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Abstract 

 

Botswana forms a major gap in our understanding of southern Africaôs seismicity. Most of the 

seismicity data of Botswana has, to date, either been poorly located or gone unreported owing 

to the paucity of instrumental coverage. Botswana is generally classified  as having a low-to-

moderate level of seismicity. Over the years, the only seismically active area was considered 

to be the Okavango Delta Region (ODR) in northern Botswana, leading to the speculation of 

an incipient continental rift that could represent the terminus of the southwestern branch of the 

East African Rift System (EARS). Since November 2013, the seismology group at Utrecht 

University deployed a temporary seismic network, namely the NARS-Botswana network, 

consisting of 21 seismic stations distributed throughout Botswanaôs diverse geological and 

tectonic units. On April 3rd, 2017 a moment magnitude 6.5 normal-faulting earthquake struck 

Moiyabana in central Botswana unexpectedly, in an area devoid from any recent tectonic 

activity. This earthquake questioned further our knowledge of the seismicity in Botswana. 

Thus, in this study, a more reliable assessment of the seismic activity in Botswana has been 

carried out using data recorded by the NARS-Botswana network from January 1st, 2014 to 

March 1st, 2018. For the detection and location of seismic events, the NARS-Botswana data is 

processed and analysed using the seismological software package SeisComP3. The resultant 

location, origin time and magnitude of each detected event in Botswana have been presented 

in an earthquake catalogue aiming to contribute positively towards hazard mitigation. During 

the studied period, a total of 376 seismic events have been detected and located in Botswana, 

with those above magnitude 4.0 mainly located in the ODR and in central Botswana. The April 

3rd, 2017 mainshock, located near the tectonic boundary between the Kaapvaal Craton and 

Limpopo Belt, appears to be preceded by two low magnitude potential foreshocks. Aftershocks 

are clustered along a NW-SE strike, consistent with the focal mechanism of the main event and 

the strike of the Kaapvaal Cratonôs northern boundary. Within the ODR, most of the seismic 

events are aligned along a NNW-SSE trending seismicity zone, with the northern tip located at 

the suggested terminus of the southwestern branch of the EARS. From the clustering of seismic 

events in Botswana and adjacent countries, results suggest that the seismicity observed along 

the 2017 Moiyabana earthquake might be related to the seismicity in the ODR and eastern 

South Africa. Thus, concluding that the southwestern branch of the EARS might be extending 

southwards from northern to south-eastern Botswana, in a NW-SE direction. 
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Laymanôs Summary 

 

Botswana is one of southern Africaôs least studied seismicity areas. Although it is considered 

as a country with relatively low seismicity, over the years,  moderate to large seismic events 

have been mainly observed in the Okavango Delta region (ODR), the northern part of 

Botswana. Unfortunately, not much is known and accurately documented about the seismic 

activity of a larger coverage of Botswana, mainly due to the lack of instrumental coverage 

throughout the country. Since November 2013, the seismology group at Utrecht University 

deployed a temporary seismic network, namely the NARS-Botswana network, consisting of 21 

seismic stations distributed all over Botswana. Using data recorded by the NARS-Botswana 

seismic network from January 1st, 2014 to March 1st, 2018, a more reliable assessment of the 

seismic activity in Botswana has been carried out. The motivation behind this study arose from 

the unexpected and strong earthquake that occurred on April 3rd, 2017 in central Botswana, in 

an area acknowledged as tectonically stable. The four years NARS-Botswana data was 

investigated with a standard seismological software package which detects and locates seismic 

events. A total of 376 seismic events located within Botswana have been documented in an 

earthquake catalogue which aims to contribute positively towards hazard mitigation. Each 

entry in this catalogue describes a seismic event in terms of the date and time of occurrence, 

location, depth, magnitude and number of used stations in the location computation process. 

From the resultant earthquake locations, Botswana can be generally regarded as a country with 

low seismic activity. Moderate to strong earthquakes have been mainly located in northern and 

central Botswana. During the period under study, the largest event recorded in Botswana was 

the April 3rd, 2017 earthquake. This main event appears to be preceded by two earthquakes and 

followed by a sequence of about 216 earthquakes that are clustered along a northwest-southeast 

trending seismicity zone. In the northern part of Botswana, most of the detected seismic events 

are approximately aligned with the northern tip of this alignment located at the suggested 

southwestern extension of the East African Rift System (EARS). The EARS is one of the most 

active and extensive continental rift systems located in East Africa, which is gradually splitting 

the African continent in two. From the identified seismic events in Botswana and adjacent 

countries, results suggest that the seismic activity observed in central Botswana might be 

related to the seismicity in northern Botswana and eastern South Africa. Thus, leading to the 

conclusion that the southwestern branch of the EARS might be extending southwards from 

northern to south-eastern Botswana. 
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1.   Introduction 
 

 

Botswana is a country in southern Africa characterised by low-to-moderate level of seismic 

activity with magnitudes mostly below 5.0 (Alabi et al., 2012). The geology of Botswana 

consists of Archean Cratons to the northwest and east of the country with 

tectonic mobile belts and sedimentary basins in between that evolved during different 

geological times, mostly throughout the Proterozoic phase (Begg et al., 2009). Currently, much 

of the bedrock geology of Botswana is still unclear mostly due to the large amounts of Kalahari 

sands covering the country (Simon et al., 2012). 

Botswanaôs major seismic history has been initiated by two large earthquakes in 1952 (Simon 

et al., 2012), occurring in one of the worldôs largest inland deltas, the Okavango delta region 

(ODR), the north-western part of Botswana (Kinabo et al., 2007). Most of the seismic activity 

recorded in the interior of southern Africa is concentrated along the East African Rift System 

(EARS), one of the most active and extensive rift systems on the Earthôs surface (Midzi et al., 

2018). Previous seismicity studies of southern Africa showed that the ODR is one of  the most 

seismically active regions in Botswana in which recorded earthquakes are associated with a set 

of northeasterly striking normal faults (e.g. Reeves, 1972 and Scholz et al., 1976). This led 

various scientists to suggest that the ODR represents a southwestern continuation of the EARS 

and thus, an incipient continental rift, referred to by many, as the Okavango Rift Zone (ORZ) 

(e.g., Kinabo et al., 2007; Leseane et al., 2015).  

The motivation behind this study arose from the moment magnitude (ὓ ) 6.5 earthquake 

which struck the Moiyabana area in central Botswana unexpectedly on April 3rd, 2017. This 

large intraplate normal faulting earthquake ruptured a blind fault in Botswana, within the 

Limpopo-Shashe Mobile Belt, situated between the Kaapvaal and Zimbabwe Cratons 

(Bouwman, 2019). While most of the global seismicity occurs along plate boundaries, where 

most of the tectonic strain is released, this earthquake occurred inside the African continental 

plate, more than a thousand kilometres away from the nearest plate boundary (Albano et al., 

2017). Although strong intraplate seismic events are very rare, the occurrence of these events 

indicates that the continental lithosphere is not completely stable and is associated with seismic 

hazards (Bouwman, 2019). As reported by Bouwman (2019), the mainshock was followed by 

79 aftershocks with magnitudes between  local magnitude (ὓ ) 2.5 and body wave magnitude 

(ά ) 5.0. Potential foreshocks were also investigated by Gardonio et al. (2018) using a template 

matching technique at teleseismic distances from the mainshock. Observations led Gardonio et 

al. (2018) to discover in total 14 foreshocks.  

Most of the seismicity data we have before the NARS-Botswana network was installed in 2013 

is based on recorded events on networks situated outside of Botswana. Therefore, some seismic 

events may have gone unreported while others may have been poorly located. A temporary 

network was installed to monitor the local seismicity in the ORZ. Thus, recorded seismicity 

data may be biased towards the northwestern part of Botswana (Simon et al., 2012; Pastier et 

al., 2017). Consequently, some seismically active areas, like the Moiyabana area, were 

invisible to previous studies. Due to all these factors, it was deemed necessary to carry out a 

more reliable assessment of the seismic activity in Botswana. Hence, the main aim of this study 
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is to detect and reliably locate seismic events using data recorded by the NARS-Botswana 

seismic network. The distribution of seismic events is further investigated to understand how 

clusters of events might relate to the local geology, and to determine whether a seismic pattern 

exits within Botswana and/or in relation to adjacent countries. The origin time, location and 

magnitude of each detected event will be calculated automatically and documented in a reliable 

earthquake catalogue for Botswana. This earthquake catalogue is essential for the seismic 

hazard assessment and earthquake risk mitigation throughout the country.  

This chapter will discuss in detail the main geological units in Botswana, the geological 

structure of the EARS and Botswanaôs currently known seismicity, along with information 

about the NARS-Botswana seismological network, the software used and the aim of this 

study. 

 

1.1   Tectonic and geologic setting 

Botswana is centrally positioned on the Precambrian shield of southern Africa  (figure 1.1) 

(Simon et al., 2012). It consists of various tectonic features dominated by two main stable 

cratonic blocks, the Kalahari Craton to the east and southeast, comprising of the Kaapvaal and 

Zimbabwe Cratons, and the Congo Craton to the northwest (figure 1.2). Surrounding these 

Cratons are several younger mobile belts and sedimentary basins that formed through a 

succession of amalgamation and rifting processes (Key and Ayres, 2000; Begg et al., 2009; 

Fadel, 2018). There is still significant uncertainty as to the extent and nature of these tectonic 

units (Moorkamp et al., 2019; Fadel, 2018), mainly because 70% of the country is covered by 

the Kalahari sands (Simon et al., 2012). The understanding of southern Africaôs crustal 

structure has been a major objective of research programmes by various institutions (Wright 

and Hall, 1990). 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure 1.1. Precambrian tectonic map of southern Africa, with Botswana in the centre and its tectonic units that 

developed during geologic times (Leseane et al., 2015).  
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Botswana hosts one of the worldôs largest inland deltas, the Okavango Delta, located to the 

northwest. This delta is a result of tectonic activity associated with the rifting in the Okavango 

rift zone (ORZ) (Kinabo et al., 2007). The ORZ encompasses several northeast striking half-

grabens (figure 1.2), considered by some to be the final extension of the southwestern branch 

of the East African Rift System (EARS), a major geodynamic feature which separates the 

African continent into two tectonic (sub)plates (e.g. Scholz et al., 1976, Modisi et al., 2000, 

Kinabo et al., 2008, Bufford et al., 2012). Thus, it is assumed to be an incipient rifting zone 

(Leseane et al., 2015). However, uncertainties remain whether this ORZ is actually part of the 

southwestern continuation of the EARS. 

In the following subsections the general tectonic and geological units in Botswana are 

discussed in detail. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Precambrian tectonic map of Botswana showing the Archean Cratons and Proterozoic orogenic Belts 

adapted from Leseane et al. (2015). The white lines in the northwest of the map represent the northeasterly 

trending fault system of the Okavango rift zone and the two orange dashed lines, from Fadel (2018), form the 

Makgadikgadi and Kalahari line which together represent the Kalahari Suture Zone. 

 

 

1.1.1 Cratons and Province 

1.1.1.1   Kalahari Craton  

A large part of Botswana is underlain by the Archean Kalahari Craton. This composite Craton 

comprises of the Kaapvaal and Zimbabwe Cratons (figure 1.2), two stable cratonic blocks that 

are separated by the Limpopo Mobile Belt (Begg et al., 2009; Midzi et al., 2018).  
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The Kaapvaal Craton is the oldest tectonic unit in Botswana, which formed and stabilized 

between 3.7 and 2.7 Ga ago (de Wit et al., 1992). Much of this craton is covered by upper 

Archean basins and several distinct geological terranes, with the oldest rocks located in the 

south-eastern part of the craton and the youngest in the western part. This craton mainly 

comprises of granitoids with gneisses and narrow green stone belts (Begg et al., 2009). The 

extensive cover of Karoo and Kalahari strata is situated north of the east-northeast trending 

Zoetfontein fault (fault number 2 in figure 1.3) (McCourt et al., 2004), a fault which Reeves 

(1978) interpreted as the northern boundary of the Kaapvaal Craton. However, Corner and 

Durrheim (2018) suggested that this interpretation refers more to a change in the crustal level 

within the Kaapvaal Craton, with a possible downthrown side to the north.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Map of Southern Africa showing the major faults in red from Mulabisana (2016). Some of these faults 

are labelled with black numbers and documented in Table 1.1. 

 

 

The Zimbabwe Craton, on the other hand, consists of twenty-six greenstone belts which make 

up about 20% of the craton, while the rest of the craton consists of granite-gneiss complexes. 

The oldest rocks of this craton have an age of 3.57  3.37 Ga (Jelsma and Dirks, 2002). The 

south-western part of this craton extends into eastern Botswana (figure 1.2) however, its full 

extent in Botswana is still unknown (McCourt et al., 2004). 
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Table 1.1. Fault names in Southern Africa corresponding to the numerical labelling in figure 1.3 (Mulabisana, 

2016).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1.1.2   Congo Craton 

It is possible that the south-western part of the Congo Craton, described as the Angolan Shield 

by McCourt et al. (2013), extends into the north-western part of Botswana (figure 1.2). The 

exact southern boundary of this craton in Botswana, as well as in neighbouring Zambia and 

northern Namibia has been the subject of ample speculation (Corner and Durrheim, 2018). The 

Congo Craton is made up of Archean and Paleoproterozoic rocks (Fadel, 2018; Ernst et al., 

2013), with the Angolan Shield being a Paleoproterozoic basement terrane mostly comprising 

of granitoids along with a limited amount of Neo-Archean crust (Corner and Durrheim, 2018). 

It is widely accepted that around 2.05 Ga, the Congo and São Francisco Cratons in South 

America were connected together as a single cratonic block and remained together up until the 

break-up of Africa and South America about 130 Ma (Ernst et al., 2013). 

Fault Numbers Fault Names 

0 Agulhas 

1 Zuurberg 

2 Zoetfontein 

3 Zebediela 

4 Tshipise 

5 Thabazimbi 

6 Piketberg-Wellington 

7 Lecha 

8 Kuiseb 

9 Kango 

10 Hebron 

11 Colenso 

12 Cedarville 

13 Bultfontein 

14 Bosbokpoort 

15 Baviaanskloof 

16 Worcester 

17 Tsau 

18 Thamalakane 

19 Rietfontein 
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1.1.1.3   Rehoboth Province 

Located between between the Kheis-Okwa-Magondi Belt and the Neoproterozoic Damara 

orogenic system is the Rehoboth Province  (figure 1.2), a puzzling area (Begg et al., 2009) due 

to its extensive cover by Kalahari sands (van Schijndel et al., 2014). A substantial part of the 

Rehoboth Province was formed during the Paleoproterozoic phase around 2.2 ï 1.9 Ga, 

however, it is still unknown when this Province was fully assembled (van Schijndel et al., 

2011). Originally, it was defined as a subprovince of the Namaqua Province located in Namibia 

and South Africa (van Schijndel et al., 2013). Later, Tinker et al. (2004) suggested that  

sometime between 1.93 and 1.75 Ga this Province was accreted to the Kaapvaal Craton.  

In the southwest of Botswana, part of the Rehoboth Province is covered by the Nosop-Ncojane 

Basin (figure 1.2) (Key & Ayres, 2000), with the Ncojane Basin located at the northernmost 

part and the Nosop Basin farther to the south (Hoffe, 1996). The Nosop-Ncojane Basin is a 

thick sedimentary basin consisting of Nama Group sediments above Ghanzi Group rocks with 

a total thickness of more than 10 km (Key & Ayres, 2000). Beneath the Nosop Basin, a possible 

ancient craton (Maltahohe) has been considered to exist (Begg et al., 2009) whereas Wright 

and Hall (1990) have interpreted this as a western extension of the Kaapvaal Craton.  

 

 

1.1.2 Mobile Belts 

1.1.2.1   Limpopo Belt 

The Limpopo Belt is an east-northeast trending high-grade metamorphic terrane formed as a 

result of the collision between the Kaapvaal and Zimbabwe Craton (figure 1.2) during the late 

Archean time (Van Reenen et al., 1987; Thomas et al., 1993; James and Fouch, 2002). To the 

west, the belt is covered by Kalahari sands, while Proterozoic and Phanerozoic sediments cover 

the east of the belt. This belt has been divided into three contrasting crustal zones (figure 1.4); 

the northern and southern Marginal Zones, and the Central Zone. The Northern Marginal Zone 

(NMZ) lies mainly in Zimbabwe, while the Southern Marginal Zone (SMZ) is exposed in South 

Africa (Gore et al., 2009). These two marginal zones are extensively deformed and include 

rocks related to adjacent Cratons (Begg et al., 2009). The Central Zone (CZ) is characterised 

by largely epicontinental rocks (Van Reenen et al., 1987) separated from the two marginal 

zones by the Triangle shear zones to the north and the Palala shear zone to the south of the CZ 

(Gore et al., 2009).  

