creek earthquake in Australia, and in recent years, the 2001
earthquakes in the ancient Kachchh rift basin in Western India (Calais
et al., 2016). Nevertheless, the controlling mechanism for such types of
earthquakes is difficult to explain, especially when not associated with
neotectonic activity.

On April 3rd, 2017, a large intraplate earthquake with a magnitude
of Mw 6.5 occurred in eastern Botswana in the area of Moiyabana,
historically recorded as the second largest earthquake since 1952
(Midzi et al., 2018). The earthquake occurred within the Southern
Marginal Zone of the Limpopo-Shashe Belt, an Archean belt that
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represents a collisional zone between the Kaapvaal and the Zimbabwe
Cratons. This area is about 350 km southeast of the seismically active
Okavango Rift Zone and shows no sign of neotectonic activities as well
as no historical records of large magnitude earthquakes (Kolawole
et al., 2017; Midzi et al., 2018). The earthquake was a normal faulting
event that reactivated an old thrust sheet in a weak zone with a contrast
in material properties (Kolawole et al., 2017; Midzi et al., 2018;
Gardonio et al., 2018; Materna et al., 2019). The causative fault for the
Botswana earthquake revealed a 1.8 m displacement, striking in the NW
direction, dipping to the northeast (Kolawole et al., 2017), which is
consistent with the predicted local stress regime (e.g., Stamps et al.,
2010; Kolawole et al., 2017). The rupture occurred at a depth of
21–24 km (Kolawole et al., 2017), while other studies estimated a depth
of 21 km (Albano et al., 2017) and 29 km (Gardonio et al., 2018). Both
Kolawole et al. (2017) and Albano et al. (2017) suggested that exten-
sional forces triggered the earthquake and reactivated crustal-scale
Precambrian thrust sheets within the Limpopo-Shashe Belt. However,
Gardonio et al. (2018) attributed the event to the episodic fluid release
from the upper mantle that reactivated the elastically stressed weak
zone. Such a weak zone was resolved in the lower crust and upper
mantle beneath the Moiyabana Epicentral Region (Moorkamp et al.,
2019; Materna et al., 2019). Nevertheless, the source of the fluid release
in the upper mantle beneath the Moiyabana Epicentral Region is still
unclear (Moorkamp et al., 2019). Fadel et al. (2020) however, sug-
gested that the source of fluid in the Moiyabana Epicentral Region is the
East African Rift System, based on the 3D crustal and upper mantle
shear wave velocity structure of Botswana. They suggested that the
fluids originated at a depth of ~150 km at the northeastern tip of
Botswana and migrate to the edge of the Kaapvaal Craton. Thus, the
mechanism for this earthquake remains debatable due to multiple
theories, underscoring the need for more detailed knowledge on the
crustal architecture beneath the Moiyabana Epicentral Region.

Despite decades of exploration efforts related to mining and the
installation of more seismic stations since 2000 (e.g., Nyblade and
Dirks, 2006; Simon et al., 2012; Gao et al., 2013; Fadel et al., 2018),
knowledge on the deep crustal structure of Botswana remains limited.
Existing crustal structure models derived from seismic stations spacing
~25 to100 km (e.g., Fadel et al., 2018; Kachingwe et al., 2015; Yu
et al., 2015a, 2015b) do not provide sufficient details to resolve the
finer crustal structure beneath the Moiyabana Epicentral Region. Here
we take advantage of the existing high resolution gravity data with a
uniform grid of ~7.5 km that exists over the entire country to estimate
crustal structure beneath Botswana and the Moiyabana Epicentral Re-
gion. Gravity derived crustal thickness models can provide more details
on the crustal structure compared to seismic estimates in regions where
the distribution of seismic stations is sparse (van der Meijde et al.,
2015). We applied a regularizing inversion algorithm to the Bouguer
gravity data (Uieda and Barbosa, 2017). The resolved crustal thickness
model is then validated with seismic crustal thickness estimates from
seismic receiver function and HeK stacking analyses (Youssof et al.,
2013; Yu et al., 2015a, 2015b; Fadel et al., 2018). We examine the
gravity derived crustal structure of Botswana to understand the crustal
architecture underneath Botswana and the possible causes of the Mw

6.5 earthquake. Finally, we propose a mechanism for this earthquake
based on the integration of the crustal structure information with pre-
viously obtained information on the local stress regime, and the fault
system, which could have led to the occurrence of the Botswana
Earthquake.

