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Abstract

The 3 April 2017 Mw 6.5, Moiyabana (Botswana) earthquake occurred in the continental
interior of the Nubian plate and in a seismogenic region previously considered as stable. Our
objective is to combine several approaches (field and remote sensing investigations) in order
to adopt a multidisciplinary strategy so as to enhance our understanding of earthquake
occurrence in intraplate southern Africa. We analyse the mainshock and aftershocks sequence
based on a local seismic network and local seismotectonic characteristics. The earthquake
rupture geometry is constrained with more than 900 aftershocks recorded over a period of
three months and from the InSAR analysis of Sentinel-1 images (ascending orbit). The
mainshock (25.134 E, 22.565 S; depth 22 + 3 km) was followed by more than 500 events of
magnitude M > 0.8 recorded in April 2017 including the largest aftershock (Mw 4.6 on the 5
April 2017). Focal mechanism solutions of the mainshock and aftershocks display
predominance of NW-SE trending and NE dipping normal faulting. Stress inversion of the
focal mechanisms produced results that are compatible with a NE-SW extension under
normal faulting regime. The InSAR study shows fringes (a pair of ascending images 2017-
03-30 and 2017-04-11) with two lobes with 3.86 cm to 5.15 cm coseismic slip on a NW-SE
elongated and 40-km-long surface deformation consistent with the mainshock location and
normal faulting mechanism. The modelling of surface deformation provides the earthquake
rupture dimension at depth with ~ 50 cm maximum slip on a fault plane striking 315°,
dipping 45°, -80° rake and with M, 3.68 x 10'® Nm. Although the seismic strain rate is of low
level, the occurrence of the 2017 Moiyabana earthquake, followed by an aftershock sequence

in the central Limpopo Mobile Belt classifies the intraplate region as an active plate interior.

Keywords: Seismotectonics, Earthquake, Fault, deformation, mainshock, aftershock
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1 Introduction

Continental interiors are often considered as regions of low level of major earthquakes
mostly because their earthquake catalogue is limited in time. Amid continental domains,
intraplate southern Africa is classified as a Stable Continental Region (SCR) where the build-
up of tectonic stresses is slow (e.g., < 8 nanostrain/yr.) and hence considered as among the
Earth’s least seismic active regions (Stamps et al., 2014; Njoroge et al., 2015; Saria et al.,
2014; Johnston, 1996a, 1996b). Although the tectonic and seismicity strain rates are rather
low (about 1 nanostrain/yr.) in intraplate southern Africa (the seismotectonic characteristics
at the continental scale reveal the existence of active zones crossing the presumably stable
African shields (Fig. 1; Hartnady, 1990; Meghraoui et al., 2016). Large earthquakes do occur
in areas with no known major historical earthquakes, surface deformation or strain
accumulation, but their sources are poorly known. The short record of instrumental and/or
historical seismicity of these regions may preclude the full understanding of their
seismogenic characteristics and occurrence rate of large earthquakes.

The 3 April 2017 Moiyabana earthquake with magnitude Mw 6.5 (Fig. 1) occurred in
south-east Botswana, a region which is perceived as a stable continental tectonic domain with
apparently no significant evidence of seismic strain release (Fig. 1). The main shock (25.134°
E, 22.565° S, 26.5 + 2.5 km depth according to the Council for Geoscience (CGS), Pretoria;
Table 1) and aftershocks are located in a sparsely populated national park. Although the
earthquake was widely felt in Botswana, South Africa and Zimbabwe, no severe damage was
observed due to the low population density in the epicentral area (Midzi et al., 2018).
However, field investigations report slight structural damage with intensity of VI on the
Modified Mercalli Intensity scale (MMI-56) observed at about 14 km, 40 km (in a mine) and
90 km mainly west of the epicentral location. In addition, Midzi et al. (2018) observed N-S

3



73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

trending clusters of aftershocks recorded during the first month with a spatial and temporal
southward migration of seismic events. No strong seismic events have been reported in close
proximity to the 2017 Moiyabana earthquake area, except for the 1952 Okavango and 2006
Machaze earthquakes (M1.6.7 and Mw7.0, respectively)

Studies on the earthquake activity of continental interiors have been mainly developed in
the eastern United States and the New Madrid seismic zone (Hough and Page, 2011; Calais et
al., 2016), in eastern Canada (Bent, 1994), in Central Europe (Camelbeeck and Meghraoui,
1998), in intraplate India (Rajendran et al., 1996), in Mongolia (Chéry et al., 2001), and in
Australia (Crone et al., 1997; Clark et al., 2008). Intraplate deformation can be assessed by
the occurrence of strong earthquakes and identification of active tectonic structures in regions
far from plate boundaries. The rigidity and stability of the southern Africa shield is
questioned following the inferences from seismotectonic and geodetic studies that advocate
the existence of incipient rifting south and southwest of the continental East African Rift
(Fairhead and Henderson, 1977; Hartnady, 1990; Daly et al., 2020). Although GPS velocities
are significantly lower than 1 mm/yr., (Fig. 1; Malservisi et al., 2013; Saria et al., 2014),
different authors suggest that there might be a link between the 2017 Moiyabana earthquake
sequence and the EARS (Fadel ef al., 2020; Chisenga et al., 2020). The invoked reasons are
mainly the similarity between the normal faulting mechanism and related extensional tectonic
stresses (Fadel et al., 2020), the normal faulting activity of the EARS (e.g., the 22 February
2006 Mw 7.0 Machaze earthquake; Fenton and Bommer, 2006; Saunders et al., 2010) and the
Okavango rift basin (e.g., the 11 October 1952 Mw 6.7 earthquake; Modisi et al., 2000; Midzi
et al., 2018). Materna et al. (2019) imply that the occurrence of the 2017 event on the ancient
tectonic zone of the Limpopo Mobile Belt may be responding to the stress field imposed by