Based on gravity data interpretation, the extent of the Limpopo Belt has been redefined by 

Ranganai et al. (2002) to include the Shashe Belt, located northwest of the Magogaphate shear 

zone (figure 1.4). The area between the Shashe shear zone and the Lechana Fault, part of the 

Shashe Belt, has been defined as an extensional part of the NMZ in the Limpopo Belt, with the 

Shashe shear zone and the Northern Limpopo thrust as the boundary which separate the 

Limpopo-Shashe Belt from the Zimbabwe Craton (figure 1.4). On the other hand, the area 

between the Dinokwe thrust and the Mahalapye shear zone bounds the extensional part of the 
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SMZ, with the Dinokwe thrust and the Hout River shear zone separating the Limpopo-Shashe 

Belt from the Kaapvaal Craton (figure 1.4). The CZ of the Shashe Belt, which corresponds 

with the CZ of the Limpopo Belt, is separated from the marginal zones by tectonic 

discontinuities (Ranganai et al., 2002).  

The Limpopo Belt boundaries are clearly distinct in Zimbabwe and South Africa however, little 

is known of how much it extends west within Botswana. Moreover, uncertainties remain about 

the boundaries of the Zimbabwe Craton, Limpopo Belt and Kaapvaal Craton in Botswana 

(Ranganai et al., 2002). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Tectonic map of the Limpopo-Shashe Belt showing the distribution of the three crustal zones in 

association to the Zimbabwe Craton, Kaapvaal Craton and Magondi Belt, based on surface geology and gravity 

data interpretation by Ranganai et al. (2002). DT = Dinokwe Thrust; HRZ = Hout River Shear Zone; LeF = 

Lechana Fault; MG = Mahalapye Granite; MSZ = Magogaphate Shear Zone; MsZ = Mahalapye Shear Zone; NLT 

= Northern Limpopo Thrust Zone; PSZ = Palala Shear Zone; SLM = Sabi-Lebombo Monocline; SSZ = Shashe 

Shear Zone; SsZ = Sunny Side Shear Zone; TSZ = Triangle shear zone. 

 

 

1.1.2.2   Damara-Ghanzi Chobe Belt 

Bounding the south-eastern margin of the Congo Craton, in the north of Botswana is the highly 

complex Damara Belt (figure 1.2) (Begg et al., 2009), consisting of a succession of highly 

metamorphosed sediments formed during the Neoproterozoic to early Paleozoic Pan-African 

Orogeny (Wright and Hall, 1990; Nascimento et al., 2017; Fadel, 2018).  It is generally 

interpreted to have developed as a result of the collision between the Congo and Kalahari 

Cratons (550-500 Ma) (Meneghini et al., 2017).  

Forming part of the southern margin of the Damara Belt, is the Ghanzi-Chobe Belt (figure 1.2) 

(Modie, 2000), consisting of a sequence of tightly folded, late Proterozoic metasedimentary 
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rocks (Wright and Hall, 1990; Hoffe, 1996). Originally, the Ghanzi-Chobe Belt was formed as 

a rift basin in which volcano-sedimentary rocks were accumulated and developed through 

extensional tectonics associated with a continental collision along the Namaqua-Natal Belt. 

Later, during the Pan-African Damara Orogeny, the basin was exposed to post-depositional 

tectonic deformation that resulted in a fold and thrust belt (Modie, 2000).  

In Botswana, the area between Mamuno, near the Namibia border, and Lake Ngami is referred 

to as the Ghanzi Ridge (Modie, 2000). To the east of the Ghanzi Ridge, between the 

Makgadikgadi Line and the Ghanzi-Chobe Belt, is the Passarge Basin (figure 1.2), filled with 

up to 15 km thick Ghanzi Group sediments (Key and Ayres, 2000; Haddon, 2005). The 

Passarge Basin is bordered by the Kalahari Suture Zone (KSZ) in the south (figure 1.2), a major 

thrust zone considered to be associated with the formation of the Kheis and Magondi Belts 

(Key and Ayres, 2000; Haddon, 2005; Fadel, 2018). The KSZ consists of granulite facies 

metamorphic rocks, however, nowadays various places are covered with thick Phanerozoic 

sediments from the Kalahari sands (Materna et al.,2019). The Kalahari and Makgadikgadi 

Lines are collectively referred to as the KSZ, with the northerly trending Kalahari Line thought 

to represent the western edge of the Kaapvaal Craton while the northeasterly trending 

Makgadikgadi Line likely to mark the northern boundary of the Kaapvaal Craton (Haddon, 

2005). During the late Mesoproterozoic and Neoproterozoic times, this former thrust zone was 

believed to have been reactivated as a major rift  fault with a northwest down throw. In fact, the 

presence of the two deep sedimentary basins; the Passarge and Nosop-Ncojane Basins, west of 

the KSZ indicate that the downthrow was very significant (Key and Ayres, 2000; Haddon, 

2005). 

Within the Damara-Ghanzi Chobe orogenic Belts is the Okavango Rift Zone (ORZ) (see 

section 1.1.3)(figure 1.2) (Leseane et al., 2015; Fadel, 2018), one of the most seismically active 

regions in Botswana (Midzi et al., 2018).  

 

1.1.2.3   Kheis-Okwa-Magondi Belt 

The composite Khesi-Okwa-Magondi Belt bounds the western margin of the Zimbabwe and 

Kaapvaal Cratons (figure 1.2) (Begg et al., 2009).  The about 2 Ga old,  north trending Kheis 

Belt runs along the western boundary of the Kaapvaal Craton in South Africa and Botswana 

(Schlüter, 2006; Oriolo and Becker, 2018). It is a fold-and-thrust belt comprising of low-grade 

metasedimentary and metavolcanic rocks (Haddon, 2005; Midzi, 2018). The boundary between 

the Kheis Belt and the Rehoboth Province is defined by the Kalahari Line, part of the KSZ 

(Oriolo and Becker, 2018). 

To the northern edge of the Kheis Belt is the Okwa Inlier with a basement consisting of about 

2.1 Ga metamorphic rocks, probably underlain by Archean rocks (Begg et al., 2009).The area 

surrounding the western part of the Zimbabwe Craton and the northwestern part of the Limpopo 

Belt is known as the Okwa-Magondi terrane, an enigmatic region due to unclear geological 

features that are covered by large amounts of Kalahari sands (Midzi, 2018). The early 

Proterozoic Magondi Belt, defining the western edge of the Zimbabwe Craton, is composed of 

a thick sequence of sediments and volcanic rocks (Begg et al., 2009). To the east, the Magondi 
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Belt unconformably covers rocks of the  Zimbabwe Craton, whilst its western boundary is 

overlaid by younger sediments (Oriolo and Becker, 2018). In Botswana, the northwestern 

margin of the Magondi Belt is clearly distinguished by a significant geophysical feature, the 

Makgadikgadi Line which runs across central Botswana over a distance of about 1200 km (Key 

and Ayres, 2000). Crossing the Makgadikgadi Line is the Xade Complex, around 100 km long 

and 25 km wide, situated in central Botswana. It is entirely covered by various Kalahari 

sediment thicknesses and Karoo strata. Modelling and drilling information suggests that the 

Xade Complex is a layered basic Complex, consisting of both intrusive subvolcanic sheets and 

extrusive lavas (Pouliquen and Key, 2008). It has a unique Y-shape form, with its northeastern 

part aligned with the Makgadikgadi Line, its southern part parallel to the Kalahari Line, and 

the northwestern part following a trend similar to the Okwa block (Haddon, 2005). 

 

 

1.1.3 The Okavango Rift Zone  

Located in northwestern Botswana, the Okavango Rift Zone (ORZ) consists of several 

northeasterly trending faults including, the Thamalakane, Kunyere, Linyanti, Chobe, Nare, 

Phuti, Lecha, Tsau, Gumare and Mababe faults (figure 1.5) with the most active faults situated 

in the southeastern boundary (Kinabo et al., 2007; Shemang and Molwalefhe, 2011; Rankin, 

2015; Pastier et al., 2017). Kinabo et al., 2007 suggest that these faults are still at an early stage 

of development. Together, they define a northeast-southwest zone that is about 400 km long, 

with the west-northwest trending dextral Sekaka Shear Zone (SSZ) and the Gumare fault in the 

southwest and the Linyanti and Chobe faults in the northeast. The northwest and southeast fault 

boundaries of the ORZ appear to be represented by the Gumare and Nare faults which define 

a zone of extension around 150 km wide (Kinabo et al.,  2007; Rankin, 2015). Based on 

calculated displacements of the dykes across the faults,  Kinabo et al. (2007) deduced that the 

Gumare, Tsau, and Lecha faults are normal faults dipping to the southeast, whereas the 

Kunyere, Mababe, Thamalakane, Phuti, Nare, Liyanti, and Chobe are northwest dipping 

normal faults.  

The seismically active ORZ has been described as an incipient continental rift (Kinabo et al., 

2007; Kinabo et al., 2008; Mulabisana, 2016; Shemang and Molwalefhe, 2011) and some even 

suggested it to be a continuation of the southernwestern branch of the East African Rift System 

(EARS) (e.g., Scholz et al., 1976, Modisi et al., 2000, Kinabo et al., 2008, Bufford et al., 2012; 

Leseane et al., 2015) (see section 1.1.4). However, these interpretations have lately been 

challenged by Pastier et al. (2017). The ORZ appears to be developing within a large structural 

depression known as the Makgadikgadi-Okavango-Zambezi (MOZ) basin, a basin consisting 

of alluvial fan deposits as well as deeper palaeo-lake sediments in structural depressions or 

subbasins (Kinabo et al., 2007; Shemang and Molwalefhe, 2011). One of the worldôs largest 

inland alluvial fans, the  Okavango Delta (ͯ22 000 km2) is situated within the ORZ, supporting 

the biggest wetland in southern Africa. The formation of this alluvial fan is believed to be 

related to neotectonic activity associated to the rifting in the ORZ which strongly affects the 

drainage and geomorphology of the MOZ basin (Kinabo et al., 2007; Shemang and 

Molwalefhe, 2011; Leseane et al., 2015). 
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Figure 1.5. Okavango Rift Zone (ORZ) topographic map (SRTM30) demonstrating the location of the main faults 

and their corresponding dipping direction, the local seismicity with magnitude greater than 3  (based on 

unreviewed ISC data) and inundated regions from Pastier et al. (2017). C.: Chobe fault, G.: Gumare fault, K.: 

Kunyere fault, Le.: Lecha fault, Li: Linyanti fault, M.: Mababe fault, M.D.: Mababe Depression, N.: Nare, N.L.: 

Lake Ngami, P.: Panhandle, Ph.: Phuti, SSZ: Sekaka Shear Zone, Th.: Thamalakane fault, Ts.: Tsau fault. 

 

 

1.1.4 East African Rift System 

Splitting the African continent into two tectonic (sub)plates, called the Somali Plate and the 

African (Nubian) Plate is the East African Rift System (EARS) (Pastier et al., 2017). South of 

the main Ethiopian rift, the EARS is divided into two specific branches, known as the eastern 

and western branches (figure 1.6). The volcanically active eastern branch of the EARS is the 

oldest (>25 to < 1 Ma) of the two and extends from the Afar Depression in Ethiopia to Kenya 

and central Tanzania through the Kenya and Turkana rifts. On the other hand, the less evolved, 

younger and much less volcanic western branch (<15 Ma) extends from Lake Albert in Uganda 

to Lake Malawi in central Mozambique through various discontinuous rift basins (Kinabo et 

al., 2007; Pastier et al., 2017). The approximately 50-100 km long and 40-100 km wide 

individual rift basins are filled by extensive amounts of sediments consisting of  fluvio-deltaic 

and lacustrine sediments and/or volcanics and volcanoclastics. Individual rift basins of each 

branch are connected together by transfer faults/accommodation zones (Kinabo et al., 2007). 

Some authors agree that a third branch of the EARS, known as the southwestern branch, 

extends southwest from Lake Tanganyika and adds the ORZ as its southern terminus (e.g. 

Scholz et al., 1976; Modisi et al., 2000; Kinabo et al., 2007; Leseane et al., 2015). 

 

 

N. 
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Figure 1.6. Map of the East African Rift System showing the eastern, western and southwestern branches from 

Kinabo et al. (2007). The black box indicates the location of the Okavango Rift Zone, in northwestern Botswana. 

 

Initially, Du Toit (1927) suggested that there is a relationship between the EARS and the ORZ, 

then Fairhead and Girdler (1969) proposed that the EARS extended in Botswana in a north-

south orientation. Later, an extension of the EARS along a northeast-southwest axis was 

postulated by Reeves (1972). However, Reeves (1972) suggested the central Kalahari, 250 km 

south from the ORZ, as the extensional part of the EARS. It was Scholz et al. (1976) who 

proposed the current assumption that the ORZ is the terminus of the southwestern extension 

branch of the EARS (Scholz et al., 1976; Pastier et al., 2017). 

 

 

1.2   Botswanaôs seismicity 

Seismic activity in Botswana was first recognised between 1949 and 1951, thanks to the first 

seismographic network installed in South Africa (Reeves, 1972; Simon et al., 2012). Between 

1952 and 1953, 33 events, most of them greater than magnitude 5.0, were observed in the ORZ. 

It was during this period that the seismicity in Botswana was first accentuated due to the 6.1 
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and 6.7 Local magnitude (ὓ ) events, occurring in the ORZ on September 11th and October 

11th 1952,  respectively. During 1954 to1955, only two magnitude 5.0 events were observed in 

northern Botswana and in the subsequent ten years, three other minor events were located in 

the same region (Reeves, 1972). Between 1959 and 1965, the first seismic network in 

Zimbabwe was set up by the Rhodesia Meteorological Services. Initially, the network consisted 

of three stations, with Bulawayo station as the closest seismic station to Botswana, around 400 

km away from the ORZ (Scholz et al., 1976). Later in 1968, two more stations were added and 

another one in 1971 (Reeves, 1972). This seismic network led to the discoveries by Reeves 

(1972) and Scholz et al. (1976), who both noticed high seismic activity in the ORZ and 

suggested a correlation between the EARS and Botswanaôs seismicity. However, Reeves 

(1972) postulated the Kalahari axis, a line 250 km south of the ORZ, as the EARS extension 

while Scholz et al. (1976) attributed the high seismic activity in the ORZ to the southwestern 

extension of the EARS (Pastier et al., 2017). From 1950 to 1991, a total of 154 earthquakes 

with various magnitudes were detected in Botswana (Simon et al., 2012). In 1993 the LBTB 

seismic station, near Lobatse in south-eastern Botswana, was deployed and operated by the 

U.S. Geological Survey (USGS) as part of the Global Telemetered Seismograph Network 

(GTSN) (U.S. Geological Survey, 2019). This was the first broadband station installed in 

Botswana to monitor local seismic events and underground explosions. More recently, between 

the period 2005 to 2007, a network of twenty to thirty permanent seismic stations was installed 

by the AfricaArray (AA) around eastern Africa, to monitor the EARS and seismicity in 

southern Africa. However, none of these stations were placed in Botswana. Later, during 2008 

and 2010, the AA network was expanded to include other parts of Africa, one of these was the 

temporary station MAUN in northern Botswana (AfricaArray, 2010). The addition of more 

stations resulted in an increase of detected seismic events which are available on the 

International Seismological Centre (ISC) database (Pastier et al., 2017). Other temporary 

seismic networks were also deployed in Botswana, however, these were only used to 

understand Botswanaôs geology and not to detect earthquakes (Carlson et al., 1996; Gao et al., 

2013). 

Little is known and documented about the seismic activity of a larger coverage of Botswana, 

mainly due to the paucity of seismometers on the African continent (Pastier et al., 2017; Nthaba 

et al., 2018).  Due to this, some earthquakes might have been recorded by only one seismic 

station. However, the ISC review process requires each earthquake to be detected by at least 

two stations in order to publish it (Pastier et al., 2017). This raises concern as some of the 

available ISC data for events detected in Botswana might be unreliable due to data being based 

on events recorded by a very few amount of stations, mostly located outside of Botswana. 

Additionally, local seismic stations were temporally installed to monitor seismic activity only 

in the ORZ (Simon et al., 2012), making any recorded data instrumentally biased to the 

northwestern part of Botswana. This bias might have hidden major areas of seismicity in 

Botswana.  