2. Tectonic setting

The Botswana crust is made up of two major cratonic blocks, the
Kalahari and Congo Cratons that are surrounded by orogenic mobile
belts (Fig. 1; Begg et al., 2009; and references therein). The Kalahari
Craton consists of the amalgamation of the Kaapvaal and Zimbabwe
Cratons sutured at the Neo-Archean Limpopo-Shashe Belt (Clifford,

1970). The Zimbabwe Craton comprises different tectonic and geolo-
gical terranes that formed between 3.6 and 2.4 Ga. The Kaapvaal
Craton was formed by the amalgamation of several geological units,
mostly consisting of granitoids with gneisses and narrow greenstone
belts, between 3.7 and 2.7 Ga (Begg et al., 2009). The adjoining Neo-
Archean Limpopo-Shashe Belt is a WNW-ESE trending belt comprised of
high-grade metamorphic rocks and formed between 2.7 and 2.6 Ga
during the collision of the Zimbabwe Craton and the Kaapvaal Craton
(Key and Ayres, 2000; Ranganai et al., 2002). In Botswana, the
boundary between the Limpopo-Shashe Belt and the Zimbabwe Craton
is placed on the Shashe thrust zone (Ranganai et al., 2002). The Lim-
popo-Shashe Belt is divided into the Northern Marginal Zone, the
Central Zone, and the Southern Marginal Zone, based on the litholo-
gical and structural similarities (Fig. 1; Ranganai et al., 2002).

The Kalahari Craton is surrounded by Proterozoic mobile belts and
mafic complexes, some of which intruded and affected this stable cra-
tonic crustal block (Begg et al., 2009; and references therein). For ex-
ample, the Southern Marginal Zone was intruded and affected by the
Mahalapye Granite Complex during the uplifting and thinning in the
Limpopo-Shashe belt (McCourt et al., 1995) and the Central Zone was
affected by a sub-vertical crustal lineament forming the Palala shear
zone (Schaller, 1999). The Kalahari Suture Zone, a Paleo-Proterozoic
thrust zone, is located in the western and northern margins of the Ka-
lahari Craton. The Kalahari Suture Zone played a major role in the
formation of the Kheis-Okwa-Xade-Magondi Belts and also separates
the Kalahari Craton from the Damara-Ghanzi-Chobe Proterozoic Belt
(e.g., Reeves and Hutchins, 1982). The Kalahari Suture Zone consists of
the Kalahari Line, which extends from South Africa into southern
Botswana along the Kheis-Okwa Belt, and the Makgadikgadi Line,
which is the northern edge of the Kaapvaal Craton extending north-
eastwards to the Magondi Belt (Fig. 1).

The Damara and the Ghanzi-Chobe Proterozoic Belts separate the
Congo Craton and the Kalahari Craton. They were formed by the col-
lision of the Congo and the Kaapvaal Cratons between 870 and 550 Ma
during the Damara orogeny (Gray et al., 2008; Begg et al., 2009). The
Ghanzi-Chobe Belt underwent rifting due to extensional forces during
the Kibaran Orogeny collision event, which resulted in the initiation of
rifting in Botswana. Cenozoic rifting in the Okavango Rift Zone, which
forms the terminus of the southwestern branch of the East African Rift
System, was initiated at the boundary between the Ghanzi-Chobe and
the Damara Belts (e.g., Leseane et al., 2015).

Botswana also contains two Proterozoic sedimentary basins, the
Passarge and Nosop Basins. The Passarge Basin is located in central
Botswana, between the Makgadikgadi Line and the Ghanzi-Chobe Belt,
and has up to 15 km of sediments deposited during the Neoproterozoic
and early Paleozoic era (Key and Ayres, 2000; Pasyanos et al., 2014).
The Nosop Basin is located in the southwestern part of Botswana and
has sediment thicknesses of up to 15 km as well (Key and Ayres, 2000;
Pasyanos et al., 2014) and is comprised of sediments from the Ghanzi
and Nama groups. It has been proposed that the Maltahohe Craton, a
fragment of the Kalahari Craton extends beneath the Nosop Basin
(Wright and Hall, 1990; Begg et al., 2009; Fadel et al., 2018).

3. Data and methods

3.1. Gravity data

Bouguer gravity data used in this study were obtained from the
Botswana Geoscience Institute (BGI). The gravity data are a compilation
of two national-wide gravity surveys from 1972 to 1973 and
1998–1999 and additional data acquired by different companies. The
data have a resolution of ~7.5 km and were provided as a 1 km
Bouguer anomaly grid. The Bouguer gravity data (Fig. 2A) were then
corrected for the effect of sediments, which was removed from the
Bouguer anomaly by subtracting the gravitational effect of the sedi-
mentary basins (Fig. 2B; Pasyanos et al., 2014). The sediment map has
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three sedimentary layers with different depth. The reference density
model for the sediment correction was set to 2670 kg/m3 and density
contrasts for the upper (0–1.5 km), middle (between 1.5 km and 5 km)
and lower (below 5 km) sediment layers of 565 kg/m3, 256 kg/m3 and
134 kg/m3, respectively, were applied (Pasyanos et al., 2014). The ef-
fects of the three layers were calculated according to the density con-
trast of each layer to the average crustal density (Fig. 2C). This resulted
in a Bouguer anomaly map corrected for sediments (Fig. 2D). The effect
of the coarse resolution (1o) of the sediment data on the sediment
correction is discussed in Section 5. The mantle contribution was ap-
proximately removed from the sediment corrected Bouguer anomaly by
applying a 1000 km Butterworth high-pass filter (Fig. 2E; Block et al.,
2009). Finally, a 150 km Butterworth low-pass filter was applied to

remove high-frequency signals associated with near surface crustal
sources. A low pass filter also improves the stability of the gravity in-
version, as high frequency data lead to instabilities during the inversion
process (Gómez-Ortiz and Agarwal, 2005). Furthermore, it has been
shown that gravity data that are subjected to a low pass filter of 150 km
contain gravity signals from the Moho (Lefort and Agarwal, 2000). The
refined Bouguer gravity data, as shown in Fig. 2F, was then used in the
regularized inversion process.