the EARS (Stamps et al, 2014).
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Figure 1: Seismotectonic background of southern Africa (light blue circles and red and white
CMT focal mechanism solutions (SM1)), as updated from Meghraoui et al., (2016). Black
circle is the location of the 3 April 2017 earthquake and its focal mechanism solution (black
and white, CMT-Harvard, https://www.globalcmt.org/CMTsearch.html). The green and white
focal mechanism is of the 23 February 2006 Machaze earthquake (Mw 7.0, Mozambique,
green circle). GPS velocities (Nubia fixed, yellow arrow with lo error ellipse) are from Saria

etal. (2014).
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Table 1: Source parameters of the 3 April 2017 earthquake from various seismological centres.

Seismological Long. Depth
Centre ) (km)

USGS (Wpha) 25.15 -22.678  6.19x10"® 6.5 235 343 44 -62

Lat. (°) Mo (Nm) My Strike Dip Rake

GFZ 25.22 -22.66 6.3x 10" 6.5 27 331 37  -73
Geoscope 25.15 -22.678 5.86x 10" 6.4 29 333 36 -72
CMT Harvard 25.21 -22.54 7.01x 10 6.5 30 332 41 -70
CGS (Pretoria)

Midzi et al. 25.134  -22.565 - 6.5 26525 340 46 -61
(2018)

This study

18
(InSAR) 25.134  -22.565 3.68x 10 6.4 22 £1.5 315 45 -80

In this paper, our objective is to better understand the earthquake generation processes
in the 2017 Moiyabana earthquake area using near-field seismology and active tectonics
coupled with remote sensing (geomorphic features and InSAR). Following the presentation of
the seismotectonic context and a summary of previous works on the 2017 Moiyabana
earthquake, we analyse the mainshock and aftershock sequence using the ~3-month records
of portable stations supplemented by the seismograms of the permanent Botswana and South
Africa seismic networks. The fault rupture geometry and focal mechanism solutions of the
2017 seismic sequence are determined along with the stress tensor distribution. Our InSAR
study (from Sentinel-1 images) of the earthquake area provides the coseismic surface
deformation, which coincides with the aftershock distribution and supports the inverse
modelling of the fault-rupture parameters. The fault rupture geometry obtained from the
seismic sequence and surface deformation is correlated with the composite fault escarpment
identified SE of the earthquake area. We finally discuss the driving mechanisms and

implications of the intraplate seismic activity and crustal deformation in southern Africa.
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2 Seismotectonic setting and previous works

The collision of the Archean Kaapvaal and Zimbabwe Cratons between 2.7 and 2.6
Ga led to the formation of the Limpopo Mobile Belt, which constitute the site of the 2017
Moiyabana earthquake (Roering et al., 1992; Brown et al., 2008; Begg et al., 2009). NW-SE
trending shear zones within the Limpopo Mobile Belt are well identified by Bouguer
anomalies (Ranganai et al., 2002). The E-W trending Zoetfontein fault zone south of the
earthquake location (Fig. 1.) developed in the lower Proterozoic era (Lekula et al., 2018).
Fourie et al. (2014) modelled the 380 m throw on the eastern part of the Zoetfontein zone and
Lekula et al. (2018) attributed the western part to a 200 m graben structure. The crustal
structure beneath cratons obtained from receiver functions and broadband seismic stations
characterize the Moho average depth at 38 km, which is considered as the thinnest crust in
the region (Nguuri et al., 2001) and may explain the ~30 km thickness of the seismogenic
layer (Midzi et al., 2018).

The occurrence of the 2017 Moiyabana, Botswana earthquake prompted several
works on its origin, driving mechanism, stress distribution and seismic strain accumulation.
Kolawole et al. (2017) used high-resolution aeromagnetic, gravity data and InSAR analysis,
and inverse modelling to investigate the Precambrian basement lithospheric structures and
concluded that the fault rupture follows a distinct NW striking and NE dipping magnetic
lineament within the Precambrian basement. Albano et al. (2017) show a model of the
coseismic fault from InSAR results and infer a 20- km-long rupture plane, dipping 65° to the

northeast, with a right-lateral component, and 2.7 m maximum slip at depth.
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Figure 2. a) Seismotectonic framework excerpt of the Seismotectonic Map of Africa (modified from
Meghraoui et al., 2016) with focal mechanism (CMT-Harvard) of the 2017 Moiyabana mainshock.
The red line is the inferred Khurutse fault scarp, cyan circles are background seismicity with
magnitude 4.5 <M <7.5; b) Structural geology background of the 2017 earthquake area (modified

from Brown et al., 2008). The mainshock is indicated by a yellow star.