Pastier et al. (2017) used the unreviewed data set from the ISC, between 2004 and 2016 to plot 

events with magnitude greater than 3.0 for Southern Africa (figure 1.7). To prevent any induced 

seismicity due to man-made activities, no events with magnitude less than 3.0 were used. From 

this study, some regions revealed particular seismic activity which other studies did not observe 
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before, such as the previously assumed aseismic Ghanzi ridge and central Kalahari, south of 

the Ghanzi ridge. In fact, axes of earthquake clusters in a northwest-southeast orientation were 

identified by Pastier et al. (2017), with one of them starting from eastern Namibia, passing 

through central Kalahari and ending in northeastern South Africa. Seismic activity within the 

ORZ was concentrated along the southeastern edge of the delta, in between the NE-SW striking 

Tsau and Thamalakane faults. The rate of seismicity recorded between these faults may be 

attributed to the large quantity of water which is contained in them, as well as the continued 

inflow of extensive amounts of water into the delta (Nthaba et al., 2018). Significant seismic 

activity was also observed in the region of the Mababe Depression to the northeast of the delta, 

whereas Lake Ngami to the southwestern end, appeared to be relatively aseismic (Pastier et al., 

2017). Seismicity appears to be very low in the central region of the delta and also along the 

NE-SW striking Gumare fault. However, some events were recorded on the presumed 

extension of the Gumare fault, northeast of the delta (see black dashed line in figures 1.5 and 

smaller dashed line in figure 1.7) up till the northern part of the Linyanti swamps (Pastier et 

al., 2017; Nthaba et al., 2018).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7. Southern Africa map showing the seismicity distribution (M  3) between 2004 and 2016 from Pastier 

et al. (2017). These recorded seismic events are based on unreviewed data from the ISC database. The dashed 

region represents the poorly defined southwestern extension branch of the EARS referred to as the South-Western 

Extension Area (SWEA) by Pastier et al. (2017). The black star in Botswana represents the location of the ὓ  6.5 

normal-faulting earthquake in 2017. OG: Okavango Graben, VP: Victoria Plate. 
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From August 2013 to December 2014, Pastier et al. (2017) identified from the unreviewed ISC 

database more than 400 events with magnitudes mostly between 3 and 5.6, in north and west 

Botswana (figure 1.8). During this period, only 26 events were recorded in the ORZ. In 

contrast, considerable seismic activity was detected in the central Kalahari, a region 

corresponding to a ENE striking Karoo failed rift. There was no specific earthquake 

concentration observed along the Zoetfontein fault (refer to figure 1.3 for fault location) 

(Pastier et al., 2017). 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. Seismicity of Botswana by Pastier et al. (2017) from August 2013 till December 2014 based on 

unreviewed data from the ISC. The black star represents the location of the ὓ  6.5 normal-faulting earthquake 

in 2017. 

 

Whilst Botswana is a country with low local level of natural seismicity, moderate to large 

earthquakes have been mainly associated with the ORZ (Kwadiba and Ntibinyane, 1993). 

However, due to the poor seismic network distribution, some seismically active regions in 

Botswana may well have remained invisible to a lot of previous studies. Recently, this 

hypothesis was supported by the ὓ  6.5, normal-faulting earthquake on April 3rd, 2017, in 

central Botswana, near the village Moiyabana. This earthquake occurred in a region with low 

historical seismicity and far away from any identified active fault (Kolawole et al., 2017; 

Albano et al., 2017; Gardonio et al., 2018; Midzi et al., 2018; Bouwman, 2019). Due to its 

lower crust depth (around 25 to 30 km deep), Gardonio et al. (2018) suggested that this 

intraplate earthquake might have been triggered by elevated, sub-lithostatic, pore fluid 

pressure. Moreover, by applying a template matching approach to continuous signals recorded 

at teleseismic distance from the mainshock, Gardonio et al. (2018) also detected 14 foreshocks. 

For the same time interval in which these foreshocks were detected, the ISC online Bulletin 

only documented one magnitude 4.1 earthquake about 120 km away from the mainshock. On 

the other hand, Kolawole et al. (2017) and  Bouwman (2019) proposed that this earthquake and 

its aftershocks occurred due to extensional reactivation of the northeast dipping Moiyabana 

fault. This fault forms part of an ancient zone of weakness within the Limpopo-Shashe orogenic 
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belt that resulted from the collision of the Kaapvaal and Zimbabwe Cratons (Kolawole et al., 

2017; Bouwman, 2019).  

The exploitation of natural resources, such as minerals and hydrocarbons has contributed 

enormously to the generation of seismic events (Albano et al., 2017). Up to 40 induced seismic 

events, or more, have been identified per month in southern Africa (Alabi et al., 2012). 

Botswana is a country abundant in various natural resources, including diamond, gold, coal, 

copper, nickel and soda ash (known also as sodium carbonate) (figure 1.9). Since its discovery 

in 1967, diamond has been the most important mineral resource in the country. In fact, the 

richest diamond mine in the world is considered to be the Jwaneng diamond mine, located in 

south-central Botswana (AZoMining, 2012). Deep-level mining as is established in South 

Africa consists of working into the earthôs crust where naturally occurring seismicity takes 

places. To control and not aggravate the occurrence of induced seismic events, these man-made 

activities are closely monitored and regulated (Alabi et al., 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9. Mine locations in Botswana (KnowBotswana, 2010; Gwebu, 2013; Lucara Diamond, 2019). 

 

The occurrence of natural seismicity in Botswana seems to be guided by multiple tectonic units 

(discussed in section 1.1), with events mainly located in the mobile belts. Most of the seismic 

activity in Botswana has been mainly associated with the ORZ (Midzi et al., 2018). However, 

it has now become clear from the 2017, ὓ  6.5 earthquake and its aftershocks that other regions 

in the country, like central Botswana, are also seismically active. This raises the need for a 

more reliable assessment of the seismic activity throughout Botswana which is indeed the 

purpose of this study (as explained in section 1.5). As a result, previous unknown faults and 

regions of increased hazard can later be identified.  
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1.3   NARS-Botswana seismological network 

The NARS-Botswana seismic network was installed in June 2013 and operated by the 

seismology group of the Faculty of Geosciences, Utrecht University until March 2018. The 

scientific purpose of the NARS-Botswana temporary project was to reveal the structure of the 

crust and upper mantle beneath Botswana in order to obtain a better understanding of its 

complex tectonics (Fadel, 2018). Since March 1st 2018, the Botswana Geoscience Institute 

(BGI) was assigned the ownership of the NARS-Botswana stations, making the stations part 

of the Botswana Seismological Network (BSN) (Seismology group, Utrecht University, 2015). 

The network comprises a total of 21 broadband seismic stations (Table 1.2) distributed across 

most of the country, except for poor station coverage in the southwestern part of Botswana. 

Figure 1.10 shows the location of each of these stations, covering all the diverse geological and 

tectonic units in Botswana. For further details about the setup and equipment used in the 

NARS-Botswana seismic network, one can refer to the NARS-Botswana website (Seismology 

group, Utrecht University, 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10. The NARS-Botswana seismological network (Seismology group, Utrecht University, 2015). 
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Table 1.2. Location, sensor type and installation date of the NARS-Botswana stations from the NARS-website 

by the Seismology group, Utrecht University (2015). 

 

 

Station 

 

Location 

 

Sensor Latitude  

 (° N) 

Longitude 

(° E) 

Altitude  

(m) 

Installation  

(year.day number) 

NE201 Sekoma Trillium 120p -24.51535 23.93279 980 2013.324 

NE202 Lokgwabe Trillium 120p -24.11352 21.78230 1153 2014.011 

NE203 Kole Trillium 120p -22.99307 20.19555 1313 2014.015 

NE204 Xaudum STS-2 -18.53956 21.33822 1060 2015.077 

NE205 Selinda Trillium 120p -18.62089 23.50048 961 2015.241 

NE206 Kasane Trillium 120p -17.80017 25.16189 1006 2015.239 

NE207 Qangwa Trillium 120p -19.52957 21.17400 1094 2015.327 

NE208 Khwee Trillium 120p -21.94641 25.44691 1083 2014.044 

NE209 CKGR Trillium 120p -21.40355 23.77177 1005 2015.073 

NE210 Groot Laagt STS-2 -21.36192 21.21571 1198 2015.071 

NE211 Kacgae Trillium 120p -22.85382 22.20679 1153 2013.328 

NE212 Kaudwane Trillium 120p -23.38039 24.66079 1038 2014.046 

NE213 Phepeng Trillium 120p -25.47553 22.85729 1030 2013.327 

NE214 Gumare STS-2 -19.38931 22.16246 985 2015.326 

NE215 Bottlepan STS-2 -18.78417 25.19601 1035 2015.324 

NE216 Phuduhudu STS-2 -20.19568 24.53719 956 2014.040 

NE217 Borolong Trillium 120p -21.09968 27.33424 1047 2015.236 

NE218 Sowa Trillium 120p -20.56285 26.21785 941 2014.041 

NE219 Moremi Trillium 120p -22.56967 27.44682 911 2015.235 

NE220 Lephepe Trillium 120p -23.36303 25.85961 1020 2013.053 

NE221 Mmakgori Trillium 120p -25.81185 24.80085 1158 2013.320 

 

 

1.4   Software used 

For the detection and location of seismic events in Botswana, the Seismological 

Communication Processor 3 (SeisComP3) software package has been used. SeisComp3 is one 

of the most broadly used software packages for seismological data acquisition, data processing 

and real-time data exchange. Initially, this software was developed for the GEOFON network 

and eventually it further extended within the MEREDIAN project coordinated by 

GEOFON/GFZ Potsdam and ORFEUS. Additional functions and major changes in the 
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architecture of the software were later implemented by the GITEWS (German Indian Ocean 

Tsunami Early Warning System)/GEOFON development group, resulting in the upgrade of 

SesisComP to version 3 (Pesaresi, 2011; GFZ Potsdam, 2018). Although SeisComP3 is mostly 

intended to monitor real-time earthquake data through direct connection with data loggers and 

digitizers (Bormann et al., 2014), in this research off-line data processing and analysis was 

applied. This is mainly due to the fact that the NARS-Botswana data was already acquired and 

stored into the NARS system at Utrecht University.   

SeisComP3 follows a modular approach with each module performing a discrete task. All 

modules are connected through a messaging system and a common database (Hanka et al., 

2010; Pesaresi, 2011; GFZ Potsdam, 2018). These modules assist in rapid automatic and 

manual data processing and offer an interactive review of results (Weber et al., 2007).  

 

 

1.5   Aim of project  

The main aim of this study is to carry out a more reliable assessment of the seismicity 

throughout Botswana using the NARS-Botswana data from January 2014 till March 2018. Data 

is processed and analysed using the SeisComP3 software package, which uses automatic and 

manually picked ὖ-wave arrival times to detect and locate seismic events. As a result, an 

earthquake catalogue spanning around four years of NARS-Botswana data is created to assist 

in the quest of seismic hazard and risk mitigation for Botswana.  

The seismicity in Botswana is further analysed to investigate how the clustering of seismic 

events might relate to the local geology. To examine the variation of seismic activity in 

Botswana and assess the completeness of the earthquake catalogue, a magnitude-frequency 

relation plot is developed. From this plot the relative size distribution of events (ὦ value) and 

the rate of seismic activity in the country are estimated. Moreover, any seismic pattern within 

Botswana and/or in relation to adjacent countries is explored, with particular emphasis on 

whether a correlation exists between the ORZ and the suggested southwestern branch of the 

EARS (Scholz et al., 1976; Modisi et al., 2000; Kinabo et al., 2007; Leseane et al., 2015).  

Since there was only one permanent seismic station operating in Botswana before the NARS-

Botswana network was deployed, many seismic events have either been missed or mislocated. 

With this regard, seismic events detected and located in Botswana by SeisComP3 are compared 

with event locations listed in the ISC on-line bulletin (downloaded January 2019) for the same 

time interval. Considering that multiple seismicity studies for Botswana are based on the ISC 

unreviewed data (e.g. Pastier et al., 2017), this comparison will allow us to assess the reliability 

of the unreviewed ISC catalogue. 
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2.   Methodology  

 

Reliable automatic procedures for detecting and locating seismic events are essential in 

exploring, understanding and forecasting of earthquake occurrence. Determining the accurate 

location of any source is one of the most major tasks in seismology (Havskov et al., 2011), 

particularly as these hypocenters help to reveal information about the geology nearby, for 

example, to identify faults that ruptured in an area. Therefore, having accurate hypocenter 

locations will enable us to understand better the structures of the fault systems (Li, 2017). 

 

Standard earthquake catalogues, such as the one from the ISC, typically report locations that 

are off by approximately 25 km in horizontal position and depth (Shearer, 2009). This is mainly 

due to errors contaminating the data owing to a variety of possible factors, such as inaccuracies 

in the stationsô clocks, misidentification of the first ὖ-wave arrival, network geometry and the 

quality of the seismic velocity model used (Stein and Wysession, 2003; Husen and Hardebeck, 

2010; Bouwman, 2019). 

 

In this study, an event detector is applied in SeisComP3 to all available NARS-Botswana data 

so that a rough estimation of the first ὖ-wave arrival is obtained. Generally, this technique 

requires the data to be filtered prior to detecting changes in signal amplitude. After a seismic 

event has been identified, a more precise ὖ-phase picker is implemented so that reliable ὖ-

wave arrival time measurements are obtained. Ultimately, all incoming automatic and manual 

ὖ picks are used in SeisComP3 to automatically locate detected seismic events. To ensure the 

robustness of the automated location, a large number of  automated ὖ picks is usually required. 

In this chapter, the algorithms implemented in SeisComP3 for the detection and location of a 

seismic event are thoroughly discussed. Details about the used modules and parameter settings 

in SeisComP3 will be discussed in the next chapter. 

 

2.1   ╟-phase picking 

Accurate and precise picking of the first ὖ-wave arrival is of great importance in event location 

and recognition. Much of our current knowledge about the seismicity and structure of the Earth 

is based on manual picking of onset times. However, this method has proven to be highly 

subjective as well as extremely time consuming, especially when it comes to large data sets 

(Munro, 2004). Hence, such large data sets call for an automatic event detection algorithm and 

phase picking. 

Nowadays there are various automatic techniques available for the detection and picking of 

seismic events (Küperkoch et al, 2011; Trnkocsy, 2012; Vaezi and van der Baan, 2015). In this 

study, the Short-Term Average / Long-Term Average (STA/LTA) method is used for event 

detection by detecting waveform anomalies in the form of changes in amplitude. Prior to this 

method, the data is required to be filtered to remove unwanted noise and thus provide better 

data to process and analyse. After an event has been detected, the Akaike Information Criterion 
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(AIC) picker (Maeda, 1985) is implemented to accurately pick the ὖ-phase arrival, needed for 

precise event location. To optimize the accuracy of the automated picks, each pre-calculated 

pick is manually reviewed and if necessary, improved. Moreover, to make sure that no seismic 

event was missed, events reported by the ISC were compared to those automatically detected 

by SeisComP3. Manual picking was also implemented in the case when an event detected by 

the ISC was not automatically detected with SeisComP3. 

 

2.1.1 Event detection filters 

Recorded seismic traces are highly polluted by various types of noise arising from different 

kinds of sources. Such unwanted noise has a serious impact on the quality of the seismic data. 

Hence, one main purpose of seismic data processing is to improve as much as possible the 

signal-to-noise ratio (SNR). To preserve the signal of interest and enhance the SNR, strategies 

for seismic noise attenuation are needed. In this project, unwanted noise effects from the 

seismic data are removed using three different filtering stages prior to the STA/LTA detector 

algorithm. 

SeisComP3 first filters out the offset by making use of a running mean high pass (RMHP) filter 

of 10 seconds.  Basically, the running mean, for a given timespan is computed and subtracted 

from the single amplitude values (GFZ Potsdam, 2018).  Then in order to reduce the spectral 

leakage, a one-sided cosine taper (ITAPER) with a window length of 30 seconds is applied. This 

means that before performing a Fourier transform, the seismic data is multiplied by a tapering 

function. A typical taper is a function of which the amplitude smoothly decays to zero towards 

the window edges, aiming at diminishing the effect of the discontinuity between the beginning 

and ending data values. Although spectral leakage cannot be fully suppressed, it can be 

significantly minimized by altering the shape of the taper function  in a way to reduce strong 

discontinuities towards the window edges. Numerous tapering functions have been proposed 

(Piersol, 2006), in this case the one-sided cosine taper i.e. the default tapering function in 

SeisComP3 was implemented. 

The cosine taper window ὧὸ is given by (Pilz and Parolai, 2012): 

ὧὸ   
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ς
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ρ                 Ὢέὶ ὥ ὸ ρ

                    ςȢρ  

with time ὸ and taper ratio ὥ. Such tapering reduces the spectral power leakage from a spectral 

peak to frequencies far away. Moreover, it coarsens the spectral resolution by a factor of  

(Pilz and Parolai, 2012). 
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In the last filtering stage, a Butterworth Infinite Impulse Response (IIR) bandpass filter is 

implemented to eliminate both high and low unwanted frequencies from the seismic data and 

emphasize only those of interest. In  order to use a bandpass filter, the frequency range of the 

data must be specified such that unwanted low frequency noise (lower than Ὢ), containing 

microseismic noise, and high frequency noise (higher than Ὢ) generated for instance by 

anthropogenic activities, can be removed from the data leaving the wanted frequency interval 

to be processed. This is illustrated in figure 2.1.  

 

 

 

 

 

Figure 2.1. A bandpass filter with low corner frequency (Ὢ) and high corner frequency (Ὢ) shown in relation to 

the  pass band (GeoSci Developers, 2017). 

 

Generally, the pass band should allow frequencies associated with the maximum energy of 

expected seismic events. Nonetheless, it should also have a band pass that does not coincide 

with dominant frequency components of typical seismic noise at the site. Otherwise, the 

detection filter becomes inefficient (Trnkocsy, 2012). 