3.2. Seismic constraints

We compiled and used a total number of 53 crustal thickness esti-
mates from previous studies to calibrate the inversion algorithm, and to

Fig. 1. Precambrian tectonic map of Botswana, modified after Key and Ayres (2000), Ranganai et al. (2002) and Singletary et al. (2003). The white polygon indicates
the extent of the Okavango Rift Zone after Yu et al. (2015a, 2015b). Also shown are the distribution of seismic stations as yellow, green and red triangles (Youssof
et al., 2013; Yu et al., 2015a, 2015b; Fadel et al., 2018). The blue star shows the location of the MW 6.5 Botswana earthquake of April 3rd, 2017. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (A) Bouguer anomaly map; (B) Sediment thickness map (Pasyanos et al., 2014); (C) Map of gravitational effect calculated from the three sedimentary layers;
(D) Bouguer anomaly corrected for sediments; (E) Sediment corrected Bouguer gravity data with a high pass (1000 km) filter applied to it; (F) Refined Bouguer
anomaly map obtained after the application of low-pass (150 km) and high-pass (1000 km) filters to the sediment corrected Bouguer anomaly from (E).
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validate the final crustal thickness model. Twelve stations were ob-
tained from Youssof et al. (2013), twenty-two from Fadel et al. (2018)
and nineteen from Yu et al. (2015a, 2015b). These seismic estimates
were derived from teleseismic P-wave receiver function analysis. The
locations, crustal thickness (H), and Vp/Vs values of these seismic ob-
servations are provided in Table 1.

3.3. Gravity inversion

We determined the Moho topography using the regularized inver-
sion algorithm of Uieda and Barbosa (2017). The regularized inversion
is based on the Gauss-Newton's formulation of Bott's method (Eq. (1);
Bott, 1960; Silva et al., 2014; Uieda and Barbosa, 2017):

+ = − −

= …

−A A μR R p A g x g x p p μR Rp i

N
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kT k T k kT o
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where:

• Δp is the density contrast between the crust and the upper mantle,

• go(xi) is the gravity anomaly (input dataset),

• g(xi,Δp,pk−1) is the computed gravity anomaly at a point calculated
from the Moho depth model, with pk-1 indicating a reference Moho,

• Ak is a Jacobian matrix,

• μis a regularization parameter,

• R is a L x M finite-difference matrix representing L first-order dif-
ferences between adjacent tesseroids, and

• pk is the M-dimensional parameter vector containing M-Moho
depths (output dataset).

The regularization parameter (μ) controls the smoothness of the
inversion results while maintaining the fit of the solutions with the

observed data, via a first-order Tikhonov regularization (Tikhonov and
Arsenin, 1977). The Moho topography (pk) contains values that indicate
the lateral variation of the crustal structure. The three inversion para-
meters, a regularization parameter (μ), a reference Moho depth (p1) and
density contrast (Δp), were estimated using a cross-validation approach,
called the hold-out method (Kim, 2009). In a first step, the regular-
ization parameter is obtained, which is then used to estimate a re-
ference Moho depth and density contrast. In this approach, gravity data
is split into training and testing data. The training data are a dataset
based on a regular grid with data at every grid point, twice the original
grid spacing. We set 16 values for the regularization parameter on a
logarithmic scale between 10−12 and 100. Each of the 16 regularization
parameters, together with a randomly chosen reference Moho depth of
36 km and a density contrast of 300 kg/m3, were used to invert the
training data, and then forward modeled to obtain the calculated
gravity anomaly using Eq. (1). The randomly chosen input parameters
do not affect the final choice of the regularization parameter (Uieda and
Barbosa, 2017). The difference between calculated gravity and testing
data is evaluated to find the optimal regularization parameter by using
the lowest mean square error (MSE).

=
−

MSE
d d

N
‖ ‖

n
test test

n

test

0 2

(2)

where:

• dtest0 is the input data (testing data in the case of finding a reg-
ularization parameter or seismic crustal thickness data for esti-
mating the reference Moho depth and density contrast),

• dtestn is output dataset (the predicted testing data or crustal thickness
values from forward modeling), and

• Ntest is the number of points in the testing data or the amount of
crustal thickness data.