Gardonio et al. (2018) provide a seismicity study coupled with InSAR results to infer
6 cm of subsidence, 10 km along the dip and 30 km along the strike of the fault and suggest
that the pore fluids pressure from a deep source at 29 + 4 km might be the cause of the 2017
event. Moorkamp et al. (2019) investigated the epicentral area with seismic velocity and
resistivity profiles and showed the collocation of a weak upper mantle and weak crustal
structure between strong Precambrian blocks. They also show that although the modelled
resistivity may indicate fluid activation on conductive structures, there is no evidence of the
fluid migrating upward or a tectonic structure presenting to be the source of the 2017
Moiyabana earthquake within the vicinity. Fadel et al. (2020) suggest a link with the EARS
by modelling the 3D crustal and upper mantle shear wave velocity structure of Botswana and
concluded that the rift can be the source of a fluid driven from ~150 km depth of the north-

eastern tip of Botswana to migrate to the edge of the Kaapvaal Craton and the earthquake
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area. Chisenga et al. (2020) modelled the Bouguer gravity and produced a high-resolution
crustal thickness map of Botswana which suggests a correlation of the earthquake activity
with the thermal fluid and elevated heat flow from EARS. Thomas (2020) also used the
analysis of Sentinel images and provided an interferogram that suggests 9 to 10 cm total
coseismic slip at the surface. Finally, Olebetse et al. (2020) studied foreshock and aftershock
events recorded by the Botswana seismic network and suggest a correlation with local
geological structures of the Kaapvaal Craton and Limpopo mobile belt. Although no field
investigations were conducted after the mainshock, most studies correlate the 2017 seismic
sequence with the tectonic reactivation in the Limpopo Mobile Belt due to thermal fluids and

elevated heat flow linked to the EARS.

3 Mainshock and Aftershock Analysis

The mainshock of 3 April 2017 with Mw 6.5 was reported by several international
seismological centres (Table 1) but the South African National Seismograph Network
(SANSN) provided the most accurate location, as their seismic stations are in close proximity
to the source. The epicentre location of the SANSN (Council for Geoscience, Pretoria) also
includes data from the Botswana seismic network (Fig. 3). The largest aftershock with
magnitude Mw 4.6 occurred west of the mainshock on 5 April 2017 at a much shallower
depth (~10 km) than the mainshock.

Following the mainshock, an aftershock sequence was recorded from 8 April to 29 June
2017 by a temporary network and shows more than 900 earthquake records. Aftershocks that
occurred prior to 8 April 2017 (i.e., date of installation of the temporary network as presented
in Figure 3) and recorded by the Council for Geoscience (CGS) together with the Botswana
Geological Institute (BGI) are excluded in our initial seismic sequence analysis (Figs. 5 a and

b) due to fixed depth values (see figure in SM2). This early aftershocks-sequence consists of

9
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65 events reaching Mi4.1 with a fixed constant 5-km-depth. The fixing of earthquake depths
by the CGS is done in their routine seismic data analysis, as the sparse nature of the network
makes it difficult to confidently determine depth values. The record of the seismic sequence
(that benefited from the collaboration between seismic networks of the CGS and the BGI)
includes seismic events with magnitude as low as My, 0.8 with a decrease of daily occurrence
rate from 101 to 20 seismic events within the first month of record (Midzi et al., 2018).
Following the mainshock, the seismicity decay obtained from the daily number of aftershocks

conforms to the Omori’s law (Fig. 4; Utsu et al., 1995).
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Figure 3. Seismic stations which recorded the mainshock (black star) and aftershocks. Focal

mechanism is from Harvard CMT. The seismic stations in cyan triangles are managed by
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Botswana Geoscience Institute and black triangles by Council for Geoscience. Portable seismic
stations (red triangles) were temporarily installed and recorded aftershocks from the 8th of April to

the 29th of June 2017. The inset image shows the location of Figure 3 in red square.
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Figure 4. Daily number of seismicity recorded from the 3™ of April to the 29" of June

2017.

The initial earthquake locations were obtained using the modified HYPOCENTER
program (Lienert ef al., 1986; Lienert and Havskov, 1995) in the SEISAN software package
(Ottemoller et al., 2018). This method utilises the interactive, least squares method to
determine the location of the earthquake. The three-layer velocity model developed for South
Africa (Midzi et al., 2010) was used in the location process (Table 2) resulting, on average,

with epicentral and depth uncertainty of 1.5 km and 2.5 km, respectively.
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Table 2: Velocity model used in aftershock locations (Midzi et al., 2010).

Modified depth to top of layer (km) P-wave velocity (km/s)

0.00 5.80
20.00 6.50
38.00 8.04

The initial location of seismic sequence shows two clusters with a NNW-SSE trending
western dense aftershock distribution and a N-S trending but sparse eastern aftershock
sequence (Fig. 5a). The western aftershocks cluster includes the mainshock and largest
aftershock whilst the eastern aftershock sequence, which is located about 20 km further east,
includes one of the largest aftershocks with a magnitude My 4.2. The depth cross-section of
the aftershocks shows the two clusters with a depth distribution of seismic events between 7
and 30 km for the western sequence, and between 4 and 12 km for the eastern aftershocks
(Fig. 5b). The aftershocks also show a significant temporal eastern migration with the
occurrence of the eastern seismic sequence mostly in June 2017 (Fig 6a). Fig. 6b illustrates
the frequency of aftershocks versus the magnitude within the three months when temporary
stations were deployed. The activity rate and b-value are 3.8 and 0.78, respectively, and we
note the gap of earthquake magnitude between 4.6 and 6.5, implying that the Mw 6.5 event is

a characteristic earthquake.
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sequence, as indicated by the T-symbols in Fig. 5(a), recorded by temporary network from 8
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earthquake sequence.