The amplitude spectrum of the bandpass Butterworth filter is defined by  

ȿὋὪȿ
ρ

ρ
ȿὪȿ Ὢ
Ὢ

                                                    ςȢς 

where Ὢ is the centre of the pass band, Ὢ is the pass band half width and the steepness of the 

filter is defined by the order ὲ of the filter (University of Washington School of Oceanography, 

2014).  

 

2.1.2  STA/LTA detector algorithm  

The STA/LTA is one of the most widely used detection algorithms. It works by processing 

seismic signals in which the average values of the absolute amplitude is continuously calculated 

in two consecutive moving time windows, i.e., the short-time average window (STA) and the 

long-time average window (LTA) (Trnkocsy, 2012). 

The STA/LTA ratio is a measure similar to the signal-to-noise ratio (SNR) since the STA 

calculates the óinstantô amplitude of the seismic signal, while the LTA measures the average 

seismic noise amplitude (Trnkocsy, 2012). The average of the absolute amplitudes of a seismic 
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trace ύὸ within both the STA and LTA windows is calculated by (Agius, 2007; Schweitzer 

et al, 2012) 

ὛὝὃὸ
ρ

Ὓ
Ͻ ȿύὸ Ὦȿ                                                              ςȢσ 

ὒὝὃὸ
ρ

ὒ
Ͻ ȿύὸ Ὦȿ                                                              ςȢτ 

where Ὓ  ίὥάὴὰὭὲὫ ὶὥὸὩὛὝὃ ὰὩὲὫὸὬ Ὥὲ ίὩὧέὲὨί 

            ὒ  ίὥάὴὰὭὲὫ ὶὥὸὩὒὝὃ ὰὩὲὫὸὬ Ὥὲ ίὩὧέὲὨί 

 

To detect the presence of ὖ-phase arrivals and provide a rough estimation of the ὖ-onset time, 

the STA/LTA detector algorithm in SeisComP3 requires four input parameters. These include 

the STA and LTA window length, a trigger threshold value and a detrigger threshold value 

which are further discussed in the following subsections. The explanation provided for these 

parameters is based on the information provided by Trnkocsy (2012). 

 

2.1.2.1  STA and LTA window length 

Window length plays an important role in the performance of the STA/LTA algorithm. The 

choice of the STA and LTA window lengths depends on the frequency content of the seismic 

waveform. Usually, the choice of the STA duration should be longer than a few periods of a 

typically expected seismic signal while the optimum LTA window should be longer than a few 

periods of the typically irregular seismic noise variations. 

By adjusting the STA duration one can relatively prioritize to capture either distant or local 

events. The reason for this is that the shorter the STA duration is, the higher the detector 

sensitivity is to short period local events, but less the sensitivity is to long lasting and lower 

frequency distant earthquakes, and vice versa. It is also important to keep in mind that the 

smaller the STA window is, the more sensitive the detector is to spike-type man-made seismic 

noise, and vice versa (figure 2.2). This implies that the STA duration is also of great importance 

with regards to false detections. Thus, if false events are detected frequently at highly polluted 

spike-type noise sites, the STA duration must be changed so that it is much longer than these 

spikes. Unfortunately, this will also reduce the detector sensitivity to local short lasting events 

(Trnkocsy, 2012). 

A longer LTA window is required to detect events with weak ὖ-waves compared to Ὓ-waves. 

Longer LTA window duration also makes the STA/LTA detector more sensitive to detect ὖ 

waves and increases the detector sensitivity to regional events in the óὖô wave, varying from 

about 200 to 1500 km epicentral distance. In contrast, as shown in figure 2.3, a short LTA can 

prevent false detections owing to regular changes of continuous man-made seismic noise. Such 

changes of man-made seismic noise are usually associated with night-to-day transition of 

human activity in urban areas (Earle and Shearer, 1994; Trnkocsy, 2012; Akram and Eaton, 

2016). 
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Figure 2.2.  The effect of STA window duration on the detector sensitivity to short lasting local events and spike-

type noise by Trnkocsy (2012). Graph (a) illustrates a filtered seismic signal with an instrumental spike on the left 

and a weak local earthquake on the right side of the plot. Graphs (b) and (c) demonstrate the STA, LTA and 

STA/LTA ratio, respectively, with a long STA window of 3 seconds. The STA/LTA trigger threshold is indicated 

by a blue dashed horizontal line and the detrigger threshold is indicated by a red dashed horizontal line in the 

STA/LTA plots.  In this case, the large amplitude but short lasting spike did not trigger the system and hence, no 

false event was detected while the weak earthquake was hardly detected. Graphs (d) and (e) represent the same 

situation but with a shorter STA window of 0.5 seconds. The STA/LTA ratio for both the spike and earthquake 

exceeded the trigger threshold however, a false detection was generated due to the spike. 
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Figure 2.3.  LTA window length response on false event detections from Trnkocsy (2012). Graph (a) shows a 

filtered seismic noise signal with an increase in seismic noise gradually occurring in the middle of the record. 

Graph (b) shows that with a short LTA window of 30 seconds, the LTA value is aware of the increased noise 

amplitude and thus, no false event is detected. This is shown in graph (c) where the STA/LTA ratio does not reach 

the STA/LTA trigger threshold (represented by the blue dashed horizontal line). Graphs (d) and (e) show the same 

situation but with a longer LTA of 60 seconds. The LTA value, in this case, changes gradually, resulting in a 

higher STA/LTA ratio as noise increases. Hence, generating a false event detection. 
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2.1.2.2  Triggering  

Whenever a seismic signal is processed, the absolute amplitude of each data sample is 

calculated and used to evaluate the average of absolute amplitudes in both the STA and LTA 

windows. The ratio of both windows is then calculated and continuously compared to the 

selected STA/LTA trigger threshold value. When the ratio exceeds this pre-set threshold, an 

event is detected. Figure 2.4 shows an example of the detector variables during the STA/LTA 

algorithm.  

The STA/LTA trigger threshold level basically controls which events will be detected and 

which will not. If a high value is set, less earthquakes will be detected, however, less false 

event detections will result. On the other hand, if a low STA/LTA trigger threshold is used, the 

higher the seismic stationôs sensitivity will be and the more events will be detected, although 

this may also lead to more frequent false detections. The ideal STA/LTA trigger threshold 

value is based on the seismic noise conditions in the area and on oneôs tolerance to false event 

detections. The setting of the optimum trigger threshold level is not only influenced by the 

amplitude but also by the type of seismic noise. Seismic noise with less irregular fluctuations 

enables a lower STA/LTA trigger threshold value while entirely irregular behaviour of seismic 

noise requires higher values (Trnkocsy, 2012). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4.  A typical local event with STA/LTA detector variables. Graph (a) shows an incoming continuous 

filtered seismic signal. Graph (b) shows an averaged absolute signal of the STA and LTA windows, respectively, 

as they move in time towards the right. Graph (c) shows the STA/LTA ratio with trigger threshold value set to 10 

and detrigger threshold value set to 1 (Trnkocsy, 2012). 
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2.1.2.3  Detriggering 

As the seismic signal gradually decays, the STA/LTA detector deactivates. This occurs when 

the current STA/LTA ratio falls to the value of the selected STA/LTA detrigger threshold level.  

As shown in figure 2.4, this detrigger threshold value should be lower (or rarely equal) than 

the STA/LTA trigger threshold value.  

A low detrigger value is required to encompass as much of the coda waves as possible. 

However, a very low value may not allow the STA/LTA ratio to fall below the detrigger 

threshold value and thus, might miss to detect subsequent events. Moreover, a higher detrigger 

value should be set if one is not interested in the coda waves. Generally, the noisier the seismic 

site is, the higher the detrigger threshold value must be set. On the other hand, for seismically 

quiet areas, a typical initial value of the STA/LTA detrigger threshold level must be either set 

to 2 or 3. 

 

2.1.3 AIC picker  

Accurate detection and picking of the first ὖ-wave arrival is crucial  for hypocenter 

determination, event identification and source mechanism analysis. Traditionally, this work is 

done by an analyst who analyses the seismograms and picks out important phase arrivals. 

However, this task can take a lot of time, especially for large volumes of digital data (Zhang et 

al., 2003). Hence, nowadays it is extremely beneficial to use an automatic phase picker which 

automatically picks the onset times of seismic waves. 

Much effort has been dedicated to design algorithms that automatically and precisely pick ὖ-

phase arrival times. Some of the proposed and widely used ὖ-picking algorithms include; the 

Allen (1978) picker, in which the trace amplitude and the time derivative of the trace are used 

to generate a characteristic function (CF) that is compared to some threshold value, the Baer 

and Kradolfer (1987) (BK) picker which uses an envelope function (slightly modified from the 

Allen picker) and a dynamic threshold value, and higher order statistics in which statistical 

properties in a sliding window are calculated to generate a CF which is used to estimate the 

arrival times (e.g., Küperkoch et al., 2010). In addition to these time and frequency domain 

techniques, model oriented algorithms, like the one used in this study, based on the Akaike 

Information Criterion (AIC) became also quite common (Küperkoch et al., 2011). This 

criterion, which compares the quality of a set of statistical models and aims to select the best 

model, is given by (Akaike, 1971):  

ὃὍὅ ςάὥὼὭάόά ÌÏÇ ὰὭὯὩὰὭὬέέὨςὲόάὦὩὶ έὪ ὴὥὶὥάὩὸὩὶί              ςȢυ 

where the number of parameters is defined by the model order (Küperkoch et al., 2011). 

Initially, this function (equation (2.5)) was developed to determine the order of an 

autoregressive (AR) process, with the first term indicating the badness of the model fit and the 

second term the unreliability (Akaike, 1974). In seismic data, this criterion is used to 

distinguish the point of two adjacent time series with distinct underlying statistics (St-Onge, 

2011).  
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Two robust AIC based approaches, referred to as AIC pickers, have been proposed for 

determining the ὖ-onset time of a seismic signal (Zhang et al., 2003; St-Onge, 2011). One uses 

an AR process of a fixed order (Sleeman and van Eck, 1999)  while the other computes the 

AIC function directly from a seismic waveform, without using an AR process (Maeda, 1985). 

Since the characteristics of a seismogram, such as the variance and the spectrum suddenly 

change with the occurrence of a seismic event (figure 2.5), this AIC picker assumes that the 

intervals before and after the first ὖ -wave arrival time, are two different stationary time series 

(Küperkoch et al., 2011). In these AIC based approaches, the AIC function is computed for 

each sample of a shortened time series and the onset point, is determined by the global 

minimum AIC value (Ahmed et al., 2007).  

 

 

 

 

 

 

Figure 2.5. An example of a seismic trace indicating the separation point Ὧ of two statistically different parts i.e., 

the pre-onset segment from sample ρ till Ὧ and the post-onset segment from sample Ὧ ρ till ὔ (St-Onge, 2011). 

 

 

The portion before phase arrival, consisting of seismic noise and the portion afterward, 

consisting of the seismic signal (figure 2.5), are two segments with different statistical 

properties. At first, a small Ὧ sample value is multiplied by the log of the variance of the seismic 

data from samples ρ to Ὧ. The variance measures how far a set of data is spread out, defined as 

(Kurz et al., 2005):  

ὺὥὶ
ρ

ὲ ρ
ὼὭ ὼӶ                                                   ςȢφ 

where ὲ denotes the sample size, 

          ὼὭ is sample Ὥ of the time series ὼ and 

          ὼӶ is the mean of the whole time series ὼ. 

Hence, the variance of a low amplitude seismic data gives a small value since the data points 

are located close to each other. This variance will get even smaller as Ὧ increases. However, at 

the ὖ-wave onset, the samples from Ὧ ρ till ὔ will have a larger variance than before. Thus, 

the AIC value will start to increase, indicating a global minimum at the ὖ-wave onset. As a 

result, the AIC array plot will have a slanted v-shape form, as shown in figure 2.6(a) (St-Onge, 

2011). 

In this study, the AIC picker applied is that which is directly calculated from the seismic data, 

as proposed by Maeda (1985). In fact, when a seismic event is detected by exceeding the 

STA/LTA trigger threshold, a smaller time window containing the ὖ-onset is cut out for more 
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precise picking by this AIC picker. In this case, for the curtate time series ὼ of length ὔ 

samples, the AIC function at sample Ὧ is defined by 

ὃὍὅὯ ὯϽÌÏÇὺὥὶὼρȟὯ ὔ Ὧ ρϽÌÏÇὺὥὶὼὯ ρȟὔ                ςȢχ 

where Ὧ ranges through all samples of ὼ, 

          ὺὥὶὼρȟὯ  is the variance of the time series ὼρȟὼςȟȣȟὼὯ and 

          ὺὥὶὼὯ ρȟὔ  is the variance of the time series ὼὯ ρȟὼὯ ςȟȣȟὼὔ . 

 

The implemented AIC picker in SeisComP3 uses equation (2.7) to calculate the AIC array 

values, as shown in figure 2.6 (lower traces). It compares these values to search for a global 

minimum which determines the optimal separation point of the two adjacent time series. This 

point is interpreted as the ὖ-wave onset (Zhang et al., 2003). 

In order for the AIC picker to pick the ὖ-wave arrival correctly, the selection of a proper time 

window that includes only the seismogram segment of interest is important. As shown in figure 

2.6(a), when the ὖ-wave arrival is clearly visible in the seismogram, the AIC values would 

indicate a very clear global minimum. Hence, the AIC picker is likely to be very accurate. If 

the seismogram has a relatively low SNR (figure 2.6(b)), there might be multiple local minima 

in the AIC values function however, the ὖ-wave arrival is still distinguished by the global 

minimum. When more seismic noise than signal is present in the seismogram (figure 2.6(c)), 

indicating a very low SNR seismic signal, the global minimum is not clearly evident and thus, 

the AIC picker may provide large errors. Moreover, if several seismic phases are available in 

a time window (figure 2.6(d)), the AIC picker will indicate its global minimum at the strongest 

phase which may not represent the first ὖ-wave arrival. On the contrary, the AIC picker will 

almost always indicate a global minimum in a time window irrespective to whether a true phase 

arrival is present or not (figure 2.6(e)). Thus, it is due to these reasons that we need to select a 

suitable time window that will enable the AIC picker to function properly (Zhang et al., 2003; 

Ahmed et al., 2007).  
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Figure 2.6. Seismograms (upper traces) and their corresponding AIC values (lower traces) by Zhang et al. (2003) 

showing (a) a very distinct ὖ-wave onset, (b) a rather clear ὖ-wave arrival with relatively lower SNR, (c) a very 

low SNR seismogram, (d) multiple phases available in a time window and (e) seismic noise data in which the AIC 

global minimum does not represent any phase arrival. The black vertical lines in seismograms (a) till (d) indicate 

the ὖ-wave arrival and the arrows represented in each AIC array plot indicate the global minimum. 
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2.1.4 Manual ╟ phase picking 

Despite significant advancement in automated ὖ-onset detection and determination, picking 

results are still inferior to those attained manually. Thus, a proper combination of automatic 

and manual data processing should be ensured to produce high quality ὖ-phase picks (Bormann 

et al., 2014). 

Manual review of all automatically detected events by SeisComP3 is accessible through an 

interactive GUI (Graphical User Interface), where a  number of tools are available to revise 

and modify, if necessary, the accuracy of the automated first ὖ-wave onset. This is done by 

analysing filtered seismic signals only in the vertical component since the arrival of a ὖ-wave 

is observed more clearly in this component. By zooming in a portion of the time series 

containing the ὖ-onset,  automatic ὖ picks are carefully analysed and if not accurate, manual 

re-picking is implemented by marking the ὖ-onset at the point where anomalies in the form of  

changes in amplitude are first observed. ὖ-wave arrival times detected automatically and/or 

manually for a particular event are then further investigated by reviewing their trend in a travel 

time against distance plot (referred to as well as a travel time curve). The resulting ὖ-wave 

arrival times should smoothly increase with distance. Hence, a similar trend to the ὖ-wave 

curve in figure 2.7 should be attained. Any outliers in this plot are analysed again and removed 

if there is no clear ὖ-onset. 

 

  

 

 

 

  

 

 

 

 

Figure 2.7. An example of a travel time curve showing the expected first ὖ- and Ὓ-waves arrival times at a range 

of distances from the epicentre of a seismic event (Columbia University, 2017). 

 

In the absence of an automatic detected event, manual analysis is implement in SeisComP3 by 

creating a preliminary origin. In this case, seismic signals recorded by multiple stations are 

examined to identify any missed seismic event. If the ὖ-onset is clear, manual ὖ-phase picking 

is applied. To ensure that no seismic event was missed, it was made sure that all automatically 

detected events by SeisComP3 were compared to the unreviewed events published on the ISC 

On-line Bulletin (2016). Any events that were detected by the ISC but not with SeisComP3 

were used as input data for the preliminary origins that are manually analysed. 
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2.2 Event location 

Once the first ὖ-wave arrivals are picked, the next step is to identify combinations of picks that 

correspond to a common seismic event and determine the location of that seismic event. This 

is done by first considering the classic inverse problem discussed below, based on Shearer 

(2009) earthquake location explanation.  

