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Abstract

On the 3" of April 2017, an earthquake of moment magnitude 6.5 occurred
near Moiyabana in central Botswana. This paper is aimed at studying the spa-
tial distribution of the foreshock and aftershock sequences associated with the
Moiyabana earthquake. The foreshocks and aftershocks data used were from
the Botswana Geoscience Institute (BGI) and the Seisan software was used to
analyze the foreshock and aftershock events. The analyses revealed nine epi-
center locations of foreshocks which are spread out across the country and
most of them are located in the central and southern parts of Botswana, while
the aftershocks are clustered around the mainshock. Although five of the nine
foreshocks occurred far from the boundaries of major tectonic units, the oth-
er four occurred near key features such as the Zoetfontein, Lecha and Chobe
faults. The spatial distribution of aftershocks indicates that the stress released
by the mainshock, re-activated the planes of weakness in the vicinity of the
mainshock and farther away from the mainshock. Hence, this affected the
Zoetfontein fault, the boundary between Passarge basin and Magondi belt
and the boundary between the Kaapvaal craton and Limpopo mobile belt.
The aftershocks also show a northwest-southeast trend, which probably indi-
cates the rupture plane; and mainly lie within the Limpopo mobile belt that is
sandwiched between the Kaapvaal craton to the south and Zimbabwe craton
to the north. Furthermore, the aftershocks concentration to the south reveals
a close relation in demarcating the boundary of the Kaapvaal craton and the
Limpopo mobile belt.
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Zimbabwe Craton

1. Introduction

An earthquake or tremor is the sudden movement of the ground caused by the
rapid release of energy that has accumulated along fault zones in the earth’s
crust [1]. Seismographs are the primary instruments used by seismologists to
study earthquakes. Although earthquakes can be very destructive, they play a vi-
tal role in studying the interior of the earth. Seismologists have adopted two
widely used scales, which are the Richter scale and Mercalli scale, to measure the
energy released by an earthquake [1]. The Richter magnitude is widely used be-
cause it can be computed within a few hours of an occurrence of an earthquake
but it underestimates the size of the largest earthquakes hence the moment mag-
nitude, M, based on the seismic moment has been introduced [2].

According to [3], the largest earthquakes occur in a seismic cycle in which the
interseismic stage makes up most of the cycle and steady motion occurs away
from the fault, but the fault is “locked”. Prior to rupture, there is the preseismic
stage that can be associated with foreshocks (small earthquakes). The mainshock
(large earthquake) marks the coseismic phase during which rapid motion on the
fault generates seismic waves [3]. Aftershocks form the postseismic phase which
is the last part of the cycle that occurs after the mainshock. Foreshocks can indi-
cate the buildup of strain in an area and a number of them might warn of an
impending earthquake [2]. Any aftershocks will be along the fault plane and are
believed to reveal the rupture plane because most of them lie on a plane that also
includes the mainshock [2]. Earthquakes are thought to trigger aftershocks ei-
ther from the dynamic effects of their radiated seismic waves or the resulting
permanent static stress changes [4].

The main aim of this study is to use data recorded by the Network of Auto-
nomously Recording Seismographs (NARS) project to understand the spatial
distribution of epicentres of foreshocks and aftershocks associated with the
Moiyabana earthquake that occurred in central Botswana on the 3™ April 2017.
The mainshock had a moment magnitude, M,, of 6.5 as shown in Figure 1 and
occurred at a depth of about 29 km [5]. The Moiyabana earthquake had an obli-
que normal faulting mechanism [5]. This is the third largest earthquake with
magnitude greater than 6 to be instrumentally recorded in Botswana and the
first largest in central Botswana where the continent is generally stable. The oc-
currence of large earthquakes in stable continental regions is a rare phenomenon
and it is relatively not understood [5]. Plotting the hypocentral location of after-
shocks is particularly useful since the spatial distribution of aftershocks within
the first days will show the extension of the ruptured surface [6].

The paper is organized in the following way. We start with a brief summary of

the geology and seismicity of Botswana; which is followed by a brief description
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Figure 1. Schematic geologic map of Archean terranes in Botswana based on compilation
of maps and information [5].

of the methodology used. The seismic event parameters of both foreshocks and
aftershocks and their spatial distributions are then presented; and finally the

discussions and the conclusions are given.

