MASTERS THESIS

Earthquake detection and
localisation using the
NARS-Botswana data

BY

TIZIANA MICALLEF

UNDER THE SUPERVIN®OF

DR.HANNEKEPAULSSEN

NN

VU‘W

NS

UTRECHTUNIVERSITY

DEPARTMENT OEARTHSCIENCES

August2019






Dedicated to my parentslichael and Carmen

and my fiancé Coen.



Abstract

Botswana forms major gap in our understandinggob ut hern Afri cads sei st
seismicity data of Botswana has, to date, either been poorly located or gone unreported owing

to the paucity of instrumentabverageBotswana is generally classified as having atow

moderate level of seismtgi 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 representtéreninus of thesouthwesterbranchof the

East African Rift System (EARS). Since November 2013, the seismology group at Utrecht
University deployed a temporary seismic network, namely the NB&Swana network,
consisting of 21 seismic stations diaasd ri but
tectonic unitsOn April 39, 2017 amoment magnitude 6/3ormatfaulting earthquakstruck
Moiyabanain central Botswanainexpectedly, in an area devoid from any recent tectonic
activity. This earthquake questiondédrther our knowledge of the seisnitig 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 NABR&swana network from January', 12014 to

March P!, 2018.For the detection and location of seismic events, the NBBtSwana data is
processed and analysed using the seismologafalhare 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 mitiatrorg

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 iratBotswana. The April

39 2017 mainshock, located near the tectonic boundary between the Kaapvaal Craton and
Limpopo Belt, appears to be precededviy low magnitude potential foreshocks. Aftershocks

are clustered along a NA8E strike, consistent withe focal mechanism of the main event and

the strike of the Kaapvaal Cratonb6s northerr
events are aligned along a NNSBE trending seismicity zone, with the northern tip located at

the suggesterminusof thesouthwestern 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 thea@iDdaistern

South Afica. Thus, concluding that the southwestern branch of the EARS might be extending
southwards from northern to sowghstern Botswana, in a N@E direction.

Keywords: Botswanaseismicity, NARSBotswana2017 Moiyabanaarthquake, Okavango
Delta Region,SeisComP3¢ontinentakifting, East African Rift System.



Laymanodés Summary

Botswanaisoneafout hern Africads | east itgstcansideredd s e
as acountry with relatively low seismicitygver the yearsmoderate to large seismic events
have been mainlpobservedin the Okavango Delta region (ODRje northern part of
Botswana. Unfortunately, not much is known and accurately documented abousthie sei
activity of a larger coverage of Botswamaainly 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 NA&BRBwana networlgonsisting of 21
seismic stations distributed all over Botswadaing data recordedy the NARSBotswana
seismic network from January'12014 to March %, 2018 a more reliable assessment of the
seismic activity in Botswana has been carried dboemotivation behind this study arose from

the unexpected anstrong earthquake that occurred on Apfl] 2017 in central Botswana, in

an areaacknowledged as tectonically stablEhe four yearsNARS-Botswana datavas
investigatedvith a standardeismologtal 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 catalogudescribes a seismic evantterms of the date and time of occurrence,
location, depthmagnitudeand number of used stations in the location computation process
From the resultant earthquake locations, Botswana can be generally regarded as a chuntry wit
low seismic activity. Moderate to strong earthquakes have been mainly located in northern and
central BotswanaDuring the periodinder study, the largest event recorded in Botswana was
the April 3", 2017earthquake. This main event appears to be preceded by two earthquakes and
followed by a sequence of about 216 earthquakes that are clustered along a nedhthesist
trending seismicity zone. In the northern part of Botswana, most of the detectad seisms

are approximately alignedith the northern tipof this alignmentiocated atthe suggested
southwesterextensiorof theEast African Rift System (EARSYhe EARS ione of the most

active and extensive continental rift systems located in EasbAfvhich isgraduallysplitting

the African continent in twolFrom the identified seismic events in Botswana and adjacent
countries, results suggest that the seisativity observed in central Botswana might be
related to the seismicity in northern 8awana and eastern South Africa. Thus, leading to the
conclusion that the southwestern branch of the EARS migleixtending southwardsom
northern to soutleastern Botswana
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Chapterl - Introduction | 1