An earthquake is defined by its origin time Ὕ i.e., the initiation time of the earthquake rupture 

and the position ὼȟώȟᾀ, known as the hypocenter. The point ὼȟώ directly above the 

hypocenter, on the Earthôs surface, is defined as the epicenter. In location methods, earthquakes 

are generally treated as point sources with the hypocenter considered as the starting point of 

the rupture process, usually specified in longitude ὼ, latitude ώ, and depth below the surface 

ᾀ. Since the ὖ-wave propagation velocity is larger than the rupture velocity, the hypocenter 

can be resolved  from the first arrival times, irrespective of the size and duration of the event. 

Consider ὲ seismic stations at locations ὼȟώȟᾀ  which detect an event at arrival times ὸ  

Ὥ ρȟςȟȣȟὲ. The hypocenter location and origin time describe four unknown earthquake 

parameters, defined by the model vector, 

□ άȟάȟάȟά ὼȟώȟᾀȟὝ                                       ςȢψ 

If we now assume some velocity model, then for every estimated □ the predicted arrival time 

at each station can be calculated 

◄▬►▄▀ ╕□                                                               ςȢω 

In equation (2.9) ╕ is a function of both the velocity model considered and the individual station 

locations, particularly it is a non-linear function of the model parameters (except for the origin 

time Ὕ). Note that this is a forward problem that gives the predicted arrival time at a station 

from □. Since we have ὲ observations, there will be ὲ arrival time equations in equation (2.9). 

Hence, the system of equations is overdetermined as there are usually many more equations 

than unknowns (i.e., ὲ τ).  

The inverse problem we are trying to solve is that, given the observed arrival times, we wish 

to determine the □ that, in a certain sense, gives the smallest arrival time residual at each 

station. The residual  ὶ at the Ὥ  station is defined as the difference between the observed and 

predicted travel times which is the same as the difference between the observed and predicted 

arrival times: 

ὶ ὸ  ὸ                                                       ςȢρπ                

   ὸ  Ὂ□                                                     ςȢρρ                

 

To find the optimal □, a grid search approach in combination with an iterative least-squares 

inversion algorithm is applied to identify the best fitting event location and origin time. In the 

following sub-sections, the grid search approach and the iterative least-squares inversion 

algorithm will be further discussed, along with event location error assessment. 
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2.2.1 Grid Search  

By using a grid consisting of a set of discrete points that sample the region of interest 

adequately, a grid search over all possible locations and origin times is performed. Each of the 

grid points, in this approach is considered as a theoretical hypocenter for all incoming ὖ picks 

(GFZ Potsdam, 2018). 

For each seismic event, the observed (or measured)  arrival times ὸ  are compared to those 

predicted arrival times ὸ  at each grid point. Ultimately, the optimal estimate for □ would 

then be indicated by the grid point with the best agreement between these two arrival times. 

This implies that some measure of óbest agreementô is required, especially when several ὖ-

wave arrival times are observed. A frequent used approach is to seek for a □  with least squares 

(known also as the L2 norm) that minimizes the sum of the squared residuals ‭ observed at ὲ 

seismic stations (Shearer, 2009): 

‭ ὸ  ὸ                                                       ςȢρς 

The RMS (root mean square) residual, defined as ‭ὲϳ , is usually used as a guide to location 

accuracy. If the residuals are similar in value, the RMS residual provides an estimated average 

residual. It should be noted that the RMS residual provides only an indication of the fit of the 

data (Havskov et al., 2011). Furthermore, the variance of the data, in other words, the average 

squared residual ‭ὲϳ , describes the spread in the residuals. In statistics, the variance is formally 

defined as ‭ὲ , where ὲ  is the number of degrees of freedom i.e., the difference between 

the number of observations ὲ and the number of free parameters in the fit (in our case, ὲ

ὲ τ since □ consists of 4 parameters). Typically, ὲ is greater than the number of fitting 

parameters, and therefore ὲ and ὲ  are considered roughly to be equal. Additionally, this 

implies that residual 2-3 is roughly equal to the variance (Shearer, 2009). 

The least squares approach is the most frequently used measure of misfit due to the simple 

forms of equations attained in the minimization problems. It will work properly if the misfit 

between ὸ  and ὸ  is generated by uncorrelated, random Gaussian noise. However, this is 

often not the case as the errors are non-Gaussian. As a result, the least squares approach will 

be more sensitive to the outliers i.e., individual large residuals of the data. For instance, a 

residual of 3 will contribute 9 times more to the misfit ‭, than a residual of 1. An alternative 

strategy that can partially solve this problem is to use the sum of the absolute residuals 

‭ ὸ  ὸ                                                      ςȢρσ 

This measure of misfit, known as the L1 norm, is much more robust to outliers than the L2 

norm.  
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Once a measure of misfit has been defined (e.g., the RMS residual) and computed for each 

grid point, the optimal □ is identified by the point with the smallest misfit (Shearer, 2009; 

Havskov et al., 2011). Note that a grid search for the origin time is not required. In fact, the 

best fitting origin time at each grid point can be attained by simply calculating the median of 

the residuals, in the case of the L1 norm or the average of the residuals, in the case of the L2 

norm (Shearer 1997; Richards-Dinger and Shearer, 2000). 

Ideally, the optimal □ for well-behaved data is clearly identified by the point with the smallest 

misfit however, in reality, the arrival times are contaminated with errors. As a result, there 

might be multiple grid points, even far away from each other, with similar misfit (Havskov et 

al., 2011). Hence, the iterative least-squares inversion algorithm is eventually implemented to 

test the location found by the grid search and examine if the set of picks indeed form a 

consistent hypocenter. 

 

2.2.2 Iterative least-squares inversion algorithm 

The following explanation of the iterative least-squares location algorithm is based on the text 

by Stein and Wysession (2003) and Shearer (2009). The algorithm starts off by considering a 

trial model □ , which is an estimated guess which we hope is close to the best location. In our 

case, the solutions determined from the grid search approach will represent this trial model. 

The new location □ located a small distance away from □  is given by 

□  □ Ў□                                                          ςȢρτ 

where Ў□ is considered to indicate small perturbations to the target solution □. 

 

In order to linearize the problem (equation (2.11)), the predicted times at □ are approximated 

by using the first term (the linear term) in the Taylor series expansion: 

ὸ □ ὸ □
‬ὸ

‬ὼ
Ўὼ

‬ὸ

‬ώ
Ўώ

‬ὸ

‬ᾀ
Ўᾀ ЎὝ  

ὸ □ Ўά                                                                    ςȢρυ   

The index Ὦ in equation (2.15) ranges from 1 to 4 and corresponds to the earthquake parameters 

defined in equation (2.8). 

Hence, the residuals at the new location □ can now be written as 

ὶ□ ὸ  ὸ □  

ὸ  ὸ □
‬ὸ

‬ά
Ўά                                 

ὶ□
‬ὸ

‬ά
Ўά                                        ςȢρφ 
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To minimize these residuals in such a way that the predicted data are closer to those observed, 

we seek to find Ў□ such that 

ὶ□
‬ὸ

‬ά
Ўά                                                     ςȢρχ 

In vector-matrix form this can be written as 

►□ ╖ Ў□                                                          ςȢρψ 

where ► is the residual vector computed from a trial model □  and ╖ is an ὲ τ matrix of 

partial derivatives i.e., 

Ὃ
‬ὸ

‬ά
                                                             ςȢρω 

with Ὥ ρȟςȟȣȟὲ and Ὦ ρȟȣȟτ. 

 

Equation (2.18) represents a system of linear equations with 4 unknowns (corrections to the 

hypocenter and origin time). Nonetheless, there are ▪ equations of this type corresponding to 

each observed arrival time. Therefore, since the minimum number of automatically detected 

ὖ picks needed to declare an event in SeisComP3 is 6 (GFZ Potsdam, 2018), equation (2.18) 

will consists of more equations than unknowns. In order to solve such overdetermined problem, 

one solution for the perturbation vector Ў□ is acquired by using the standard least squares 

minimization technique (Shearer, 2009). To do this, we regard the elements of ► and ╖ as 

having errors described by their standard deviations „. Thus, the least squares solution is given 

by the model that minimizes the misfit, 

…
ρ

„
ὶ□ Ὃ Ўά                                       ςȢςπ 

referred to as the prediction error. For the misfit to be small as possible, the partial derivative 

of … with respect to the change in the model parameters Ўά  must equal to zero. 

Ḉ                      
‬…

‬Ўά
π ς

ρ

„
ὶ□ Ὃ Ўά Ὃ                           ςȢςρ 

Rearranging, equation (2.21) yields 

ρ

„
 ὶ□  Ὃ  

ρ

„
Ὃ Ўά Ὃ                                ςȢςς 
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If the variance of the data are equivalent „ „ , then the variance term in equation (2.22) 

can cancel out, and      

 ὶ□  Ὃ  Ὃ Ўά Ὃ                                        ςȢςσ 

 

In matrix notation this can be written as 

╖►□ ╖╖ Ў□                                                              ςȢςτ 

╖╖ is a square matrix and thus, its inverse exists. Hence, a solution for the perturbation vector 

Ў□ is obtained by taking the inverse of ╖╖ on both sides of equation (2.24) 

╖╖ ╖►□ ╖╖ ╖╖ Ў□ 

                                           ╖╖ ╖►□ ╘ Ў□                      where ╘ = Identity matrix 

Ḉ                                                      Ў□ ╖╖ ╖►□                                    ςȢςυ                      

Next, we replace □  by the new trial model □ Ў□ and repeat the process until the misfit 

is sufficiently small. Generally, this iterative process converges quite rapidly as long as the 

initial hypocentral guess is not far away from the actual solution (Stein and Wysession, 2003). 

 

2.2.3 Location errors 

Since seismic events are located using arrival times possibly contaminated with measurement 

errors and travel times that are calculated on the basis of the wrong assumption that the true 

velocity model is used, the hypocentral solutions will have errors (Havskov et al., 2011). These 

errors result in  a relative location scatter around the actual location of the earthquake (Husen 

and Hardebeck, 2010). To get an indication of the probable uncertainties in our solution, the 

behaviour of the misfit function in the area close to the smallest misfit can be determined. In a 

two-dimensional case, this can be done for example, by contouring the RMS residual (i.e., the 

misfit) as a function of ὼ and ώ in the vicinity of its minimum. If the RMS grows quickly when 

moving away from the minimum, it is made clear that a better solution has been attained than 

when the RMS grows very slowly away from its minimum (Shearer, 2009). Similarly, it would 

also be possible to create three-dimensional contours in order to get an indication of the 3D 

uncertainty (Havskov et al., 2011). However, this approach provides only a qualitative 

assessment of the uncertainties in our model parameters, it does not quantify this measure. In 

the seismic event location problem these uncertainties can be evaluated from a statistical point 

of view in order to determine the error ellipse, i.e., the way in which hypocenter errors are 

usually represented  (Husen and Hardebeck, 2010). One can refer to the method described by 

Bratt and Bache (1988) for a detailed statistical understanding of how the error ellipse is 

computed. 
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In error analysis, the crucial variable is the variance „  of the arrival times (Havskov et al., 

2011).  Depending on whether this data variance is known or not, two types of statistics, used 

to calculate the size of the confidence region, exist (Husen and Hardebeck, 2010). These 

include:  

¶ Ὂ statistics used when the variance is unknown (e.g., Flinn, 1965; Jordan and Sverdrup, 

1981) 

¶ … statistic used when the variance is known (e.g., Evernden, 1969) 

 

Basically, these error ellipse procedures use the arrival time variance to determine the 

corresponding misfit value. In the case where the data variance is unknown, an estimate ί, 

derived from the residuals of the best fitting hypocenter ὶ□ὦὩίὸ and the number of degrees of 

freedom ὲ ὲ ὓ, is used (Shearer, 2009; Havskov et al.,2011): 

ί
ρ

ὲ
ὸ  ὸ □ὦὩίὸ                                          ςȢςφ 

Based on the work of Flinn (1965), the joint confidence region for the solution □  is 

bounded by the ὴ percent confidence ellipsoid, determined from 

□ □  ╢ □ □ ‖                                      ςȢςχ 

where the parameter covariance matrix ╢ is defined by 

╢ ί ╖╣╖                                                           ςȢςψ 

The confidence coefficient ‖  is given by 

‖ ὓίὊ ὓȟὲ ὓ                                                  ςȢςω 

where Ὂ ὓȟὲ ὓ  represents the Ὂ statistics at the ὴ percent confidence level with ὓ and 

ὲ ὓ degrees of freedom (Bratt and Bache, 1988). 

Seismic events detected from outside a seismic network tend to have considerably large 

location uncertainties. This is mainly due to a poor station distribution. Moreover, since these 

events are recorded from only one side of the network, large tradeoffs exist between the 

location in the direction towards or away from the network and the origin time (Husen and 

Hardebeck, 2010). In our case, this should not be much of a problem as we seek to detect events 

in Botswana by using a good station coverage within most of the country. However, events 

recorded out to greater distances are likely to show higher location uncertainties.  

Another issue in the event location problem is the well-known tradeoff between origin time 

and event depth. This usually results when there is a large distance between the stations location 

and the event recorded (figure 2.8). Consequently, changes in event depth may be offset by a 

shift in the event origin time (Shearer, 2009). 
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Figure 2.8.  Tradeoff between event depth and origin time due to event recorded by only distant stations (Shearer, 

2009). 
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3.   Data Processing 

 

Once the NARS-Botswana data was accumulated from the 21 broadband seismic stations in 

Botswana and stored into the system, it was possible to process and analyse it for the occurrence 

of possible seismic events between January 2014 and March 2018. To detect seismic events 

and determine their hypocentre location, the software package SeisComP3 (SC3) (version 

2017.334) was used. 

Before the processing of data, station metadata, including station and instrument response 

information, obtained from dataless SEED files were configured in SC3 station bindings (note 

that a binding in SC3 maintains the configuration of how a station is utilized in a module (GFZ 

Potsdam, 2018)). On the other hand, the NARS-Botswana data, containing only waveform data, 

were in MiniSEED files. However, since these MiniSEED files are not organised as separate 

files per day, per station component, it was necessary to use the ódataselectô programme 

(https://github.com/iris-edu/dataselect) to sort the NARS-Botswana data in  SeisComP Data 

Structure (SDS). In order to create and extract multiplexed sorted MiniSEED files from SDS 

archives, one has to run the archive tool, scart, available as one of the utilities in SC3. The 

following is an example used in Linux command line: 
 

 

 

This command merges MiniSEED day files from each and every station, located in a local SDS 

archive into one MiniSEED volume per day, called dayfile.mseed. Thus, it organises the data 

to be finally used for processing by SC3. 

SC3 has a modular design approach in which every module is in charge of a discrete task. Table 

3.1 shows the modules used in this study with a description of their corresponding task. These 

modules communicate with each other through a Transmission Control Protocol/Internet 

Protocol (TCP/IP) messaging system based on the open source toolkit Spread 

(http://www.spread.org/). The main component of  the messaging system, referred to as the 

mediator, is called scmaster. This is the only module in SC3 providing writing access to the 

database by making sure that all the information communicated between modules is written in 

its database (Hanka et al., 2010). By default, SC3 uses the MySQL database, in which its 

database schema is based on QuakeML (an XML-based data exchange standard for the 

representation of seismological parameters) (Schorlemmer et al., 2011).  

For waveform data access, SC3 utilizes both the seedlink and arclink protocols. Seedlink is 

used for (real-time) data acquisition and serves also as a client-server software. Arclink, on the 

other hand, complements SeedLink by supplying a larger store of data. The arclink protocol 

provides access to archived waveform data via the module slarchive in MiniSEED format 

(Hanka et al., 2010). An automated switching between the seedlink and arclink protocols in 

SC3 is used when processing data in offline mode (Olivieri and Clinton, 2012). 

SC3 is a software package designed for fast interactive analysis (Hanka et al., 2010). Apart 

from automatic earthquake detection and localisation, SC3 provides magnitude and amplitude 

estimations, and offers the possibility for manual picking to optimize results of pre-calculated 

seiscomp exec scart -dsvE -t '<start-time>~<end-time>' <path to SDS archive> > dayfile.mseed 

 

https://github.com/iris-edu/dataselect
http://www.spread.org/
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picks and to assist in creating new origins for any undetected events. Figure 3.1 shows a 

flowchart of the main steps carried out within the processing of the NARS-Botswana data. 

 

 

Table 3.1. List of SC3 modules used in this study for the detection and localisation of an event from Weber et al. 

(2017). 

 

 

 

 

 

 

 

 

 

 

                            

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 3.1. SC3 data processing flowchart. 

 

This chapter will discuss the multiple stages executed with SC3 for the detection and location 

of seismic events in Botswana, along with some tested examples used to establish the optimum 

parameters configuration. Some of the text in the following sections, discussing the modules 

in SC3, is based on the current SeisComP3 documentation (GFZ Potsdam, 2018). 