2. Brief Geology of Botswana

The geology of Botswana is generally obscured by Cretaceous (145 - 66 million
years ago (Ma)) to recent Kalahari beds, consisting mainly of Aeolian sands.
Archean (4000 - 2500 Ma) and Paleoproterozoic (2500 - 1600 Ma) rocks occupy
the eastern part of the country [7]. A sequence of Mesoproterozoic (1600 - 1000
Ma) and Neoproterozoic (1000 - 541 Ma), northeast-striking rocks that are
continuation of Proterozoic rocks of Namibia, cross into western Botswana [7].
Karoo sediments, mainly of continental-fluvial origin and thick basaltic lavas
overlie Precambrian rocks in the east of the country. The Archean Kaapvaal and
Zimbabwe cratons (Kalahari craton) form the nucleus of the crust beneath
Botswana. The oldest high grade metamorphic rocks are found in the Kaapvaal
craton. It is characterized by the occurrence of gneissic granitoids and associated
greenstone belts [8] [9].

Geophysical surveys have shown that the ironstone formations and associated
amphiboles of the Kraaipan Group extend for ~50 km northwards. The gneisses
and granitoids are separated by a west northwest orientated shear zone. The gra-
nites associated with the Kaapvaal craton are the youngest rocks and they were
emplaced at about 2780 Ma, these include the Gaborone granite and the Lobatse
group volcanics just to name a few [9]. The Zimbabwe craton is a granite and
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greenstone terrane. There is a series of porphyritic granites and migmatites that
underlie the Tati-Vumba greenstone belts that are in turn overlain by layered
gneisses, with the Tati greenstone belt having a greater volume of early gneissic
granites than any other greenstone belt. A major north-northeast oriented fault
is with the formation of new greenstone belts west of Maitengwe [9].

On the western zone of the Limpopo belt, occurs the Shashoko Hiatus, this is
a major structure that separates the Zimbabwe craton from the Shashe mobile
belt [9]. This is an extensive migmatite terrane that underlies the Vumba green-
stone belt, the occurrence of gneisses and porphyritic granite. The Kaapvaal and
Zimbabwe cratons are sutured together by the Archean and Paleoproterozoic
Limpopo belt. This belt was the result of the collision of these two cratons and it
is associated with highly metamorphosed granite-greenstone and granulite ter-
ranes [10]. Limpopo belt is subdivided into four tectonic zones which are the
western, northern, central and southern marginal zones. The Northern Marginal
Zone does not extend into Botswana while the western marginal zone is mostly
exposed in Francistown. It comprises of a tectonic mixture of lithologies domi-
nated by strongly deformed meta-magmatic rocks.

The central zone is associated with major fold structures that trend north-
south while the southern zone has an east-west structural trend [9]. According
to [9], the latter zones are associated with banded gneisses, meta-sedimentary
rocks and amphibolites although the central zone has more diverse lithologies.
The largest belt is the Kheis-Okwa-Magondi belt and it is bound by the Kalahari
suture zone (KSZ). It runs from southwest to northeast Botswana [8]. The Kheis
is associated with siliclastic rocks [11] whereas the Okwa is a magnetic feature
lying northeast of the Kheis province and central part of Botswana. Exposures of
this belt are in the Okwa valley and it comprises of deformed mafic and felsic
magmatic rocks which are in fault contact with a number of supracrustal units.
These are dated at about 2050 Ma [9].

The Magondi belt is a magnetic belt which is located on the northeastern part
of Botswana and it is buried by the Karoo and Kalahari sediments. It is exposed
in the Sua pan area and it is mostly comprised of an un-deformed granite
(younger) and older migmatites which is dated at 2.0 giga years ago (Ga) [9].
Figure 2 shows the Kalahari craton, Limpopo mobile belt and other tectonic
units of Botswana, the mainshock occurred along the junction of the Limpopo
mobile belt and the Kaapvaal craton (Figure 1) in the Central Kalahari Game
Reserve (CKGR) near the Moiyabana village.

Moiyabana is located in the central part of Botswana within the Limpopo belt.
The Limpopo belt is sandwiched between two Archean cratons, which are the
Kaapvaal and Zimbabwe cratons. The Limpopo belt was formed by a series of
tectonic, magmatic and metamorphic events [12]. The Limpopo belt is divided
into three tectonic domains based on structural, lithological and metamorphic
arguments. These tectonic domains are the northern marginal zone (NMZ), the

central zone (CZ) and the southern marginal zone (SMZ) and they are bounded
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Figure 2. The major structural features and tectonic units in Botswana [12] [13] [14].

by ductile shear zones [13]. The age of the tectonic events that led to the forma-
tion of the Limpopo belt is not well known [13]. The tectonic domain of the
Limpopo belt that is exposed in Botswana is the central zone and is sub-divided
into four litho-stratigraphic complexes: the Semolale complex, the Phikwe com-
plex, the Baines drift complex and the Mahalapye complex and in most cases, the
margins of these complexes coincide with tectonic discontinuities [13] and the

Mahalapye complex is where Moiyabana is located [15].