Table 1
Summary of the values derived from local and teleseismic receiver functions. H in the table represents crustal thickness values in kilometers (km). Seismic ob-
servations are summarized in tectonic terranes according to their spatial location as they appear in the tectonic map of Botswana, as shown in Fig. 1.

Tectonic Regime Fadel et al. (2018) Yu et al. (2015a, 2015b) Youssof et al. (2013)

Station H Vp/Vs Station H Vp/Vs Station H Vp/Vs

Zimbabwe Craton NE217 40 1.78 SA71 40.5 1.80
NE218 49 1.69 SA70 50.5 1.75

Kaapvaal Craton LBTB 42 1.75 SA59 41.5 1.78
NE201 36 1.81 SA60 41.5 1.77
NE212 39 1.74 SA61 43.5 1.67
NE213 39 1.67 SA62 40.5 1.8
NE221 39 1.67 SA63 43 1.79

Congo Craton NE204 38 1.79 B12 46.2 1.77
NE207 38 1.71 B13 46.6 1.75

B14 45.8 1.80
Limpopo-Shashe Belt NE219 42 1.72 B02 42.8 1.73 SA64 41 1.75

NE208 40 1.69 SA66 44.7 1.81 SA65 43 1.75
B01 43.7 1.81 SA66 46.5 1.77
B16 42.6 1.75 SA67 39.5 1.79
SA64 41.5 1.73 SA68 41 1.87
SA65 42.7 1.75

Magondi Belt NE216 37 1.75 B04 42.6 1.76
B03 40.8 1.76

Kheis Belt NE202 39 1.71
Okwa Block NE211 44 1.72
Damara Belt NE214 44 1.73 B09 41.8 1.71

B10 39.9 1.82
B11 44.3 1.72
B17 38.8 1.77

Ghanzi-Chobe Zone Maun 40 1.87 B06 (Maun) 37.5 1.88
NE205 38 1.81 B07 40.5 1.95
NE206 38 1.69 B08 37.8 1.88
NE210 46 1.81 B15 34 1.81
NE215 34 1.74

Passarge Basin NE209 37 1.84 B05 40.7 1.76
Nosop Basin NE203 42 1.76
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Based on this, a regularization parameter of 10−5 was obtained
(Fig. 3A). This value is similar to other studies where regularization
parameters of 10−10 to 10−4 were found (e.g., Uieda and Barbosa,
2017). Therefore, the obtained value here provides a good estimate for
the gravity inversion.

We then used the estimated regularization parameter and seismic
observations, as listed in Table 1, to estimate a reference Moho depth
and a density contrast that will be used for the gravity inversion. We
applied 19 density contrast values between 200 kg/m3 and 650 kg/m3

with a step of 25 kg/m3. In addition, we defined 36 Moho depth values
between 24 km and 60 km with an increment of 1 km. Each of the 684
combinations of reference Moho depths and density contrasts were used
as parameters in the inversion of the training data. Topography data
from Etopo1 (Amante and Eakins, 2009) was added to the Moho results
calculated from each of the 684 combinations. This produced 684
crustal thickness models derived from inversion of the training data.
Then, the MSE between gravity derived crustal thickness estimates for
each model and the seismic crustal thickness values, as shown in
Table 1, was calculated for each of the 684 combinations using Eq. (2).
In this comparison, the gravity derived crustal thickness estimates were
calculated at the same locations as that of the seismic data points. The
lowest MSE, calculated using Eq. 2, was chosen as the reference Moho
depth and density contrast, which were subsequently used to invert the
refined Bouguer gravity anomaly as optimal parameters (Fig. 2F). The
comparison produced a reference Moho depth of 36 km and a density
contrast of 500 kg/m3, as shown in Fig. 3B. The input density contrast
(500 kg/m3) for the inversion assumed the intermediate lower-crustal
rocks in Botswana with a density of ~2800 kg/m3, relative to the
average mantle density of ~3300 kg/m3 (Wang, 1970).

4. Crustal thickness model

The obtained crustal thickness model of Botswana using a reference
Moho depth of 36 km and density contrast of 500 kg/m3 is presented in
Fig. 4. The values are within the average crustal thickness estimates for
the previous studies in the region, as illustrated in Table 2, and are
consistent with seismic observations (Fig. 4). In general, the crustal
thickness mirrors the refined Bouguer anomaly in most areas, such that
low gravity values produce thick crust and vice versa (Van der Meijde
et al., 2013). The difference between the observed and calculated
gravity fields are concentrated within±5 mGal with a mean value of
0.1 mGal and a standard deviation of 3.02 mGal. This shows a good fit
and most of the gravity field can be explained by variations in the
crustal thickness. However, uncertainties in the obtained crustal
thickness are existent due to the sediment striping approach (Section
4.1). This introduces an uncertainty of ~1.5 km (e.g., Baranov et al.,
2017) due to the low resolution (1o) of the sediment data (Pasyanos
et al., 2014) and interpolation along the edges. The use of a constant

density contrast in the gravity inversion can also introduce an un-
certainties of up 3 km in the Moho model (Chisenga et al., 2019; Van
der Meijde et al., 2013). Thus, our crustal thickness model over-
estimates/underestimates the Moho depth by ~ ± 3 km for every
difference of ~ ± 50 kg/m3 between the assumed density contrast of
500 kg/m3 and the actual density contrast between the lower crust and
the upper mantle.