Module Name Task Description 

seedlink (Real-time) data acquisition and distribution 

arclink Retrieval of archived waveform data and distribution 

slarchive Data archiving in SDS 

scmaster TCP/IP messaging server 

scautopick Automatic ὖ detector/picker 

scautoloc Automatic locator 

scamp Amplitude calculation 

scmag Magnitude calculation 

scevent Event associator 

scolv 
Origin Locator View:  

Full manual event revision and data analysis 

Acquisition 

Processing 

Analysis 
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3.1   Automatic event detection 

 

The scautopick module is used to detect automatically the arrival of ὖ-waves by searching for 

waveform anomalies in the form of changes in amplitude. It starts by first reading all the 

parameters set in the configured bindings of each station. Later, each incoming record is 

filtered by applying a running mean high pass (RMHP) filter of 10 seconds, a one-sided cosine 

taper (ITAPER) of 30 seconds and a fourth order Butterworth bandpass filter with corner 

frequencies specified in section 3.1.1. After filtering the data, a two-step procedure is applied 

to automatically pick the ὖ-phase arrival time. First a rough estimation of the ὖ-onset time is 

obtained through the short- and long- term average (STA/LTA) ratio detector. This detector 

computes the STA/LTA ratio in each trace and checks if this ratio exceeds the trigger threshold 

value set. Once this threshold is reached, an event is identified and the AIC picker is launched 

on an interval of the filtered data, relative to the initial detection made by the  STA/LTA 

detector. This picker seeks to provide accurate ὖ-onset time estimations which are eventually 

required for a precise event location. 

 

As describing by Shearer (2009) ὖ-waves are mostly visible on the vertical component of a 

seismogram, while little ὖ energy is recorded on the horizontal components. Thus, the NARS-

Botswana data were processed using the BHZ (broadband, high gain, vertical component) 

channel.  

 

In this study, scautopick is run in offline mode on the vertical component of the multiplexed 

sorted MiniSEED volume data that were created per day, by the archive tool, scart. For 

example, the following call: 

 

 

will process all the data in dayfile.mseed for which bindings exits and send the output to the 

messaging system. Eventually, when all of the data records are fully processed scautopick will 

automatically stop running. 

 

The following sub-sections present some examples that illustrate how the optimum parameters 

were obtained for: 

¶ the corner frequencies of the fourth order Butterworth bandpass filter, 

¶ the  STA/LTA detector and  

¶ the AIC picker  

which are required by the module scautopick for the automatic detection of ὖ-wave arrival 

times. 

 

 

 

seiscomp exec scautopick --playback -I dayfile.mseed 
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3.1.1 Butterworth bandpass filtering 

 

To select the appropriate frequency range for Butterworth bandpass filtering, one has to first pay 

particular attention to the Nyquist frequency, which is half the sampling frequency of a discrete 

signal. The Nyquist frequency is the maximum frequency beyond which aliasing will occur. 

Since the data used in this study is sampled at a sampling frequency of 20 Hz, this results in a 

Nyquist frequency of 10 Hz. Moreover, low frequency noise, comprising of microseismic noise, 

and high frequency noise generated mainly by wind and cultural noise, had to be filtered out. 

According to Cessaro (1994), microseismic noise is identified by long period waves with 

dominant periods ranging from 2 to 40 seconds. By analysing some of the NARS-Botswana 

data, it was observed that the dominant frequency was typically 5 seconds. Hence, only 

frequencies greater than 0.2 Hz were considered. 

 

To determine the optimal filter parameters (corner frequencies) of a fourth order Butterworth 

bandpass filter, the seismic events recorded on February 23rd, 2016 and April 27th, 2015 by 

stations NE219 and NE221, respectively, were tested and studied (figures 3.2 and 3.3). Different 

corner frequencies were applied to observe how they affected the quality of the signal. 

Eventually, the optimal filter was identified when the filtered signal provided a clear ὖ-phase 

arrival with the least unwanted noise. In each case, shown in both examples represented in figures 

3.2 and 3.3, the high corner frequency Ὢ  was kept fixed whereas the low corner frequency 

(Ὢ) was changed to 0.3 Hz, 0.5 Hz and 0.7 Hz.  

 

From the filtered time signals shown in figure 3.2, with particular reference to cases 3 and 4, it 

can be observed  that in each of these cases the higher the Ὢ is, the clearer is the ὖ-phase arrival 

time. The 0.7 ï 2.0 Hz bandpass filter was observed to be the optimum filter from all due to 

the clear ὖ-phase arrival and the removal of unwanted noise from the signal. Similar results can 

be observed in figure 3.3, where the 0.7 ï 2.0 Hz bandpass filter also is the optimal filter. 

Consequently, a fourth order Butterworth bandpass filter with corner frequencies of 0.7 and 2.0 

Hz was applied on the vertical component of the NARS-Botswana data, prior to the STA/LTA 

detector data processing. 
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Case 1:  █╗ = 8 Hz 

 

Case 2:  █╗ = 6 Hz 

 

Case 3:  █╗ = 4 Hz  

 

Case 4:  █╗ = 2 Hz 

 

Figure 3.2. Filtered time signals with different bandpass ranges for a local event in Botswana on February 23rd, 2016 

recorded by station NE219. 
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Case 1:  █╗ = 8 Hz 

 

Case 2:  █╗ = 6 Hz 

 

Case 3:  █╗ = 4 Hz  

 

Case 4:  █╗ = 2 Hz 

 

Figure 3.3.   Filtered time signals at different bandpass ranges for an event in Botswana on April 27th, 2015 recorded 

by station NE221 at a distance of about  448 km.
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3.1.2 STA/LTA parameters 
 

STA/LTA parameters were extensively tested by trial and error to analyse how they influenced 

the STA/LTA detector mechanism.  The following are a few examples that demonstrate how 

different parameters affect the STA/LTA ratio plots. In these examples, the February 23rd, 2016 

event was taken under consideration.  

 
 

 

Example 1: Implemented STA/LTA parameters 

 

 

 

 

 

As shown in figure 3.5, the STA/LTA ratios of the February 23rd, 2016 Botswana event, recorded 

by four NARS-stations, are sensitive to the first ὖ-wave arrival in each signal shown in figure 

3.4. With the implemented STA/LTA parameters shown above, a correct pick detection is made 

around the ὖ-onset time of the event. This can be observed by the reliable ὖ picks made (short 

vertical green lines) in the filtered seismic signals for each of the corresponding station (figure 

3.4). 

 
 

 

Figure 3.4. Filtered seismic signals generated by SC3 showing the first ὖ-wave arrival (small green vertical lines) 

of the February 23rd, 2016 Botswana event recorded by four NARS-Botswana stations. To the left of each signal, the 

distance between the station and the seismic event is shown in degrees. The long red vertical line passing through 

all the filtered signals, represents the origin time of the event. Amplitude values representing the maximum and 

mean values of each signal are presented before the red line.  
 

 

 

 

 

 

 

 

STA (s) LTA (s) 
Trigger 

Threshold 

Detrigger 

Threshold 

0.5 30 3 2 
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Figure 3.5. STA/LTA plots corresponding to the parameters implemented in example 1. The maximum and 

minimum STA/LTA ratio values of each signal are illustrated on the bottom left of each STA/LTA plot (before the 

red vertical line indicating the origin time). In the grey area, to the left, the distance between each station and seismic 

event is given in degrees. 
 

 

Example 2: Shorter STA time window 

STA (s) LTA (s) 
Trigger 

Threshold 

Detrigger 

Threshold 

0.3 30 3 2 

 

A short STA window duration provides higher sensitivity to short lasting local seismic events. 

In fact, as shown in figure 3.6,  the STA/LTA plots for the February 23rd, 2016 Botswana event 

have more peaks than the STA/LTA plots in figure 3.5. By decreasing the STA window, more 

picks are often produced around the estimated onset time. Due to the many picks produced by a 

single station, the locator module might consider them as possible glitches and thus, does not 

declare an event. As a result, SC3 did not detect the February 23rd, 2016 Botswana event for this 

configuration. 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. STA/LTA plots similar to figure 3.5, but for the parameters applied in example 2. 
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Example 3: Longer STA time window 

STA (s) LTA (s) 
Trigger 

Threshold 

Detrigger 

Threshold 

1 30 3 2 
 
 

By increasing the duration of the STA window, the STA/LTA detector became less sensitive to 

local events but more sensitive to distant ones. In fact, with this configuration, the event that 

occurred in Botswana on the 23rd February 2016 was not detected. However, a distant seismic 

event located to the South of Australia was detected later, the same day. If we look at the 

STA/LTA plots for the February 23rd, 2016 Botswana event, shown in figure 3.7, one can observe 

that the maximum and minimum STA/LTA values (at the bottom left of each plot) are much 

lower than the ones in the previous examples. In this case, the STA/LTA ratio might have not 

exceeded the trigger threshold set and thus, did not detect the seismic event in Botswana. 
 

 

 

 

 

 

 

 

 

 

Figure 3.7. STA/LTA plots similar to figure 3.5, but for the parameters applied in example 3. 

 

Example 4: Shorter LTA time window  

STA (s) LTA (s) 
Trigger 

Threshold 

Detrigger 

Threshold 

0.5 10 3 2 
 

 

 

 

When a shorter LTA parameter was used, lower STA/LTA ratio values were attained (figure 

3.8). This configuration basically diminishes the detectorôs sensitivity to seismic events. 

Consequently, no event was detected on February 23rd, 2016. 

 

 

 

 

Figure 3.8. STA/LTA plots similar to figure 3.5, but for the parameters implemented in example 4. 
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Example 5: Longer LTA time window  

STA (s) LTA (s) 
Trigger 

Threshold 

Detrigger 

Threshold 

0.5 60 3 2 

 

A long LTA window duration, increases the sensitivity of the detector to distant events. In fact, 

when these parameters were implemented in SC3, only a distant event (same as example 3) was 

detected. When using such a long LTA window, the LTA value does not change very rapidly 

with the occurrence of a seismic event. Hence, higher STA/LTA values are obtained (see 

maximum and  minimum STA/LTA values in figure 3.9).  

 

One must be cautious here for events which have considerably larger amplitude surface waves 

compared to ὖ waves, such as the top two signals in figure 3.4 recorded on 23rd February, 2016  

for stations NE208 and NE218. In this case, as illustrated in the top two STA/LTA plots in figure 

3.9, ὖ waves might barely get detected but the bigger later phase waves, with larger STA/LTA 

values, might easily exceed the trigger threshold. As a result, the ὖ-phase picker, which is 

implemented around the results obtained by the STA/LTA detector, might not pick the correct 

ὖ-wave onset time. 

 

 

 

 

 

 

 

 

 

Figure 3.9. STA/LTA plots similar to figure 3.5, but for the parameters implemented in example 5. 

 

Example 6: Lower threshold levels  

STA (s) LTA (s) 
Trigger 

Threshold 

Detrigger 

Threshold 

0.5 30 2 1 

 

The lower the STA/LTA trigger threshold level is, the more sensitive the detector will be to 

identify seismic events. However, with such low trigger threshold, more frequent false event 

detections might be made. In this case, the picker will produce more frequent picks which the 
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locator module in SC3 might view as possible glitches  and thus, set to ignore. This might have 

been the reason why the STA/LTA detector corresponding to these parameters failed to detect 

any event on February 23rd, 2016. Furthermore, when a low detrigger threshold level is set, the 

STA/LTA ratio value might not be allowed to fall below this set value. Thus, the STA/LTA 

detector might have not terminated its process. 

 

Example 7: Higher threshold levels  

STA (s) LTA (s) 
Trigger 

Threshold 

Detrigger 

Threshold 

0.5 30 4 3 

 

By setting a high trigger threshold level one is restricting the STA/LTA detector to detect only 

strong seismic events. Thus, the magnitude (ὓ) 3.1 event located in Botswana on February 23rd, 

2016, in this case, was not detected. 

 

 

3.1.3 AIC picker parameters 

 

After an event has been detected, the AIC picker is implemented to the vertical component of the 

filtered data, around the initial onset detected through the STA/LTA detection process. In order 

for the picker to automatically pick the ὖ-wave onset, three parameters had to be specified in 

SC3. These include; 

¶ the filter that is used for signal enhancement prior to applying the AIC picker, 

¶ the time window which specifies when the picker should start and end searching for the 

global minimum AIC value and  

¶ the minimum signal-to-noise ratio (SNR) allowed. 

 

The optimal parameters were chosen via a trial and error process. As shown in figure 3.10, 

accurate ὖ-onset picks were obtained by applying the AIC picker on Butterworth fourth order 

bandpass filtered (0.5 ï 5.0 Hz) traces, within a time window of length 5 s, starting 3 s before the 

initial STA/LTA detection and 2 s after. A smaller time window can very often lead to multiple 

fake picks. On the other hand, a larger time window may include multiple seismic phases. In the 

latter case, the AIC picker will pick the strongest phase that might not indicate the first ὖ-wave 

arrival. Furthermore, to reduce the risk of identifying fake picks, only traces with SNR greater 

than 3 were used. This means that traces with SNR below this configured minimum value were 

removed from further processing. 
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3.2   Automatic event location 

The module scautoloc in SC3 is responsible for locating seismic events automatically. It is a 

program that runs as a background process, continuously reading incoming picks determined 

by the AIC picker. Each pick produced is accompanied by two types of amplitudes, namely 

SNR and ά  amplitudes. Table 3.2. lists some of the most important input parameters that need 

to be set in the scautoloc module.  

Before calculating the hypocenter of a seismic event, scautoloc tries to filter out picks that are 

most likely incorrect. In particular, it checks whether too many frequent picks are generated by 

a station. In this case, these picks are considered to be probably wrong and must therefore be 

filtered out. Besides pick filtering, scautoloc attempts to associate an incoming pick with a 

previously calculated origin (note that an origin in SC3 refers to a calculated hypocenter and 

origin time), in particular those picks related to a strong event which scautoloc has already 

localised. If several picks fail to be associated to an already determined origin, then scautoloc 

uses these picks to compute a new event location. In this process, a grid search in combination 

with the LocSAT location program (Bratt and Nagy, 1991) is performed. Within the grid search 

approach, possible event locations are determined. A default grid file, consisting of evenly 

spaced discrete points at the surface and depth points limited to areas of known deep seismicity, 

is used by SeisComP3 (GFZ Potsdam, 2018). Potential locations are identified by comparing 

the observed arrival times of ὖ phases with those predicted by a reference velocity model, 

defined by autoloc.locator.profile. The grid points with the smallest misfit are then considered 

as possible event locations. The LocSAT location program is then launched to check these 

potential locations obtained by the grid search. This program determines the best fitting 

location by using an iterative least squares inversion technique until the RMS residual is 

sufficiently minimized (Bratt and Bache, 1988). If  the RMS residual acquired by LocSAT is 

too large, associated picks with large residuals are removed and an improved location is tested 

to check if a reduction in the RMS residual can be achieved. Moreover, location uncertainties 

are also computed by the LocSAT program. 

Finally the estimated hypocenter location is refined by checking the corresponding amplitudes 

provided with each pick. These amplitudes provide essential information needed in order to 

compare origin qualities. For instance, a pick with high SNR and ά  amplitudes is likely to 

correspond to a real seismic onset and thus will provide a better estimated location.  
 

Table 3.2. A description of a few important input parameters specified in the scautoloc module, along with the 

implemented configurations (GFZ Potsdam, 2018). 
 

Parameter Description Configuration 

locator.defaultDepth 
Default depth used as a fixed depth if the same location quality 

(e.g. pick RMS) for the estimated depth can be attained. This is 

mostly the fixed depth for shallow events. 

10 km 

locator.minimumDepth Minimum depth allowed for a location to be reported 1 km 

autoloc.maxRMS Maximum RMS allowed for a location to be reported 3.5 s 

autoloc.maxResidual Maximum individual pick residual 7.0 s 

autoloc.minPhaseCount 
Minimum number of automatically detected ὖ-phases needed to 

report an event location 
6 

autoloc.locator.profile Locator profile used  iasp91 

 (Kennett and Engdahl, 1991) 
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3.3   Amplitude and magnitude calculations 

 

A small set of amplitudes for magnitude types ὓ , ά , ά  and ὓ ά  (see table 3.3 for 

descriptions) are computed by two particular modules in SC3, namely, scautopick and scamp. 

Apart from automatic picking, scautopick measures the SNR and the amplitudes used in ὓ , 

ά  and ά  magnitude calculations. These amplitudes are computed for each automatic pick 

within a fixed time window, starting at the ὖ-wave pick time. The module samp, on the other 

hand, measures amplitudes which scautopick did not calculate. In our case, it measures the 

amplitude used to estimate ὓ ά  which is the moment magnitude ὓ  based on ά  

magnitudes. In addition, scamp also calculates amplitudes for manual picks. 

 

Usually, all amplitudes are calculated once and reported to the database immediately. However, 

if the location of an event changes significantly, for instance due to enhanced manual picks, 

amplitudes need to be recomputed. These amplitudes are reused by the magnitude computation 

module, scmag, which effectively updates the corresponding magnitudes for that particular 

event. 

 

Table 3.3. Magnitude types calculated in SC3 and their  corresponding description (GFZ Potsdam, 2018). 