In order to provide a complete description of aftershock distribution and improve their
location and depth, the earthquakes were relocated using a double difference approach as
implemented in the HypoDD program (Waldhauser and Ellsworth, 2000). In this seismicity
analysis, we do not include aftershocks that occurred prior to the 8 April 2017 due to the
distant location (> 150km) of seismic stations. The double difference approach uses cross-
correlation between earthquake pairs to extract differential travel times from seismic stations.
The cross correlation needs to occur from at least two seismic stations to further constraint
the earthquake location. When a seismic station is not part of a pair, it does not contribute to

further constrain the seismic source location. The computation reduces random noise in data
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by suppressing strong signatures of station geometry and allows a better location of the
seismic source.

The HypoDD subprogram ph2dt is used to process first the seismic events into pairs,
minimizing the RMS residuals between the observed and calculated travel time differences of
P and S waves at same stations. 699 out of over 900 aftershocks were selected to be relocated
considering the quality readings of P and S seismic waves, resulting in 1398 travel times. In
this approach, we also consider the velocity model of Table 2, Vp/Vs ratio of 1.74. The
aftershock analysis is made within the 50 km distance of the seismic sequence and at a
maximum 170 km station distance, while previous studies of Midzi et al. (2010) provide the
P-wave velocity 1-D model. The relocated earthquakes shown in Figs 7a and b are obtained
from the double difference approach as implemented in the HypoDD program (Waldhauser
and Ellsworth, 2000). The stability of the relocated solutions is satisfactory because six
portable seismic stations are close to or within the aftershock sequence area and the P and S
wave arrivals times allowed for an average 8500 iterations. Following the relocation process,
the aftershocks distribution clearly shows the accurate concentration of seismic events in the
seismogenic layer and upper crust (see figure in SM3). After relocation, most of the
seismicity is located between 8 and 32 km depth, with most of arrival time RMS between 0.1
and 0.3 seconds (Fig. 7¢). Taking into account the velocity model of Table 1, the depth

uncertainties range between 0.7 and 2.1 km.
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Figure 7. a) Spatial distribution of aftershock locations obtained after relocation. Focal

mechanism solutions of the mainshock and main aftershock are from CMT Harvard. The

dashed line is the coseismic rupture tip inferred from the aftershocks at depth (Fig. 7b) and

the analysis of InSAR fringes of coseismic surface deformation (see section on InSAR

analysis). b) Aftershock sequence cross-section, as indicated by the T-symbols in Fig. 7(a),

after relocation. Focal Red lines are the blind coseismic ruptures inferred from the
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mainshock and aftershocks sequence; the black arrow locates InSAR fringes of coseismic

surface deformation (see section on InSAR analysis).
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Figure 7. ¢) RMS versus depth after relocating the aftershock sequence.

Relocated events better show the clustering at depth (Fig. 7b). In the cross-section of
Fig. 7(b), the western sequence of aftershocks shows sub-clusters between 10 and 30 km
depth suggesting two conjugated fault ruptures. The eastern seismic cluster sequence appears
at shallower depths (mostly between 5 and 15 km) and more clustered than in the SEISAN
locations. They are well aligned marking a high angle west dipping rupture plane (Fig. 7b).
The aftershock distribution and geometry of the inferred fault-ruptures at depth imply a

graben-like tectonic structure within this part of the Limpopo Mobile Belt.
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4 Focal Mechanism and Stress Inversion

The 2017 mainshock ruptured along a buried fault, which was not previously mapped.
Therefore, any information on source geometry and stress orientation in the epicentral area is
vital in understanding the driving mechanism. Focal mechanism solutions were calculated to
indicate the maximum compressive horizontal and vertical stresses (Zoback and Zoback,
1989; Delvaux, 1993; Manzunzu et al., 2017). The focal mechanism solutions for 46 selected
aftershocks were computed based on first-motion polarities of P-wave (Ross et al., 2018),
using FOCMEC module in the SEISAN software package (Ottemoller et al., 2018). The
degree of search varies from 2 to 20 degrees for different aftershocks. The focal mechanism
solutions are shown in Fig. 8 and parameters are listed in SM4. The selected seismic events
were those with signal to noise ratio above 2.0 and recorded by at least 5 stations with clear

polarity readings.
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Figure 8. Focal mechanism solutions of 46 selected seismic events (see also Table SM4).
Solutions are Schmidt lower hemisphere, the numbers above the solutions give the local
magnitude. Aftershock locations are as in Fig. 5(a). Mechanism of mainshock (in red) is from

Harvard CMT (https://www.globalcmt.org/CMTsearch.html).
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Focal mechanisms of aftershocks show normal faulting and few oblique mechanisms
(Fig. 8 and Table in SM4). The mainshock and largest aftershock show normal faulting
mechanism, with roughly NE and SE dipping nodal planes at 41° and 42°, respectively. The
2017 Moiyabana earthquake sequence occurred in an area with no known seismic history,
therefore the stress regime is also poorly known. Focal mechanisms of mainshock and 45
aftershocks provide the opportunity to obtain information on the kinematic of faulting
through stress inversion. For this purpose, two methodologies were used to conduct the stress
inversion of the focal mechanisms compiled in this study: the improved right dihedron
method (Angelier and Mechler, 1977) and the iterative rotational optimisation method as
applied in the WinTensor program (Delvaux 1993; Delvaux and Sperner, 2003).