The comparison of the gravity derived crustal thickness model to
seismic observations (Fig. 4A) and other existing crustal thickness
models (Table 2) shows a good correlation of results within the ac-
cepted error margin. For example, gravity crustal thickness values
against seismic observations show that 92.7% of the residuals fall
within the accepted margin of± 6 km for crustal thickness modeling
(e.g., Van der Meijde et al., 2013; van der Meijde et al., 2015). The
residuals however, also exhibit a high statistical fit for 56% of the
points falling within the range of± 3 km (Fig. 4A and B). Only 5 points
of the 53 seismic constraints are outside the±6 km error margin,
which are located in the northeastern part of the Okavango Rift Zone
and the Zimbabwe Craton. The seismic constraints have, on average, an
uncertainty of± 3 km with individual seismic studies indicating values
of± 1.5 km (Fadel et al., 2018),± 3 km (Kachingwe et al., 2015), and
an average uncertainty of± 3.1 km from the work by Yu et al. (2015a,
2015b). The uncertainties of these seismic studies are comparable to the
misfit in gravity crustal thicknesses with a standard deviation of±
3.67 km.

4.1. Kalahari Craton

In general, the Kalahari Craton is characterized by crustal thick-
nesses between 39 km and 46 km, and shows the existence of localized
zones of slightly-thinned crust of 40 km between relatively thicker
crusts of 41–46 km, which are probably related to the intracratonic
Bushveld intrusion (Fadel et al., 2018). The crustal thickness beneath
the Zimbabwe Craton is 38–45 km and a thinner crust is visible in the
northwest towards the Northern Marginal Zone of the Limpopo-Shashe
Belt. On average, the crust is roughly 40–42 km thick in the Zimbabwe
Craton. Seismic studies obtained values between 40 and 50 km (e.g.,
Fadel et al., 2018; Youssof et al., 2013), which is slightly larger than the
results obtained from gravity data. The velocity ratio obtained from
seismic data (Vp/Vs of 1.69–1.75; Table 1) point to a felsic lower crust,
which translates to a higher density contrast to the upper mantle, re-
lative to the assumed lower crustal density of 2800 kg/m3 (Section 4.3).
The area also has a highly complex lower crust, which makes it difficult
to identify the Moho (e.g., Nguuri et al., 2001). The thinner crust could
be caused by reworking of crustal materials during the Okavango dyke
emplacement. A crustal thickness of 38–45 km is obtained beneath the
Kaapvaal Craton, with an average crustal thickness of 41 km. The
crustal thickness from gravity data is comparable to previous studies

Fig. 3. Regularized gravity inversion results. Optimum value is indicated by a red box. (A) Regularized curve from the cross-validation for the estimation of the
regularization parameter (10−5). (B) Cross-validation results to obtain the reference Moho depth (36 km) and density contrast (500 kg/m3). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. (A) The gravity derived crustal thickness estimates overlain by the tectonic map of Botswana. The points indicate the difference between the gravity based
crustal thickness and seismic observations shown in Table 1. Also shown are the extent of the Okavango Rift Zone and normal faults within the white polygon as well
as the Moiyabana Epicentral Region of the Botswana earthquake (black rectangle), and the delineated faults from InSAR, gravity and magnetic data after Kolawole
et al. (2017). The epicentral region is highlighted by black outlined triangle that is presented in Fig. 5 below; the boundary of Congo Craton is placed on the
northwestern end of the kidney-shaped feature within the Damara belt based on the results of this study. (B) The scatterplot of the misfits between the seismic
observations on the y-axis and the gravity derived estimates on the x-axis. The blue line indicates 0 km, the green line indicates 3 km, and the red line indicates 6 km
deviations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Table 2). The craton has a relatively thin crust along the boundary
within orogenic belts.