3. Seismicity of Botswana

Seismicity is the frequency of occurrence of earthquakes in a region and Bots-
wana is generally characterized with a low level of seismicity, this is because it is
located on the Kaapvaal and Zimbabwe cratons [13] [16]. These cratons are old

and stable parts of the continental lithosphere and Archean rocks are the oldest
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rocks known on Earth [17]. Earthquakes with a magnitude greater than 7 are
rare across southern Africa and seismic activity in southern Africa is mostly as-
sociated with the East African Rift System (EARS) [10]. Before 1949, Botswana
was not recognized of having any seismic activity because there were no seismic
networks to monitor seismic activity in Botswana. According to [16] [18] between
1949 and 1951 the first modern seismographic network was set up in South
Africa, and it was during this period that seismic activity in Botswana was first
recognized.

Most of Botswana’s historical seismic activity has predominantly been expe-
rienced in the Okavango Delta Region (ODR) [12] [16]. According to [19], the
delta is a result of tectonic activity since the Cretaceous as extensional forces
caused the development of the main Gumare and Thamalakane faults. A major
seismic swarm was observed in the ODR between 1951 and 1953, which culmi-
nated in Richter magnitudes 6.1 and 6.7 events on 11 September and 11 October
1952, respectively [16] [18]. These earthquakes were the first two large earth-
quakes to be instrumentally recorded in Botswana and resulted in the start of
seismic monitoring in Botswana [16]. According to a study by [12] within 1966-
1983, the main area of seismicity was the ODR and the seismicity was highest
along the south eastern edge of the delta with association to the NE-SW striking
faults. However, this is not the only area that is seimically active, other parts of
the country like the southern, eastern and central parts show a certain level of
seismicity, with the south western part showing the highest micro-seismic activ-
ity [12].

In 2013, a temporary seismic network was set up around Botswana in order to
get a better understanding of the structure of Botswana’s crust and seismicity
and this network was named the NARS project and it consisted of 21 broadband
seismic stations [8]. These stations added to the already existing Botswana Seis-
mological Network (BSN) and two seismic stations in Maun from Africa Array
(AA) and the LBTB from the Global Seismic Network (GSN) [8] [16]. This
temporary network was a collaboration project done by seismologists from the
University of Utrecht, University of Twente, Botswana Geological Survey (now
Botswana Geoscience Institute (BGI)) and the AA team. In March 2018, the sta-
tions were officially handed over to the BGI and these stations formed part of the

BSN and are used to monitor seismic activity in Botswana.

4. Methodology

In this study, the data used was recorded by the NARS project with station dis-
tribution shown in Figure 3. The NARS database was searched for seismic
events starting with the month of 1% December 2016 through to 2™ April 2017 to
identify possible foreshock events for a period of 4 months associated with the
Moiyabana earthquake that occurred in central Botswana on the 3™ April 2017.
Meanwhile, the aftershock data mostly covers the first few days and a few
months after the mainshock. This network was not biased to any portion of the
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Topography (m)

Figure 3. The NARS network in Botswana [8].

country unlike the previous network that was in the ODR [16] hence best suited
to understand the seismicity of Botswana.

The Seisan earthquake analysis software by [20] was used to analyze both fo-
reshock and aftershock events. However, the velocity model used in this analysis
is the regional model BPI1 by [21]. This is a model that was derived from a study
that was carried out to better understand the crust and upper mantle to depths
of 320 km beneath southern Africa using P waves generated by regional events
and mining induced events [21]. In this study, only first arrival P phases were
used because using all available phases is heavily dependent on the velocity
model employed. However, the P wave first arrivals based solution is least influ-
enced by errors in the velocity estimate used since it only assumes that the veloc-
ity model is the same for all the stations. Although, the preference was to pick
phases on unfiltered seismograms, in some of the seismograms the first arrivals
were not very clear due to noise (unwanted vibrations) hence a bandpass filter
with a frequency range of 1 - 5 Hz was used to remove the noise. The events fil-
tered were those found to have residuals outside the range of £1 s and this was
applicable to both the foreshock and aftershock events.

Seismic Events Parameters

The analysis yielded a total of 30 good seismic events (recorded by several sta-
tions and with good GPS timings) of which 9 were foreshocks and the remaining
21 were aftershocks. These were tabulated as shown in Table 1 and Table 2. The
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Table 1. Foreshock events parameters.