The dihedron method provides an initial approximate stress tensor that is then used as
the starting solution for the rotational optimisation method (Delvaux and Barth 2010).
Delvaux and Sperner (2003) implemented the rotational optimisation method as an iterative
method that can be applied to minimise the misfit between data and model function for each
earthquake. During optimisation, only the solutions which are compatible with the lowest
misfit are utilised for stress inversion. Out of the 46 focal mechanisms (92 nodal planes) from
the database, 30 (60 nodal planes), as well as 14 (28 nodal planes) are compatible with a NE-
SW extension under normal faulting regime (Fig. 9). The later analysis with 14 focal
mechanisms is performed to test the results after optimising the dataset further for more
compatibility.

The locations on a normal fault system along NW-SE trending shear zones of the
Limpopo Mobile Belt show the influence of the geological background. Most of aftershocks
are characterized by average NW (340°) striking with NE dipping fault planes, consistent
with the stress distribution and NE-SW extension. The predominant normal faulting

mechanism indicates an extensional neotectonic regime in the epicentral area.
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Figure 9. Stress inversion of 2017 earthquake aftershocks obtained from the WinTensor
programme of Delvaux and Sperner (2003). Schmidt diagrams show nodal planes (black
lines), with Left: Solution from 30 focal mechanisms taking into account all solutions, Right:
Solution from 14 focal mechanisms with similar strike, dip of fault planes and slip vectors
(black arrows). The stress tensor distribution (cyan circles) with 0l in red circle, 02 in
triangle, 03 in square, indicates 220°N and 216°N as the main extension directions (large
red arrow). The ratio R (0.46 and 0.42) expresses the predominance of extensional stress

state, and histograms sum of weights that verify the stress tensor.

As shown by the analysis of the 2017 Moiyabana earthquake data, its seismotectonic
background and nearby geophysical studies such as magnetics and resistivity, the stress field
confirms the large-scale extensional forces that may result from elevated heat flow, thermal
fluid migration and SW extension of the EARS (Andreoli et al., 1996; Delvaux and Barth,
2010; Meghraoui et al., 2016; Materna et al., 2019; Moorkamp et al., 2019; Chisenga et al.,
2020). The active deformation across the Limpopo Mobile Belt and southern African
intraplate domain shows N36E to N40E average extension direction with low level strain rate

(~1 nanostrain/yr.; Malservisi ef al., 2013), and although the 2017 seismic source is relatively
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deep (> 20 km), the existence of thermal fluids and active tectonics with surface deformation

suggests the presence of a seismic cycle and associated elastic strain release.

5 Surface deformation

5.1 InSAR Analysis

The SAR (Synthetic Aperture Radar) frames examined in this study are two pairs of
ascending Sentinel-1A images that cover the earthquake area (Fig. 10). The used radar
images before and after the 2017 mainshock were obtained from the archives of the European

Space Agency, and interferograms are processed using GMTSAR (Sandwell et al., 2011).
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Figure 10. Frame of ascending and descending tracks of Sentinel-ESA-SAR images crossing
the 2017 earthquake area. We observe that only the ascending track covers the whole 2017
earthquake area. Thick dashed line is the inferred 2017 Moiyabana earthquake rupture zone
and small white circles show aftershock distribution. Focal mechanism of mainshock is from

Harvard CMT. Background topography is from SRTM1’.
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The SRTM Digital Elevation Model (30 m resolution) is used to remove the
topographic phase component from the original interferogram (Farr et al., 2007). The spatial
filter (Gaussian) is applied to obtain the interferogram (Fig. 11), before proceeding with the
unwrapped interferogram using the Snaphu software (Chen and Zebker, 2002). Finally, the
unwrapped phase was converted into Line-Of-Sight (LOS) displacement (Fig. 11). The
obtained interferogram from a pair of ascending images (2017-03-30 and 2017-04-11;
1A/1A) shows clear lobes of LOS displacements (Fig. 11). The interferogram from ascending
tracks show a consistent fringe distribution with ~40-km-long and ~20-km-wide NW-SE-
trending lobes. The LOS measurements display ground displacement of the SW and NE
blocks, respectively, indicating a clear straight limit between lobes that represents the fault
zone on the SW edge of the lobe. For ascending tracks, the maximum and minimum values of
the LOS displacement range from 4.2 cm to 5.6 cm for interferogram (Fig. 11) from which
we estimate a total of 3.86 — 5.15 cm of vertical surface deformation across the fringes. The
analysis of the Sentinel-1 interferogram shows a NW-SE elongated and 40-km-long surface
deformation consistent with a blind fault rupture geometry. The interferogram also shows a
surface deformation with subsidence coincident with the 2017 earthquake sequence location
and normal faulting mechanism consistent with the source time function

(http://geoscope.ipgp.fr/index.php/en/catalog/).
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397  Figure 11. Fringes and lobes of interferogram of the 3" of April 2017 Botswana earthquake.