4.2. Congo Craton and its transition to Damara Belt

The Congo Craton shows a crustal thickness of 39–46 km, with an
average of 41 km. The average thickness slightly differs with 39 km and
38 km for Archean cratonic crust based on results from Kachingwe et al.
(2015) and Fadel et al. (2018), respectively. However, our estimates are
consistent with results from Yu et al., 2015a, 2015bon the south-eastern
side of the Congo Craton. We also identified a 40 km stretched kidney
shaped belt within the Damara Belt that wraps the edges of the pro-
posed Congo Craton. The relatively thin crust on the edges of the Congo
Craton suggests a reworked Damara Belt as a result of the collision of
the Congo and the Kalahari Cratons during the Pan-African and the
Damara orogeny (Gray et al., 2008). Based on gravity observations, we
suggest that the thicker crust (~ 46 km) to the northwest represents an
over-thrust collisional zone in which the Damara Belt lies on top of the
Congo Craton. This hypothesis is supported by presence of the relatively
thicker crust in the proposed Congo Craton with similar average crustal
thickness values for both stable Archaean and Proterozoic mobile belts
in Africa as discussed by Tugume et al. (2013). The area is overlain by
Proterozoic rocks within the proposed Archean Congo Craton in Bots-
wana (Key and Ayres, 2000; Singletary et al., 2003). Finally, the li-
thospheric extent of the proposed cratonic region is located beneath the
Proterozoic region of the Damara Belt, as resolved from the magneto-
telluric study by Khoza et al. (2013). Khoza et al. (2013) suggested that
the Congo Craton extended further south into south-western Botswana
without giving the finite boundary. We however, place the boundary
between the relatively thicker Congo Craton and the thinner Damara
crust on the north-western edge of the kidney-shaped 40 km thick crust
(Fig. 4A). This interpretation is also consistent with the boundary of the
Congo Craton derived from seismic tomography studies (Yu et al., 2017;
Lebedev et al., 2020).

4.3. Limpopo-Shashe Belt

The Limpopo-Shashe Belt has crustal thicknesses between 40 and
46 km. This is comparable to two estimates from Yu et al. (2015a,
2015b), which identified a 43.5 km and 44.5 km thick crust. The
Limpopo-Shashe Belt has the thickest crust (46 km) within the Central
Zone and relatively thinner crustal thicknesses (40 km) in the Northern
Marginal Zone and the Southern Marginal Zone. The thicker crust in the
Central Zone represents a pop-up structure related to the collision of the
Zimbabwe Craton and the Kaapvaal Craton, similar to the Himalayan
style collision (Roering et al., 1992; Ranganai et al., 2002; Fadel et al.,
2018). The thick crust agrees with previous studies on post-Archean
reworked belts in the Kalahari Craton, which resulted in a ~ 45–50 km
thick crust (e.g., Nguuri et al., 2001). However, seismic studies (e.g.,

Nguuri et al., 2001; Fadel et al., 2018; Youssof et al., 2013) indicated
that the collisional zone was located slightly to the north of our results.
This difference could be due to the seismic-stations coverage of the
previous studies in the peripheral of the 46 km thick crust resolved by
gravity data, as shown in Fig. 4A.

The April 3rd, 2017, Botswana earthquake is located in the
Southern Marginal Zone, which is characterized by a relatively thin
crust in this region. However, the crust slightly thickens towards the
southeast, from 40 km to 41 km along the boundary with the Kaapvaal
Craton. Unlike the Central Zone and the Northern Marginal Zone, the
Southern Marginal Zone has undergone only a single metamorphic
event at 2.72–2.65 Ga (e.g., Roering et al., 1992). The current crustal
structure in this region could possibly be inherited from past processes,
as no evidence from rock dating shows other tectonic or metamorphic
events in recent times (Droop, 1989; Roering et al., 1992). The
Northern Marginal Zone shows little variation in the crustal thickness.
This flat crust could indicate little deformation and extension, which is
similar to the surrounding Zimbabwe Craton.

4.4. Ghanzi-Chobe Zone

We observe a crustal thickness of 35–46 km for the Ghanzi-Chobe
Zone. The thickest crust (46 km) in the southwestern Ghanzi-Chobe
Zone could be related to the collision of the Congo and the Kalahari
Cratons (Gray et al., 2008). The northeastern end of the Ghanzi-Chobe
is thinner, which is perhaps related to an extension associated with the
East African Rift System. The Okavango Rift Zone starts from the Da-
mara Belt into the Ghanzi-Chobe Zone (Yu et al., 2015b), with an
average crustal thickness of ~38 km in relation to the surrounding
40–43 km thick crust, representing a thinning of 2–5 km (Fig. 4A). The
Okavango Rift Zone has a mafic lower crust with Vp/Vs of> 1.81,
which reaches a maximum of 1.95 (Christensen, 1996; Fadel et al.,
2018). Such a high-density lower crust, relatively to the assumed in-
termediate density lower crust in our inversion, results in crustal
thickness variations and high deviation in the Okavango Rift Zone.
Rifting patterns in the Okavango Rift Zone are barely visible apart from
the north-eastern side of the region. However, a relatively localized thin
crust, which is close to point B15, surrounded by thick crust between
the northeastern Damara Belt and the northeastern Passarge Basin is
visible in the central Okavango Rift Zone. This indicates a possible
underdeveloped or immature rift zone of the Okavango Rift Zone. Our
crustal thickness estimates (36 km) differ considerable from gravity
crustal thickness obtained from a 2D-spectral radial analysis (~30 km;
Leseane et al., 2015) but are in agreement with seismic data in this
region, as shown in Fig. 4A. Fadel et al. (2018) also noted this sig-
nificant difference between the crustal thickness values of Leseane et al.
(2015) and Yu et al. (2015a, 2015b).