Magnitude Type Description 

ὓ  Local magnitude (Richter, 1935) calculated on the vertical component  

ά  Narrow band body wave magnitude (0.7 - 2 Hz) (e.g., Veith and Clawson, 1972) 

ά  Broad band body wave magnitude (1 ï 3 Hz) (Bormann and Saul, 2008) 

ὓ ά  Moment magnitude derived from ά  magnitudes (Bormann and Saul, 2008) 

ὓ  Broadband moment magnitude based on the first ὖ-wave arrival  (Tsuboi et al., 1995) 

ὓ ὓ  Moment magnitude derived from ὓ  magnitudes (Whitmore et al., 2002) 

 

 

Scmag is a module which operates in conjunction with scamp. Its task is to calculate the 

magnitudes indicated in table 3.3 using the magnitude scales defined in the glossary section of 

the SC3 documentation (GFZ Potsdam, 2018). 

 

Among all the available magnitude calculations, the preferred event magnitude in SC3 is the 

composite magnitude ὓ. This is obtained from a weighted average of the individual well-

determined magnitudes. In SC3, it is referred to as the summary magnitude ὓ and is calculated 

as follows (Hanka et al., 2010; GFZ Potsdam, 2018): 

ὓ
В

В
                    with ύ ὥὲ ὦ   σȢρ 

where Ὥ is the magnitude type index, 

ύ is the weighting factor of a magnitude type Ὥ, 

ά is the network magnitude of type Ὥ and 

ὲ is the number of station magnitudes of type Ὥ. 
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Since the only two types of magnitudes used to compute ὓ, in our case, are ὓ  and ά , the 

configured values for the coefficients ὥ and ὦ in equation (3.1) are: 

¶ ὥ π for both magnitudes types ὓ  and ά   

¶ ὦ ρ for magnitude type ά  while ὦ ς for magnitude type ὓ . 
 

The summary magnitude ὓ in SC3 is considered to be a best possible compromise among all 

magnitudes (GFZ Potsdam, 2018). In this regard, it was decided to publish only automatic 

magnitude solutions related to the summary magnitude ὓ in the final Botswana earthquake 

catalogue. However, it is very important to keep in mind that large uncertainties often exist in 

individual magnitude types, especially when these are calculated automatically. Thus, large 

discrepancies might also exist in the estimated summary magnitude ὓ. 

 
 

 

3.4   Automatic event association 

During the localization process, SC3 creates several origins (hypocenters with their 

corresponding origin time) for one seismic event (see upper list in figure 3.11). These origins 

are based on the available amount of ὖ-wave picks at a specific time. In fact, as time goes by 

during the processing of the data, more automatic picks are available and therefore, more 

reliable origins will be reported. The module scevent receives different origins and tries to 

associate them to one event. This association is based on comparisons between epicentre 

location variations, origin time differences and similarities in the ὖ-wave picks. The origin 

with the most amount of automatically detected ὖ-wave picks, along with the smallest RMS 

residual is then selected by SC3 as the best estimated location and origin time for that particular 

event. On the other hand, if an incoming origin does not match to any identified event, scevent 

will  form a new event comprising of this new origin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 3.11. Associated origins to the April 5th, 2017 event. The upper list illustrates information about each 

origin while the lower list displays the computed magnitudes. The preferred origin and magnitude are highlighted 

in blue in both lists. The map, located in the lower left part, shows the locations of the associated origins with the 

filled circle representing the preferred origin.
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3.5   Event analysis and manual picking 

 

Automatic event solutions such as picks, hypocenter location, origin time and magnitudes are 

reviewed and revised through the interactive tool scolv (SC3 Origin Locator View). Scolv is a 

GUI that allows interaction with and management of the event catalogue, access to all origins 

associated with each event, manual picking of data, relocation of  events and magnitude review. 

 

Figure 3.12. illustrates the event location tab in scolv for the event recorded on October 11th, 

2016. A detailed list of all the detected ὖ-phase arrivals recorded by the NARS-Botswana 

network is provided (lower part), along with arrival residual plots, travel time and move-out 

curves (upper right part).   

 

 
 

Figure 3.12.  Scolv location window showing the solution for the October 11th, 2016 event. 

 

 

By accessing the waveform picker window, shown in figure 3.13, automatic picks (shown by 

short vertical red lines) are analysed separately. Among many features, this window enables 

one to zoom in traces, add unpicked stations and perform manual picking on the vertical 

component of each trace.  Figure 3.14 demonstrates an example of a clear ὖ-phase onset, 

however, the automatic AIC picker (red line) did not pick this onset accurately. In such cases, 

the ὖ-phase onset was picked manually. This was performed by first selecting one of the 

available bandpass filters in scolv that gave the clearest onset. By zooming in the trace it was 

then possible to mark this onset point accurately (green line). 
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Figure 3.13. Waveform picker window for the strong event recorded on October 11th, 2016. This window is 

divided into two parts; the zoom trace in the upper part and the trace list in the lower part. In the trace list only the 

vertical component is shown. Each of these traces is aligned by the origin time (long vertical red line, on the left) 

and marked by either a darker red short line to indicate automatic picking or a green short line to indicate manual 

picking. Additional ὖ and Ὓ phases, calculated automatically using the iasp91 velocity model (Kennett and 

Engdahl, 1991), are also displayed in this window.  

 

 

Figure 3.14. An example of a zoomed trace showing the performance of the automatic AIC picker (red) as 

compared to the manual pick (green) for the October 11th, 2016 event recorded by station NE217. 
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Events reported by the ISC but not detected with SC3 were also analysed in scolv. This was 

achieved by creating preliminary seismic events in scolv with the event solutions provided by 

the ISC as the input parameters. Consequently, manual analyses and picking of each available 

trace was performed in the corresponding waveform picker window. 

 

All detected events in a defined time span are illustrated in the events tab of scolv. As shown 

in figure 3.15, this window provides information about the origin time (OT), magnitude 

solution for the selected type of magnitude (TP), amount of detected ὖ-phase arrivals, epicentre 

and depth, region and the corresponding event ID. 

 

Figure 3.15. Botswana event list window in scolv. 
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4.   Results and Discussion 

 

4.1   Detected and located seismic events in Botswana 

Botswana forms a major gap in our understanding of southern Africaôs seismic activity. By 

processing the NARS-Botswana data from January 1st, 2014 to March 1st, 2018, an earthquake 

catalogue for Botswana has been created in order to provide a reliable assessment of the 

seismicity in Botswana and contribute positively towards hazard mitigation. The complete 

Botswana earthquake catalogue is included in Appendix A. It contains the computed locations 

and magnitudes of 376 detected events in Botswana. 

 

The distribution of seismic events according to magnitude values in the Botswana earthquake 

catalogue is shown in figure 4.1. There are a total of 62 events with summary magnitude (ὓ) 

greater than 4.0, one of which has a 7.3 magnitude, representing the strongest earthquake 

recorded in Botswana since 1952. The incompleteness of this catalogue is indicated by the 

small number of seismic events with magnitude (ὓ) less than 3.0. This is mainly due to the 

large distances between seismic stations and the location of small events, making it difficult 

for SC3 and other seismological agencies to detect and locate these small events accurately. 

Moreover, small events might have been recorded by only a few NARS-Botswana seismic 

stations. However, in order to report an event location, the location module scautoloc in SC3 

requires each seismic event that is automatically detected to be recorded by at least six stations, 

whereas those seismic events detected manually, by using the ISC event solutions as input 

parameters, require each event to be recorded by a minimum of four stations. Otherwise, events 

are ignored by the automatic location process within SC3. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Botswana event catalogue magnitude (ὓ) distribution. 
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Figure 4.2 shows the annual distribution of detected events for the years 2014 until 2017. A 

considerable increase in seismic activity can be observed from 2016. This is attributed to the 

fact that during 2014 and 2015 some NARS-Botswana seismic stations were still being 

installed. In fact, only by 2016 all the 21 stations were operational. However, due to battery 

failure, certain seismic stations did not always record data during the studied years. 
 

 

Figure 4.2. The annual number of detected events in Botswana for the years 2014 till 2017. 

 

 

A map of all the events documented in the Botswana earthquake catalogue, with summary 

magnitude (ὓ) ranging in between 2.3 and 7.3, is shown in figure 4.3. This seismicity map 

shows that most of the seismic events that occurred in the Okavango Rift Zone (ORZ) were of  

low-to-moderate magnitudes ranging from 3.0 to 4.9, while those above 4.9 appearing mainly 

in central Botswana where the April 3rd, 2017 strong earthquake occurred.  

 

Within the ORZ (northern part of Botswana), seismic activity was highest along the south-

eastern edge of the delta where a clear cluster of events can be observed between the NE-SW 

striking Thamalakane and Tsau faults (refer to figure 1.5 for fault names). A few other events 

located along the western part of the Chobe fault and below the Nare fault might also form part 

of this cluster of events which is trending in a NNW-SSE direction, for a length of about 184 

km. This clustering of events in the ORZ suggests the development of an active rift which 

might correspond to the southwestern continuation of the EARS (Scholz et al., 1976; Modisi 

et al., 2000; Kinabo et al., 2007; Leseane et al., 2015). Among the three depocenters outlined 
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by Kinabo et al. (2007), only the Mababe Depression and the Chobe regions show seismic 

activity. However, Lake Ngami, the third depocenter (located at the southern part of the 

Kunyere fault), shows no seismic activity. It is further to the north of the Kunyere fault (i.e. the 

southern edge of the delta) that some earthquake activity is observed. No seismic events were 

detected in the western part and in the central part of the delta.  

 

Shemang and Molwalefhe (2011) suggest that the lack of large magnitude earthquakes within 

the ORZ may be associated with the inflow of large amounts of fluids into the Okavango Delta 

region. They proposed that the relationship between seismicity and fluid flow in the ORZ is 

similar to the San Andreas Fault (SAF) (e.g. Unsworth et al., 1999 and Unsworth and 

Bedrosian, 2004). These studies related to the SAF suggest that the seismic behaviour within 

fault zones might be controlled by a network of connected fluid-filled cracks. With this regard, 

Shemang and Molwalefhe (2011) concluded that fluid migration, in particularly along the 

northern segments of the Kunyere and Thamalakane faults, may cause an increase in pore 

pressure within rocks, reducing the frictional stress during an earthquake. 

 

 
Figure 4.3.  Locations of seismic events (coloured circles) of the Botswana earthquake catalogue (Appendix A). 

Locations of major faults are from Mulabisana (2016) and Midzi et al. (2018). 
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The only event detected in western Botswana is the April 27th, 2015 seismic event at 

ςςȢφωσЈȟςρȢωψωЈ with summary magnitude ὓ 4.5 (figure 4.3). According to the tectonic 

map of  Fadel (2018), this event is located in the Okwa block (figure 4.4). This event has a 

depth of 1.756  5.325 km, indicating its occurrence in the uppermost layer of the crust. It is 

possible that this event represents a boundary between different tectonic units, however, more 

seismicity is needed to be detected to verify this.  

 

Another earthquake with ὓ 5.6 occurred on August 12th, 2017 at ςσȢφςφЈȟςυȢφχψЈ  inside 

the Kaapvaal Craton (figure 4.4) to the southeast of Botswana. As shown in figure 4.3, this 

event appears to be mapped along the Zoetfontein fault (refer to figure 1.3 for the location of 

the Zoetfontein fault). However, the focal mechanism for this event (Bouwman, 2019) indicates 

a normal fault with either a southwest or northeast dipping fault. By taking a closer look at 

figure 4.3, it can be observed that this event is located very close to the junction of three major 

faults. Due to the focal mechanism of this event, it is more likely that this event corresponds to 

the mapped fault north of the Zoetfontein fault. 
 

Figure 4.4. Map of Botswana showing the main tectonic units from Fadel (2018) together with the locations of 

the seismic events detected in this study. 
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The magnitude (ὓ) 7.3 earthquake in central Botswana, near Moiyabana is the largest event 

recorded in Botswana by the NARS-Botswana network (hereafter referred to as the Moiyabana 

earthquake). This earthquake occurred on April 3rd, 2017 at 17:40:17 UTC, close to the junction 

between the Kaapvaal Craton and the Limpopo Belt (figure 4.4). According to Bouwman 

(2019) this event occurred along a normal fault that dips towards the northeast and has a NW-

SE strike. This is quite consistent with the strike of the Kaapvaal Cratonôs northern boundary. 

By using the double difference technique to relocate the mainshock and several aftershocks of 

the 2017 Moiyabana earthquake Bouwman (2019) deduced that these earthquakes might have 

reactivated an existing thrust fault, named the Moiyabana Fault, in the Limpopo Belt. It is 

further interpreted that this fault is related to the deformation associated with the collision of 

the Kaapvaal and Zimbabwe Cratons. Similar conclusions have also been made by Kolawole 

et al. (2017) using aeromagnetic data and Moorkamp et al. (2019) using magnetotelluric data.  

 

With a hypocenter at a depth of 20.4  9.6 km, the Moiyabana earthquake is surprisingly deep 

for a rifting event. Materna et al. (2019) identified this event in the lower crust. Previous events 

in southern Africa have also been identified in the lower crust and upper mantle (Yang and 

Chen, 2010), indicating that despite high temperatures these areas can withstand high 

differential stresses. Moreover, the large depth of the 2017 Moiyabana earthquake may be 

associated with its location along the Kaapvaal Cratonôs northern boundary. Mooney et al. 

(2012) in fact showed that intraplate earthquakes often concentrate along the edges of cratons. 

In addition, Craig et al. (2011) showed that southern Africaôs deepest rifting events are likely 

to occur along the boundaries of ancient cratons (Materna et al., 2019). 

 

The 2017 Moiyabana earthquake occurred in a remote area with no historic or previous 

evidence of similar magnitude events, and very little topographic relief (Materna et al., 2019). 

Between January 1st, 2014  and April 2nd, 2017, the mainshock is observed to be preceded by 

two potential foreshocks in the epicentral area of the mainshock (Table 4.1) at distances less 

than 42km away from the mainshock. None of these detected foreshocks match the foreshocks 

detected by Gardonio et al. (2018) using a template matching technique. This template 

matching technique used data from five stations at distances from 1200 to 2000 km from the 

mainshock for the period between November 2016 and April 2017. According to Gardonio et 

al. (2018) two foreshock swarm-like sequences, consisting of a total of fourteen events, were 

observed prior to the mainshock. By utilizing the NARS-Botswana data (i.e. near-field strong 

motion data), it was possible to verify that none of the fourteen events corresponded to a 

detected event in this (or the ISC) catalogue. It is suspected that these false results are due to 

data that is recorded at teleseismic distances from the mainshock.  

 

Table 4.1. Detected (fore)shocks in the epicentral area of the 2017 Moiyabana earthquake. 

EventID Date 

Origin 

time 

(UTC) 

Latitude (°) 

± error  

Longitude (°) 

± error  

Depth (km) 

± error  

Summary 

Magnitude 

(╜) 

No. of 

stations 

gfz2014vbum 2014-10-27 19:43:41 -22.401  ±  16.186 24.890  ±  8.311 10.0* 2.9 4 

gfz2015evme 2015-03-10 16:09:01 -22.305  ±  15.789 25.038  ±  8.813 10.0* 2.6 4 

* Depth fixed 
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In this study, a sequence of about 216 aftershocks followed the 2017 Moiyabana earthquake, 

with summary magnitude (ὓ) between 2.5 and 5.7. These aftershocks appear to be clustered 

along a northwest-southeast trending seismicity zone (figure 4.3). This is consistent with the 

focal mechanisms of the main event and multiple aftershocks (Bouwman, 2019). Furthermore, 

these aftershocks show that the Moiyabana Fault might be connected to other distinct faults in 

the south-eastern part of Botswana. Such faults might be related to the continuation of the 

mapped faults in figure 4.3. Hence, with reliable seismic events locations it is now possible to 

locate new, extended or reactivated faults in Botswana, identifying regions of increased hazard. 

 

Most of the detected aftershocks are located at a shallower depth than the main event. Indeed, 

this observation supports the notion that the rupture along the Moiyabana Fault has an up-dip 

propagation (Materna et al., 2019; Bouwman, 2019). On the other hand, only four aftershocks 

were located at a deeper depth than the Moiyabana earthquake. However, these events have a 

large uncertainty depth error which limits the hypocenter depth accuracy. As discussed in 

section 2.2.3, this might be due to the large distance between the seismic stations and the 

location of the event.  