Origin Time (Local  Latitude Longitude Magnitude Depth

Event Date  lime) (hrminsec)  (°S) (‘E) My  (km)
F1 2016/12/16 16:09:47.0 -24.51 24.74 2.6 0.9
F2 2016/12/17 00:39:34.0 -21.30 21.40 2.7 1.2
F3 2016/12/21 13:48:56.0 -18.70 21.40 2.4 15
F4 2016/12/29 13:56:30.0 -20.60 26.20 2.5 -
F5 2017/01/02 19:48:09.0 -19.50 23.83 3.3 16.6
F6 2017/02/17 14:39:54.0 -23.50 24.70 1.8 0.1
F7 2017/03/10 16:01:17.0 -22.90 22.20 2.8 0.1
F8 2017/03/14 17:16:37.0 -22.10 25.40 - -
F9 2017/03/21 15:06:55.0 -19.20 23.20 - -

NB: Dashes indicate parameters which could not be resolved due to insufficient stations or noisy data.

Table 2. Aftershock events parameters.

Bvent Date Origin Time (Local  Latitude Longitude Magnitude Depth

Time) (hr:min:sec) (°s) (°E) (Mp) (km)
Al 2017/04/03 20:11:24.8 -22.69 25.12 4.8 12.1
A2 2017/04/03 20:38:13.1 —22.66 25.30 3.7 7.3
A3 2017/04/03 22:27:59.9 -22.72 25.20 3.6 1.0
A4 2017/04/04 01:16:23.5 -22.69 25.30 3.7 1.8
A5 2017/04/04 02:57:00.0 —22.66 25.02 2.8 8.0
A6 2017/04/04 06:19:22.0 -22.72 25.20 3.8 9.5
A7 2017/04/04 11:31:59.5 -22.97 25.61 3.5 0.9
A8 2017/04/04 11:59:45.9 -22.79 25.15 4.1 0.1
A9 2017/04/04 20:53:04.6 —-23.02 25.44 4.2 1.1
Al0 2017/04/04 21:41:56.8 —22.66 25.08 4.0 18.0
All 2017/04/05 02:55:51.7 —22.55 25.06 53 0.1
Al2 2017/04/05 04:48:24.0 -23.01 27.63 3.7 0.1
Al3 2017/04/06 09:33:52.0 -22.63 25.63 4.4 21.6
Al4 2017/04/07 04:08:19.8 —22.62 25.09 3.8 0.1
Al5 2017/04/07 23:08:41.9 -22.89 25.29 3.7 7.0
Al6 2017/04/08 18:21:51.3 -21.91 23.88 33 12.6
Al17 2017/04/08 19:31:30.2 -22.81 25.24 3.6 27.6
Al8 2017/04/08 21:55:33.2 —22.57 25.06 4.8 14.2
Al19 2017/06/21 09:10:32.8 -22.70 25.24 4.4 8.2
A20 2017/07/04 13:37:07.7 -22.71 25.06 4.8 6.7
A21 2017/08/12 04:37:48.0 -23.62 25.68 4.9 33
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spatial distribution of epicenters of the foreshocks and aftershocks denoted with
letters F and A, respectively, was displayed on Google Earth in relation to the
mainshock (ME) as shown in Figure 4. The aftershocks were numbered accord-
ing to the time of their occurrence; hence A1 would be the first aftershock to be
recorded in the database relative to the ME.

5. Discussions

The foreshock activity could likely be dominated by the background seismic ac-
tivity because we assumed that since Botswana has generally low seismicity then
the background activity is rare hence an event that occurs before the ME is more
likely to be a foreshock. From Figure 4, the foreshock events have a non-uniform
and relatively random distribution across Botswana but no foreshocks occurred
in the southwestern part of the country. Events F3, F5 and F9 occurred around
the Okavango Delta, which is known to have the most historical seismic activity
in the country. To view the pattern of the foreshocks, those close to within a 300
km radius to the mainshock (ME) are events F1, F4, F6 and F8 (Figure 4). These
foreshock events form a linear pattern that is trending NE-SW which is consis-
tent with fault zones within the ODR. The proximity of foreshocks F6, F7 and F8
to the ME probably indicates that foreshock events migrate slowly toward the
ME as time increases toward the time of the ME.