Table 2
Summary of the comparison of our gravity model with other existing models in km.

Age Terrane This study Tugume et al.
(2013)

Begg et al.
(2009)

Kachingwe et al.
(2015)

Fadel et al.
(2018)

Yu et al.
(2015a)

Youssof et al.
(2013)

Archean Crust Kaapvaal 38–45 39 40 39 36–42 41–46
Congo 39–46 45 39 45 38 46
Zimbabwe 39–45 36 37 40–49 44 39.5–50.5

Neo-Archean Crust Limpopo-Shashe 40–46 38 41 41–42
Proterozoic Crust Magondi Belt 38–44 39 37–40 42

Ghanzi-Chobe
Group

35–46 34–46 37–43

Kheis Belt 37–44 39 41 43 39 43.5
Damara Belt 39–44 39 42 44 34–44
Okwa Block 38–45 43 43 44

Sedimentary Basin Passarge 35–43 37
Nosop 35–42 40 42

C. Chisenga, et al. Tectonophysics 787 (2020) 228479

8



4.5. Magondi-Okwa-Xade-Kheis Belts

The Magondi-Okwa-Xade-Kheis Belts were influenced by the
Kalahari Suture Zone during their formation. They form a
Paleoprotorezoic boundary with the Kalahari Craton and the Damara-
Ghanzi-Chobe Belts (Fig. 1). Unsurprisingly, the Kheis-Okwa-Xade-
Magondi Belt shows a crustal thickness of 37–44 km with an average of
~41 km. The thinnest crust is located in the Xade and the Kheis Belts,
while the Okwa Block and the northwestern part of the Magondi Belt
show a ~ 42 km relatively thicker crust. The crustal thickness values in
the Kheis Belt reach a maximum of 43 km in the south. The Magondi
Belt has an almost stretched/flat crust in the middle, which increases in
thickness towards the north and the Limpopo-Shashe Belt. The thick
crust of the Okwa Block bulges out in relation to the other Paleopro-
torezoic crusts, possibly representing a post-Archean reworking on the
boundary of the cratonic regions during the Eburnean Orogeny similar
to the Limpopo-Shashe Belt.

4.6. Sedimentary Basins

The thinnest crust underlies the Proterozoic Nosop and Passarge
Basins. The basins show a considerable thin crust below the thick se-
diment layers. The observed crustal thickness for the Nosop Basin is
35–42 km with an average of 38 km. The Nosop Basin crustal thickness
does not match the gravity observations, but strongly mirrors the se-
diment thickness map, which indicates the effect of sediments correc-
tion in this region. The absence of seismic observations in the Nosop
Basin means that we do not have independent constraints to check the
thickness validity. The observed crustal thickness for the Passarge Basin
is 36–43 km. The thin crust beneath the Passarge Basin extends
southeastwards to the Limpopo-Shashe Belt through the Magondi Belt.
It then bifurcates around the 46 km thick Central Zone into the
Northern Marginal Zone and the Southern Marginal Zone. The northern
arm of the bifurcated thin crust coincides with the location of the
Okavango dyke swarm at the boundary of the Zimbabwe Craton and the
Northern Marginal Zone (Fig. 4A). In the Southern Marginal Zone, the
southern arm of the bifurcated thin crust underlies the Moiyabana
Epicentral Region of the Mw 6.52017 Botswana earthquake (Figs. 4 and
5).

5. Implication to the 3rd April 2017, Botswana earthquake

Our results reveal a crustal thickness of ~40 km for the epicenter of
the April 3rd, 2017 Mw 6.5 Botswana earthquake (Fig. 5), flanked by a
43 km thick Kaapvaal Craton to the southwest and a 46 km pop-up
structure in the Central Zone of the Limpopo-Shashe Belt to the
northeast (Fig. 5). The aftershocks, with hypocenters of deeper than
15 km, also cluster along this relatively thin crustal zone. The crustal
thickness lateral variation in this region (Fig. 5) is consistent with the
revealed structural geometry of the Moiyabana Epicentral Region
(Fig. 5; Kolawole et al., 2017). The causative fault inferred from InSAR
data (Kolawole et al., 2017) lies at the thinnest crust in this region of
40 km. The structural geometry of the Paleoprotorezoic thrust faults
(Kolawole et al., 2017) coincides with the northwestern widening of the
relatively thin crust, indicating a tectonic relationship between crustal
thickness and fault geometry. Thus, Fault orientation and formation in
this region could be partially controlled by the local crustal thickness
variation. Further, it is observed that the southeastern end of the cau-
sative fault and the epicenter of the Mw 6.5 Botswana earthquake are
located on the southern arm of the bifurcated thin crust (Fig. 4A). The
width of the relatively thin crust in this part is small, and then it widens
in the northwestern direction towards the Magondi Belt. The south-
eastern part of the Southern Marginal Zone of the Magondi Belt is re-
latively thicker with almost uniform crustal thickness (Figs. 4A and 5).
This could suggest that the relatively thinner crust in the epicentral
region has undergone possible recent tectonic activities, which might

have contributed to the occurrence of the Botswana Earthquake. The
relatively thinner region also shows consistency with the local stress
regime as indicated by the focal mechanisms (Bird et al., 2006;
Kolawole et al., 2017), which suggests that the thinning crust could be
due to extensional forces as the results of the recent tectonic activities.