398 The dashed line is the projected fault rupture with respect to surface deformation with
399 subsidence (~4.2 — 5.6 cm in LOS). The black arrow (small arrow) is the Sentinel satellite
400 track with side look.

401

402 5.2 [Earthquake Rupture Model

403 Rupture and slip models were developed using the ascending phase interferograms
404  and the related coseismic deformation. To minimize the afterslip and/or postseismic effects,
405 the modelling is based on interferograms obtained from the earliest coseismic pairs of
406  Sentinel scenes (Figs 11, 12 a and b). In order to constrain the earthquake rupture geometry
407  and slip distribution at depth, different solutions were tested using fault parameters for the

408 inversion modelling that confirm the InSAR surface deformation.
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Figure 12 a) Unwrapped SAR data interferogram with surface slip distribution. b) Modelling
of surface deformation from the inversion of InSAR data. ¢) Residual of InSAR results versus

model.

The inversion modelling was performed for the dip slip and strike slip component of
deformation using the Poly3D method considering triangulated surfaces as discontinuities in
a linear, elastic, homogeneous, and isotropic half-space (Maerten et al., 2005; see the details
of the method in SMS5). The blind coseismic fault coincides at the surface with the inflection
area in between the uplift and subsidence lobes (see the fault tip trace in Figs 7b and 11).
Considering different fault dimensions and dip angles, we performed a series of inversions
that lead to the best fit (with 95% data variance) for the 3D surface slip obtained on the 315°,
dipping 45°, -80° rake, ~40-km-long and ~22-km-wide fault geometry with a seismic

moment of 3.68 x 10'® Nm (Table 1, Fig. 13).
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Figure 13. Model of fault rupture with slip distribution reaching 50 cm at depth, as inferred
from the inversion of InSAR data and surface deformation. The star indicates the inferred 3™

April 2017 earthquake hypocentre.

The best fitting model shows a maximum slip of 50 cm at a depth of 22 + 1.5 km and
the existence of two asperities along the fault which agrees with the observed western seismic
cluster (Figs 7a and b). Observed interferograms are compared to the inversion models in
order to minimize the residual fringes with RMS misfit (Fig. 12¢). The residual signals in
Figure 12c (~1 cm) could be attributed to the atmospheric delay signal, the unwrapping error,
and the surface motion caused by the post-seismic afterslip and aftershocks. As shown in
Figure 14, the modelling allows to test the 0.744 cm RMS against the 0.4 smoothing and 0.23
roughness of the coseismic rupture. The location of the InSAR displacement and inferred

blind fault rupture with NW-SE elongated lobes suggests a correlation with ~30-km-long
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438  buried fault that belongs to the Limpopo Mobile Tectonic Belt and can be correlated to the

439  Khurutse fault scarp visible further southeast.

440
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Figure 14. RMS misfit (minimize the residuals) obtained from the comparison between
interferograms and inversion models of Figures 12a and b), residual of Figure 12c, and slip
distribution of Figure 13. The 0.744 cm RMS and 0.4 smoothing (grey lines) correspond to
the best compromise for the slip distribution on the fault plane.
441

442 6 Khurutse Fault Scarp and Long-term Seismic Cycle

443 The interplay between tectonic processes which build up topography and the surface
444  processes which tear them down over time, in days to millions of years, are what defines
445  tectonic geomorphology (Burbank and Anderson, 2001). Thus, the study of tectonic
446  geomorphology can indicate geological linear structures from past fault activities. Such
447  studies can be done using for instance GPS data, providing a rate of deformation on the
448  Earth’s surface such as the spatial deformation pattern caused by an earthquake. The

449  displacement field of the earthquake can be measured from the deformed ground surface,
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subsequently delineating the relationship between seismic characteristics, displacement
gradient and rock properties.

The Khurutse fault scarp is visible on topographic maps (both SRTM 90 m and 30 m
resolution; Farr et al., 2007) southeast of the 2017 Mw 6.5 earthquake (Figs 15, 16 and 17a).
Four cross section profiles of the faults scarp (Fig. 17b) were plotted using the differential
GPS data collected at sites indicated in (Fig. 17a).

24° 25° 26" 27° 28"
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(surface projection} | |

Topography (m)

Figure 15: Identification of the Khurutse cumulative fault scarp (black arrows) southeast of
the 2017 earthquake rupture indicated using a dashed line located from the projection of
InSAR rupture (see Fig. 11). Also shown are the focal mechanisms of the mainshock and

largest aftershock as presented in Tables 1 and SM4. Details of Khurutse fault scarp
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461  morphology are in landscape photos of Fig. 16 and map of Fig 17a. Background topography
462 is from Shuttle Radar Topography Mission (SRTM) 1" data.

463

464

465 Figure 16. Khurutse fault scarp with significant topographic offset. Left is fault scarp (view

466  facing east) near profile A (24.004°S, 26.376°E) of Figs 17a and b, Right is fault scarp (view

467 facing west) near profile B (23.967S, 26.350E) of Figs 17a and b. Fault scarps show

468 composite and cumulative geomorphic structures that suggest repeated coseismic surface
469 deformation.