 

The sources of stress that drive intraplate earthquakes can be challenging to identify (Materna 

et al., 2019). Although the Moiyabana earthquake and its aftershocks occurred in a region that 

is about 300 km south of the ORZ, Materna et al. (2019) suggested that stress conditions in 

central Botswana might be related to the EARS. By observing the seismicity pattern in figure 

4.4, it is possible that the northwest-southeast trending seismicity zone along the Moiyabana 

earthquake is related to the rifting in the ORZ, thus suggesting a possible southward 

propagation of the EARS (Bird et al., 2006; Materna et al., 2019). Similarly, Fadel (2018) 

suggested that the extension of the EARS towards central Botswana might explain the 

occurrence of the 2017 Moiyabana earthquake. This interpretation is based on low shear-wave 

velocities observations below the main event that seem to be directly connected to the low 

velocity zone in the mantle below the ORZ. This low velocity zone could indicate mantle 

upwelling which might explain the extensional mechanism and low crustal depth of the main 

event. Furthermore, the mantle low velocity anomaly observed beneath the ORZ might indicate 

the continuation of the EARS due to its location at the extended southwestern branch of the 

EARS (Fadel, 2018).  In the upper mantle, Moorkamp et al. (2019) also observed a low surface 

velocity structure, trending NW-SE at a depth of 75 km in the vicinity of the Moiyabana 

earthquake suggesting that a region with a weak upper mantle exists between two strong 

ancient cratons. However, due to the lack of a significant thermal anomaly in the deep 

lithosphere below the Moiyabana earthquake, Moorkamp et al. (2019) suggested that instead 

of thermal weakening from the mantle, the main event was triggered from the top by interaction 

of the ambient stress field with surrounding ancient structures. It is difficult to clearly identify 

what triggered the 2017 Moiyabana earthquake. More insight into the resolution of the velocity 

models by Fadel (2018) and Moorkamp et al. (2019) is needed to provide a more detailed view 

of what might be happening in the crust and mantle beneath Botswana.  

 

Considerable seismic activity with low magnitudes ranging from 2.3 to 3.9 is also observed at 

ςρȢσπψЈȟςυȢυσφЈȟ ςτȢυςσЈȟςτȢχπςЈ and ςςȢυρςЈȟςχȢπςςЈ, indicating areas where 
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anthropogenic activities take place (figures 4.3 and 4.4). Most of these detected events are 

concentrated near diamond mining areas, in the south and eastern part of Botswana. 

Anthropogenic activities such as deep underground mining cause changes in the stresses within 

the earthôs crust and reduce the faultsô strength (Gibson and Sandiford, 2013). These activities 

induce seismicity, that is recorded along with tectonic events. In order to distinguish whether 

a seismic event is an explosion or an induced earthquake along a fault, can be determined from 

the radiation pattern.  

 

4.2   Frequency-Magnitude relation 

Several catalogue-based approaches are available for assessing the completeness of the 

catalogue (Mulabisana, 2016). One of the most traditional approaches uses the event 

frequency-magnitude relation developed by Gutenberg and Richter (1944) in the form: 

ÌÏÇὔ ὥ ὦὓ                                                            τȢρ 

where ὔ is the cumulative number of events above a certain magnitude ὓ. The parameter 

ὥ describes the rate of seismic activity in a given area, obtained from the intercept of the graph 

ÌÏÇὔ against ὓ, while ὦ, referred to as the ὦ-value, is a parameter that characterises the slope 

of the frequency-magnitude distribution and defines the relative size distribution of events 

(Nthaba, 2018). Generally, the ὦ-value is roughly equivalent to 1. If ὦ is large (i.e. greater than 

1), the studied area is characterised with relatively more small earthquakes, whereas a small ὦ-

value (i.e. smaller than 1) would indicate that large earthquakes occur more frequently. 

Determining an accurate and reliable ὦ-value is important in studies related to seismotectonics, 

seismic risk analysis, prediction, and hazard (Alabi et al, 2012).  

 

The frequency-magnitude distribution of 117 seismic events located in Botswana is shown in 

figure 4.5. Events that occurred after April 3rd, 2017 were excluded in order to avoid bias due 

to the strong earthquake and its subsequent aftershocks. This frequency-magnitude relationship 

depends on the magnitude of completeness (ὓ ) for which all seismic events above this 

particular magnitude are considered to be represented in the event catalogue. In this case, the 

ὓ  is considered to be 3.1 since the frequency-magnitude distribution decreases (roughly) 

linearly above this threshold magnitude.   

 

The Gutenberg-Richter relation, shown in figure 4.5, gives a low ὥ value of 5.21  0.15, 

suggesting that seismic activity in Botswana is relatively low.  In addition, the ὦ-value of          

1.10  0.04 indicates that Botswana is a country with mostly small to moderate seismic events. 

However, one must keep in mind that a longer observational and studied period is needed for 

a meaningful analysis of the seismic activity in an area. Nthaba et al. (2018), uses the ISC data 

from 1966 to 2012 to determine the Gutenberg-Richter relation for seismic events in Botswana. 

However, their resulting ὥ and ὦ values are slightly bigger than the ones found in this study 

using the NARS-Botswana data. 
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Figure 4.5. The Gutenberg-Richter relationship for the January 1st, 2014 till April 2nd, 2017 Botswana events, 

along with the line of best fit indicating the magnitude of completeness. Note that the magnitude used is the 

summary magnitude (ὓ) determined by SC3. 

 

 

4.3   Computed event locations versus locations reported by the ISC 

The event locations were compared with the event locations listed in the ISC on-line bulletin 

between January 1st, 2014 and March 1st, 2018. Figure 4.6 shows the unreviewed locations 

reported by the ISC (yellow circles) and the SC3 calculated locations (red and blue circles) in 

map view. This map shows that the ISC locations are more dispersed than the ones calculated 

in this study. Moreover, 30 new events (blue circles) which are not reported in the ISC event 

catalogue, were detected automatically by SC3. 

 

In the southwestern part of Botswana, the ISC located more events than was actually found in 

this study. By zooming in this region (figure 4.7), matching ISC and SC3-computed event 

locations were identified based on the time of origin. From figure 4.7, large event location 

discrepancies can be observed. It is important to point out that the ISC data is based on data 

contributed by individual seismological agencies from all over the world. For Botswana, most 

of the ISC data is provided by the Goetz Observatory in Zimbabwe, the Council for Geoscience 

in South Africa and the East African Network (EAF) which comprises of stations located in 

Ethiopia, Kenya, Malawi, Uganda, Zambia and Zimbabwe (ISC On-line Bulletin, 2016). Only 

one station located near Lobatse in south-eastern Botswana is used to record data that is utilized 

by the ISC. This suggests that the data provided by seismological agencies can generally be 

unreliable due to the large distances from the source at which these recorded data are obtained. 

Furthermore, most of the solutions provided are based on a limited number of recordings.  
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Figure 4.6. Computed epicentre locations using the NARS-Botswana data (red and blue filled circles) in 

comparison to the unreviewed locations provided by the ISC (yellow unfilled circles). The red circles represent 

events that are also documented in the ISC catalogue while the blue circles are newly detected events which the 

ISC did not publish. The circlesô size indicates the magnitude of the events. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7.  Zoomed map of the southwestern region of Botswana showing some of the ISC epicentre locations 

(yellow unfilled circles) connected with their SC3-computed epicentre relocations (red filled circles). 



Chapter 4 ς Results and Discussion | 65 

 

From figure 4.8, it is clear that most of the ISC unreviewed event locations for Botswana are 

unreliable. Besides event locations inaccuracies, 83 ISC event locations (including also 

duplicated events provided by different seismological agencies) were not detected when tested 

with SC3 using the NARS-Botswana data. Moreover, 20 ISC events were located outside of 

Botswana. 

 

Unfortunately, several researchers, such as Pastier et al. (2017) and Nthaba et al. (2018),  rely 

on the unreviewed ISC data to study the seismic activity in an area. Consequently, such studies 

may result in inaccurate or even false findings. 

 

Figure 4.8.  ISC event locations for the period between January 2014 and March 2018. The red circles represent 

the ISC events which have also been detected in this study, but have been located differently. The yellow circles 

indicate ISC events that have either unclear ὖ-wave arrivals or no indication of an event when tested with SC3 

using the NARS-Botswana data.  The green circles, on the other hand, indicate those ISC events which have been 

reported to occur in Botswana, however, using the NARS-Botswana data these events are relocated outside of 

Botswana.  
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4.4   Botswanaôs seismicity in relation to the seismicity in neighbouring countries 

Seismicity outside of Botswana has also been recorded by the NARS-Botswana network. 

During the period under study, a total of 819 seismic events have been detected and located 

with SC3 in and outside of Botswana (note that a less comprehensive manual event analysis 

was applied to seismic events detected outside of Botswana). The location and magnitude 

results for all detected events outside of Botswana are  presented in the earthquake catalogue 

shown in Appendix B. Figure 4.9 shows the seismicity map of all the detected events with 

summary magnitude ὓ) ranging from 2.3 to 7.7. It can be observed that most of the events 

detected outside of Botswana comprise of large magnitude events which are mainly located in 

Botswanaôs neighbouring countries and along plate boundaries. The location error for events 

located outside the NARS-Botswana network increases notably (Appendix B). This is mainly 

due to the network geometry covering only the Botswana area. 

 

 

Figure 4.9. Locations of seismic events (coloured circles) that make up the global earthquake catalogue. 

 

 

Figure 4.10 shows the same seismicity map as in figure 4.9 with particular focus on the southern 

part of Africa. From figure 4.10, it can be observed that the seismicity in South Africa and 

along the extension of the southwestern branch of the EARS, filled a previous unknown 

seismicity gap in Botswana. Thus, we suggest that the southwestern branch of the EARS is 

extending from the ORZ through central and south-eastern Botswana to eastern South Africa, 

in a NW-SE direction. This interpretation corresponds well with the suggestion made by Bird 

et al. (2006), Materna et al. (2019) and  Fadel (2018) that central Botswana might indicate the 

continuing southward propagation of the EARS.  
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Figure 4.10.  Map of southern Africa showing the locations of the detected seismic events in Botswana and 

neighbouring countries. 

 

 

The World Stress Map 2008 (Heidbach et al., 2010) illustrates three over-coring measurements 

from mines in Botswana, two of which are located in the central and southern part of Botswana. 

These two measurements show that their maximum horizontal stresses are well aligned with 

the stress field needed to trigger the 2017 Moiyabana earthquake. Furthermore, another over-

coring measurement in the World Stress Map 2008 (Heidbach et al., 2010), located at the border 

between south-eastern Botswana and northern South Africa is also consistent with the 

maximum horizontal stress orientations of the two over-coring measurements in Botswana. 

This is in agreement with the possible NW-SE trending seismicity zone observed through 

Botswana and the eastern part of South Africa (figure 4.10). Unfortunately, these stress 

measurements have been down-graded and removed in the World Stress Map 2016 (Heidbach 

et al., 2018) due to the major errors in over-coring measurements and difficulties in verifying 

the details of the measurement process (Materna et al., 2019). A general east-west tension in 

Botswana is also observed in deviatoric stress models of Africa (Stamps et al., 2014). This 

further corresponds with the extensional fault movement of the normal faulting events within 

central and south-eastern Botswana (Bouwman, 2019). However, to provide a better 

understanding of the stresses and associated deformation in Botswana and neighbouring 

countries, further research on the stress state is required. 
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5.   Conclusion 

A reliable assessment of the seismicity throughout Botswana has been carried out using data 

recorded by the NARS-Botswana seismic network between January 1st, 2014 and March 1st, 

2018. A total of 376 seismic events have been detected and located in Botswana using 

SeisComP3 software package. The hypocenter, origin time and magnitude of each detected 

event in Botswana have been reported in an earthquake catalogue. 

 

Botswana can be generally regarded as a country of low seismic activity. Moderate to large 

seismic events have been mainly located in the Okavango Rift Zone (ORZ) and central 

Botswana. During the period under study, the largest event recorded in Botswana was the April 

3rd, 2017 Moiyabana earthquake, located near the tectonic boundary between the Kaapvaal 

Craton and the Limpopo Belt. The 2017 Moiyabana earthquake seems to be preceded by two 

low magnitude (fore)shocks which occurred on October 27th, 2014 and March 10th, 2015. A 

sequence of about 216 aftershocks followed the main event. The NW-SE strike along which 

the aftershocks are located is consistent with the focal mechanism of the main event and the 

geologically mapped strike of the Kaapvaal Cratonôs northern boundary. Within the ORZ, 

seismicity was highest along the south-eastern edge of the Okavango delta, between the 

Thamalakane and Tsau faults. Most of the events in the ORZ are aligned within a NNW-SSE 

trending seismicity zone. This zone might indicate the development of a continental rift, which 

could be related to the continuation of the southwestern branch of the EARS.  

 

The clustering of seismic events in the ORZ and central Botswana appears to have filled a 

previously unknown seismicity gap in Southern Africa. From the identified seismic events in 

Botswana and neighbouring countries, it is suggested that the seismic activity observed along 

the 2017 Moiyabana earthquake might be connected to the seismicity observed in the ORZ and 

eastern South Africa. Thus, leading to the conclusion that the southwestern branch of the EARS 

might be extending southwards from the ORZ through central and south-eastern Botswana to 

eastern South Africa, in a NW-SE direction. This is indicative of the early stage of a continental 

breakup by rifting, which should occur gradually by the continuing southward propagation of 

the EARS. 

 

The Botswana earthquake catalogue created can now be used for hazard analysis which is 

important for assessing the seismic risk in the country. In addition, future studies of the stress 

field imposed by the East African Rift System, the geology and geophysical data in Botswana 

may be helpful in further illuminating the seismic activity pattern in Botswana.  
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Appendix A 

 

Table A. Botswana event catalogue for seismic events detected during the period between 

January 1st, 2014 and March 1st 2018. Events with a fixed depth are marked with a *. 

EventID Date 

Origin 

time 

(UTC) 

Latitude (°) 

± error  

Longitude (°) 

± error  

Depth (km) 

± error  

Summary 

Magnitude 

(M) 

No. of 

stations 

gfz2014bfvc 2014-01-18 09:52:30 -18.992  ±  76.387 24.509  ±  16.441 10.0* 4.1 4 

gfz2014ddlw 2014-02-14 14:00:24 -24.565  ±  5.978 24.694  ±  5.071 10.0* 2.9 4 

gfz2014dxlb 2014-02-25 12:19:44 -23.319  ±  5.243 25.873  ±  10.659 16.349   ±  5.320 2.9 7 

gfz2014eppt 2014-03-07 11:08:00 -19.757  ±  27.179 25.255  ±  7.517 10.0* 3.6 6 

gfz2014fpnl 2014-03-21 15:30:05 -21.339  ±  5.688 25.555  ±  8.042 10.0* 3.1 6 

gfz2014gccz 2014-03-28 12:59:41 -24.528  ±  5.578 24.519  ±  20.270 30.971   ±  35.311 2.5 4 

gfz2014gdhk 2014-03-29 04:21:59 -23.668  ±  8.696 25.621  ±  7.745 9.302    ±  5.536 3.2 6 

gfz2014gzyb 2014-04-10 13:46:39 -23.611  ±  8.919 22.805  ±  5.675 10.0* 3.3 5 

gfz2014kupy 2014-06-03 14:08:23 -24.569  ±  5.954 24.718  ±  5.111 10.0* 2.9 4 

gfz2014mogb 2014-06-28 13:23:29 -24.638  ±  5.605 24.830  ±  5.818 6.315    ±  10.025 2.8 4 

gfz2014nker 2014-07-10 13:40:47 -24.587  ±  5.508 24.704  ±  4.942 10.0* 3 5 

gfz2014opjy 2014-07-27 15:34:12 -24.558  ±  5.049 24.732  ±  4.794 10.0* 3.2 6 

gfz2014sylg 2014-09-27 12:35:28 -24.534  ±  5.820 24.718  ±  4.942 10.0* 2.9 5 

gfz2014tghx 2014-10-01 19:59:19 -23.049  ±  9.574 23.842  ±  5.082 8.255    ±  28.117 2.7 4 

gfz2014tque 2014-10-07 13:32:56 -24.577  ±  5.963 24.682  ±  5.060 10.0* 2.7 4 

gfz2014udrz 2014-10-14 15:12:31 -24.603  ±  4.957 24.758  ±  5.098 10.0* 3.1 5 

gfz2014vbum 2014-10-27 19:43:41 -22.401  ±  16.186 24.890  ±  8.311 10.0* 2.9 4 

gfz2015cgnd 2015-02-02 00:31:26 -18.993  ±  42.068 23.492  ±  7.659 10.0* 4 6 

gfz2015dyah 2015-02-25 20:01:07 -20.059  ±  45.766 23.325  ±  10.230 10.0* 3.6 4 

gfz2015emep 2015-03-05 14:06:31 -21.294  ±  34.158 25.702  ±  25.163 10.0* 3.5 5 

gfz2015evme 2015-03-10 16:09:01 -22.305  ±  15.789 25.038  ±  8.813 10.0* 2.6 4 

gfz2015ifac 2015-04-27 14:01:12 -22.693  ±  4.027 21.989  ±  6.097 1.756    ±  5.325 4.5 10 

gfz2015irys 2015-05-04 16:04:31 -21.145  ±  9.587 25.456  ±  9.021 103.016  ±  29.992 3.5 9 

gfz2015kspu 2015-06-02 11:46:38 -23.823  ±  5.266 25.733  ±  8.854 10.0* 2.7 4 

gfz2015nvhq 2015-07-16 15:40:14 -21.252  ±  7.604 25.744  ±  11.512 10.0* 3.5 6 

gfz2015omvl 2015-07-26 05:58:19 -19.499  ±  9.339 23.657  ±  9.856 9.624    ±  18.770 4.4 8 

gfz2015rkjm 2015-09-05 14:15:01 -21.290  ±  3.716 25.546  ±  3.391 10.0* 3.1 10 