To determine the contribution of major fault zones and tectonic units in the
activation of the foreshocks, Figure 5 was produced and from this figure, most
of the foreshocks are far from any of the major faults and boundaries of the tec-
tonic units. The foreshocks that are closest to the ME are events F6 and F8 which
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Figure 4. The spatial distribution of epicenters of the foreshocks and aftershocks on Google Earth.
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Figure 5. Google Earth map of foreshock and aftershock epicentres overlain with a map of major structural fea-
tures and tectonic units in Botswana (Modified after [12]).

can be associated with the Zoetfontein fault and the Zimbabwe craton-Limpopo
mobile belt junction, respectively. However, foreshock events F1, F5 and F9 are
relatively close to some of the major fault zones in the country. Events F1 and F6
are also close to the Zoetfontein fault whereas in the ODR, event F5 is near the
Lecha fault and event F9 is relatively close to the Chobe fault. Foreshock activity
in Figure 4 does not reveal any clustering around the mainshock, although ac-
cording to [22], the mainshock was preceded by two foreshock swarm-like se-
quences.

From Figure 4, the spatial distribution of aftershock epicentres shows that a
majority of them occurred within a close proximity to the ME (a total of 19 af-
tershock events plotted close to the ME). These events can be used to understand
the general direction of propagation of the aftershocks on a local scale (within
the area of the ME) since they are at close proximity to the ME. The remaining
aftershocks (A12, A16 & A21) plotted further away and at an average distance of
approximately 240 km from the ME. These three events can be used to relate
them to the regional tectonics of central Botswana. The largest aftershock in Ta-
ble 2 is event A1l that occurred on the third day following the ME. This after-
shock had a magnitude of 5.3 that results in a difference of 1.2 with that of the
ME and hence, validates Bath’s law which states that the average difference in
magnitude between a mainshock and its largest aftershock is 1.2, regardless of
the mainshock magnitude [23]. Foreshock and aftershock activity occurred at
shallower depths compared to that of the ME as shown in Table 1 and Table 2.

According to [5], the Moiyabana earthquake occurred in an area not associ-
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ated to any active fault systems. Therefore, to come up with a better interpreta-
tion on the propagation of the aftershock events with respect to the mainshock,
the aftershock epicentres were also overlain with the tectonic map of Botswana
as shown in Figure 5. This was an attempt to identify any possible propagation
associated with the regional tectonics of central Botswana. The spatial distribu-
tion of aftershocks in Figure 5 shows that most aftershocks are trending in a
northwest-southeast direction and this probably indicates the rupture plane of
the Moiyabana earthquake. A previous study by [10] suggests that two fault
planes link the mainshock and the aftershocks. In addition, most aftershocks
mainly lie within the Limpopo mobile belt that is sandwiched between the
Kaapvaal craton to the south and Zimbabwe craton to the north. Furthermore,
the aftershocks concentration to the south reveals a close relation in demarcating
the boundary of the Kaapvaal craton and the Limpopo mobile belt.

The propagation of the aftershocks in relation to the mainshock confirms the
existence of faults identified from aeromagnetic data by [15] and also suggests a
possibility of the presence of unmapped faults that link the mainshock and the
aftershocks. In addition, the aftershock events agree well with the study by [12]
that the central part of Botswana is also one of the areas with an increased seis-
mic activity compared with the northern part where the ODR is located. These
aftershocks probably indicate that after the mainshock, the release of stress
re-activated the pre-existing planes of weakness in the vicinity of the ME and
farther away from the ME. This is evidenced by the clustering of events along the
Kaapvaal craton-Limpopo mobile belt junction and the presence of events A16
and A21, that occurred at the Passarge basin-Magondi belt boundary and along
the Zoetfontein fault, respectively. Hence, indicating that the aftershocks also re-

flect the large-scale tectonic processes in central Botswana.

6. Conclusion

The spatial distribution of foreshock events associated with the Moiyabana
earthquake reflects a relatively random distribution of epicentres across Bot-
swana; most likely this suggests triggered seismicity. However, the spatial distri-
bution of aftershock events coincides with major structural features and reflects
the large-scale tectonic processes within central Botswana. Most aftershocks are
clustered within the Limpopo mobile belt which is sandwiched between the
Kaapvaal and Zimbabwe cratons. The propagation of the aftershocks is attrib-
uted to the re-activation of pre-existing planes of weakness mainly along the
Kaapvaal craton and Limpopo mobile belt junction. The spatial distribution of
the aftershock events suggests that they occurred within the same fault plane as
the mainshock. Both foreshock and aftershock events reflect the re-activation of
the Zoetfontein fault, a regional fault in southern Africa. This study confirms
that the central part of Botswana is seismically active. Finally, the spatial distri-
bution of foreshock and aftershock events allows for a better understanding of

the seismic hazard associated with the different regions.
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