470

471 The exposed NNW-SSE trending and ~80-km-long Khurutse fault scarp southeast of

472  the 2017 epicentral area is aligned with the 2017 coseismic rupture and aftershock sequence
473  (Fig 15). The escarpment is orthogonal to two main erosion valleys formed by different rivers
474  and streams and crosses mainly Phanerozoic sediments. To the southeast, and although
475  crossing an erosional valley, the fault scarp morphology is prominent and visible on left and
476  right river channel banks (Fig. 17a) (Williamson, 1996). Differential GPS measurements of
477  profiles across the fault scarp shows topographic offset ranging between 16.6 £ 1 m and 43.5
478 + 1 m (Fig. 17b). All geomorphic profiles display a composite and sharp scarp morphology
479  that reflects a cumulative surface deformation. The fault scarp height variation depends on

480  the background geology and erosion effect and shows minimum and maximum topographic
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481  offsets in profiles A and D, respectively. That the linear morphology and scarp shape remain
482  visible in the Limpopo Mobile Belt, is indicative of recent tectonic movement that may have

483  resulted from incremental surface slip during past earthquakes.

25.5° 26° 26.5°
a)
—23.5° —23.5"
—24° —24°
484 25.5°
485 Figure 17. a) Detail of the Khurutse fault scarps (arrows, see also arrows in Fig. 15) with

486 location of the cross-section profiles of Fig. 17(b) denoted A to D (background topography

487 Jrom SRTM 17 data).
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Figure 17. b) Khurutse fault scarp cross-sections with measured geomorphic offsets, in

meters.

7 Discussion

Although previous studies using teleseismic data and InSAR provided initial results
on the 2017 Moiyabana earthquake, our investigations present the integration of near field
and remote sensing studies including seismology, seismotectonic and Radar satellite images.
Field investigations using six portable seismic stations supplemented with data from nearby
permanent broadband seismic stations and tectonic geomorphology combined with the study
of InSAR data, brought new insights in the study of the 2017 Moiyabana earthquake (Mw
6.5). Focal mechanism solutions indicate that the mainshock ruptured on a NW-SE trending
blind normal fault. More than 900 aftershocks shed light on the fault rupture geometry within

~30 km depth of the Limpopo Mobile Belt in Botswana. Two aftershock sequences range
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between 5 and 30 km depth and show the complexity of the active crustal structure that
delineates a NW-SE trending, and 20 to 30 km wide graben structure. Most of the aftershocks
are of normal faulting mechanism with a general NE-SW extension direction confirmed by
the stress tensor inversion.

Interferograms obtained from the analysis of Sentinel 1A images display 2 to 3 fringes
(from which we infer 3.86 to 5.15 cm vertical displacement) that form two lobes coincident
with the mainshock and aftershock locations. The modelling of coseismic rupture and slip
distribution obtained from the inversion of surface deformation suggests ~40-km-long and
~22-km-wide fault geometry with the fault striking 315°, dipping 45°, with -80° rake, with
two asperities and a maximum 50 cm slip distribution. This is different from Albano et al.
(2017) InSAR inferred coseismic model of 20- km-long rupture plane, dipping 65° to the
northeast, with a right-lateral component, and 2.7 m maximum slip at depth. In the absence of
near field seismicity data and using InSAR results with a Bayesian estimate of source
parameters, Gardonio et al. (2018) suggest both ~17° and ~73° dipping fault planes and a
poorly estimated hypocentre depth of 29 + 4 km. From the inversion of InSAR results
coupled with geophysical (aeromagnetic and gravity) data, Kolawole et al. (2017) test several
fault patches and estimate 21 to 24 km hypocentre depth on a 53° NE dipping fault plane,

comparable with our 22 + 1.5 km depth and 45° NE dipping fault plane.

7.1 Rifting propagation within intraplate southern Africa

Large intraplate earthquakes (Mw > 6) in southern Africa may result from complex
continental tectonics and elastic strain release with continuum deformation rather than
movements of rigid blocks (Scholz et al., 1976; Reeves et al., 2004). The rifting of the
Ghanzi-Chobe Proterozoic Belt, due to the extensional forces during the Kibaran Orogeny,
gave rise to the beginning of the Okavango rifting (Leseane et al., 2015). This is the area
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where a significant seismic sequence occurred on 11 September 1952 with My 6.1 and
another of ML 6.7 on 11 October 1952. The Zoetfontein fault is another active zone in
Botswana which has been known to be seismically active, thus revealing a background
seismicity associated with long-term deformation and faulting (Dorland et al, 2006). Its
boundary with the Zimbabwe Craton is on the Limpopo-Shashe Thrust Zone (Ranganai et al.,
2002). The 2017 Moiyabana earthquake reveals the existence of a NW-SE trending active
normal fault zone within the Limpopo Mobile Belt in Botswana. Daly et al. (2020)
investigated the Okavango normal fault system using SRTM1” and Pleaides images and
identified NE to ENE trending faults with evidence of vertical displacement. At a larger
scale, normal faulting mechanisms of Moiyabana, Okavango and Machaze active zones
reflect the complex crustal deformation within the Nubian Plate (Kinabo et al., 2008; Fenton
and Bommer 2006; Fonseca et al., 2014). As compared to the region where the 2017
Moiyabana earthquake is located, the EARS is much more seismically active, since it is a
divergent plate boundary. Furthermore, the 2017 Moiyabana earthquake and Okavango active
zones with related seismotectonic framework appear as an extension of the EARS to the west
(Kinabo et al., 2008). Hence, the Limpopo Mobile Belt and Okavango active zones mark the

possible development of new rifting zones within Nubia active plate interior.