The relatively thin crust in the Moiyabana Epicentral region extends
and connects to the relatively thin crust in the Passarge Basin and the
northeastern end of the Okavango Rift Zone (Fig. 6A). These regions
show shallow Curie Point Depth (CPD), which indicates elevated levels
of heat flows (Kolawole et al., 2017; Leseane et al., 2015). The com-
parison to the crustal thickness and heat flow information indicates that
a shallow CPD of ~10 km correlates spatially with the 40 km relatively
thin crust in comparison to a 43 km thick crust in the northeastern part
that is associated with a relatively deeper CPD of ~30 km. The pattern
of the local crustal thickness variations is also consistent with global
CPD values that show shallow CPD (< 20 km) in relation to thin crusts
(~40 km; Fig. 6B). In addition, a relatively thin crust at the north-
eastern tip of Botswana in the Okavango Rift Zone is correlated with a
low shear-wave velocity zone in the mantle (~150 km), which is in-
terpreted as the East African Rift System (EARS) expression at northern
Botswana (Fadel, 2018; Fadel et al., 2020). Fadel et al. (2020) have
suggested that the EARS expression at the northern tip of Botswana
extends to the Incipient Okavango Rift region and the Moiyabana
Epicentral regions through weak crustal zones. These weak crustal
zones facilitate the moving of the ascending hot fluids/fluids from the
EARS causing elevated heat flow and shallow CDPs, which are postu-
lated to trigger earthquakes in the Okavango Rift Zone (Leseane et al.,
2015). Moreover, this could explain the Botswana earthquake in the
Moiyabana Epicentral Region, as explained below.

We therefore propose the following mechanism for the Botswana
earthquake. At the Moiyabana Epicentral Region, the weak crust and
mantle (Moorkamp et al., 2019) and the local stress regime (Bird et al.,
2006; Stamps et al., 2010; Stamps et al., 2014) lead to a relative thin-
ning of the crust, compared to the surrounding, as observed in the
Moiyabana Epicentral Region. The thermal fluids from the East African
Rift System (Fadel et al., 2020) probably erodes the lower crust during
the migration process, which results in a thin crust as observed from the
crustal thickness model (e.g., Mckenzie et al., 2000; Reyners et al.,
2007). As explained, the thin crust controlled the fault geometry that
resulted in the enhancement of the movement of the thermal fluids that
caused the observed elevated heat flow and shallow CPD revealed from
previous studies (Ballard et al., 1987; Kolawole et al., 2017). The pre-
existing conditions, coupled with the existing local stress regime, ac-
cumulate beneath the Moiyabana Epicentral Region that could have led
to a possible tectonic reactivation of the weak zone within the thin crust
of the Southern marginal Zone. Thus, we suggest that the Southern
Marginal Zone of the Limpopo-Shashe Belt is a possible tectonic ex-
tension zone in which different parameters play a role and could be a
source for future occurrences of earthquakes.

6. Conclusion

The ground and airborne gravity data have facilitated the con-
struction of a crustal thickness model of Botswana, which has enabled
us to study the crustal architecture beneath the thick Kalahari cover.
The results revealed a relatively thin crust (35–40 km) in the Okavango
Rift Zone and sedimentary basins, and a thicker crust (41–46 km) in
cratonic regions and orogenic belts. The average thicknesses of the
tectonic terranes in Botswana are within the average range of crustal
thicknesses in Africa, and are comparable to the seismically derived
crustal thickness model of Botswana produced by Fadel et al. (2018).
The crustal structure revealed localized regions of relatively thin crust
in cratonic regions between two regions with thicker crusts. One such
thinned region is the Moiyabana Epicentral Region of the April 3rd,
2017, Botswana earthquake. The crustal thickness lateral variations are
consistent with the fault geometry, shallow CPD and elevated heat flow
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in the Moiyabana Epicentral Region. The thin crust in the Moiyabana
Epicentral Region was suggested to have occurred due to erosion of the
lower crust as the result of thermal fluids movement from the mantle of
the East African Rift System and a persistent local stress regime acting
on the region. We proposed that the combined effect of the presence of
a thin crust, thermal fluids, elevated heat flow, and its similarity to a
predicted local stress regime in the Moiyabana Epicentral Region along
the cratonic edges and a deep seismic source contributed to the oc-
currence of the Botswana earthquake. It is suggested that the region is a
possible tectonic extension zone that could lead to future occurrences of
earthquakes.
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