7.2 Seismotectonics of intraplate earthquakes in southern Africa

A detailed analysis of the mainshock and aftershocks of the 2017 Moiyabana earthquake
sequence in Botswana and related surface deformation lead to a better understanding of the
intraplate seismic activity in southern Africa. The coseismic fault has been documented by
means of the two seismic sequences that illustrate the rupture geometry at depth. The use of
two different software packages (SEISAN and HypoDD) for the earthquake locations
provides an insight to the seismic sequence at depth that illustrates the fault rupture geometry.
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The coincidence in the location of mainshock, aftershocks, InSAR lobe results, and
composite fault scarp reflects the long-term active deformation in the intraplate tectonic
environment. Although the strain rate is rather low (~1 nanostrain/yr.), the occurrence of the
2017 Moiyabana earthquake constrains us to classify the Limpopo Mobile Belt as an active
tectonic zone with a recurrent seismic strain release. These observations do not support the
suggested hypothesis that the 2017 Moiyabana earthquake can be due to transient
perturbations of local stresses due to pore fluid pressure (Gardonio et al., 2018). The
recurrence interval of large seismic events with surface deformation may reach several
thousands of years that results from long-term but persistent seismic cycles (Camelbeeck and
Meghraoui, 1998). In some regions such as Mongolia, major earthquakes in 1905 and 1957
with Mw 8 and 8.5, respectively, leave evidence of multiple rupture over the years (Chéry et
al., 2001). The study of recent earthquakes with near field investigations is crucial for a better
understanding of the intraplate seismicity and active deformation in intraplate southern

Africa.

8 Conclusion

The near field study of the 2017 Moiyabana earthquake (Mw 6.5) provides data and
results on the crustal deformation of the intraplate tectonic domain of southern Africa. The
detailed mainshock and aftershocks analysis shows a seismic sequence that suggests a fault-
rupture geometry in agreement with normal focal mechanisms. The aftershocks analysis and
focal mechanism solutions show predominately normal faulting that agrees with the NE-SW
extensional stress regime in the region. Two distinct NW-SE to N-S trending aftershock
sequences of more than 900 earthquakes processed using SEISAN, of which 699 aftershocks
were relocated using the HypoDD program, are concentrated between 10 and 30 km depth.

The distance between the two sequences being ~20 km, seismic events depict a graben-like
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structure where the mainshock and largest aftershock are located within the western
sequence. The InSAR analysis shows the colocation of surface deformation with the western
earthquake sequence and allows the modelling of a NW-SE trending fault rupture, dipping
NE with an average 50 cm slip distribution and a seismic moment M, 3.68 x 10'® Nm (Mw
6.4). SE of the epicentral area, we identified the NNW-SSE to NW-SE trending composite
and sharp scarp morphology of the Khurutse fault scarp that aligns with the 2017 Moiyabana
earthquake rupture. The active Okavango and Zoetfontein fault region, in the north and south
of the Moiyabana earthquake location, respectively; indicate that the southern African
continental region is active. In addition, the Khurutse fault scarp reflects a cumulative surface

deformation, clearly highlighting the presence of a seismic cycle in this intraplate context.
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Tables
Seismological Long. o Depth . .
Cenre ©) Lat. (°) My (Nm) M., (km) Strike Dip Rake
USGS (Wpha) 2515 -22678 61910% 65 235 343 44 -62
GFZ 2522 2266 63108 65 27 331 37 73
Geoscope 2515 22678 58610% 64 29 333 36 72
CMT Harvard 2521 2254  70110% 65 30 332 41 -70
CGS (Pretoria) Midziet 515, 55 565 ; 65 26525 340 46  -61
al. (2018)

This study (InSAR) 25.134  -22.565 3.68 10" 6.4 22 £1.5 315 45 -80

Table 3: Source parameters of the 3 April 2017 earthquake.

Modified depth to top of layer (km) P-wave velocity (km/s)
0.00 5.80
20.00 6.50
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38.00 8.04

Table 2: Velocity model (Midzi et al., 2010) used in initial location of aftershocks using

Seisan software as well as in the double difference relocation using the hypoDD software.

Table Captions
Table 4: Source parameters of the 3 April 2017 earthquake.

Table 2: Velocity model (Midzi et al., 2010) used in initial location of aftershocks using

Seisan software as well as in the double difference relocation using the hypoDD software.

Resources
* Topography GEBCO:
https://www.gebco.net/data_and_products/gridded_bathymetry_data/
* Topography SRTM 3” and 17’: https://topex.ucsd.edu/gmtsar/demgen/
* Database of the Seismotectonic Map of Africa: Meghraoui et al., 2016
* ESA Sentinel images : https://sentinel.esa.int/web/sentinel/sentinel-data-access
* SEISAN package : ftp://ftp.geo.uib.no/pub/seismo/SOFTWARE/SEISAN/
*  HypoDD: https://www.ldeo.columbia.edu/~felixw/hypoDD.html
*  WinTensor software: http://damiendelvaux.be/Tensor/WinTensor/win-

tensor_download.html
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