1. Introduction

Botswana isa country in southern Africa characterised by -tmamoderate 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
tectonicmobilebeltsand 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 amountatwdrKal
sands covering the countrgifnon et al., 2012

Bot swanads major seismic history has been in
et al ., 2012) , occurring in one of the worlc
(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 acti ve an(Mdidziekat,ensi ve
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. RegevE972 andscholz 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., 200; Leseane et al., 2015).

The motivation behind this study arose from the moment magnitud¢ 6.5 earthquake

which struckthe Moiyabana area in central Botswamaexpectedly on April '8, 2017 This

large intraplatenormal faultingearthquake 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 strais released, this earthquake occurred inside the African continental
plate,more than a thousand kilometres away from the nearest plate bouAttayd et al.,

2017). Although strong intraplate seismic events are very rare, the occurrence of these events
indicates that the continental lithosphere is not completely stabls asgbciated with seismic
hazards (Bouwman, 2019). As reported by Bouwman (2019), the mainshock was followed by
79 aftershocks with magnitudes between local magnitiudgZ.5 and bdy wave magnitude

(& )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 NARSswana network was installed in 2013

is based on recorded events on networks situated outside of BotSWwarefore, some seismic
events may have gone unreported while others may have been poathdlé temporary
network wasnstalled to monitothe local seismicity in the ORZThus,recordedseismicity

data may béiased towards the northwestgrart of Botswana (Simon et al., 2012; Pastier et
al., 2017). Consequently, some seismically active areas, likeMithigabana area, were
invisible to previous studiefue to all these factors, it was deemed necessary to carry out a
more reliableassessmeiof the seismic activity in Botswandence, the main aim of this study
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is to detect andeliably locate seismic events using data recorded by the NB&Swvana

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

clusters of events might relate to the local geology tanktermine whether a seismic pattern
exits within Botswana and/or in relation to adjacent countflége origin time, location and
magnitude of each detected everit be calculated automaticalgnddocumented in a reliable
earthquake catalogue for Botswaildis earthquake catalogue is essential for dbismic

hazard assessment and earthquake risk mitigation throughout the country.

This chapter will discuss in detail the main geological umt8otswana, the geological
curren

about the NARSBotswana seismological network, the software used andrthefdhis

structure

study.

of the EARS and Bot swanads

1.1 Tectonic and geologic setting

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

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

cratonic blocks, the Kalahari Craton to the east and southeast, cogpfishe 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 snes A2000; Begg et al., 2009;
Fadel, 2018 There is still significant uncertainty as to the extent and nature of these tectonic
units (Moorkamp et al., 201%adel, 2018 mainly because 70% of the country is covered by

the Kalahari sands (Simon et a2012). The understanding af out her n

Af ri

cabob:

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

and Hall, 1990).
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Figure 1.1.Precambrian tectonic map of southern Africa, vidtitswana in the centre and its tectonic units that
developed during geologic times (Leseane et al., 2015).
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Bot swana hosts one of t heOkavangolDelé, docated to the s t
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 $yme 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&Sgholz et al., 1976, Modisi et al., 2000,
Kinabo et al.2008, Bufford et al., 2012) hus, 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 genetaktonic and geological units in Botswana are
discussed in detalil.
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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 representhtéesterly
trendingfault system of the Okavango rift zone ahé two orange dashdithes, 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; Midki, @04.8).
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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 \afital., 1992). Much of thisraton is covered by upper
Archean basins and several distinct geological terranes, witbldbst rocks located in the
southeastern part of theraton and the youngest in the western part. Trason mainly
comprises of granitoids with gneisses and narrow green stone belts (Begg et al., 2009). The
extensive cover of Karoo and Kalahari strstaituated north of the easbrtheast trending
Zoetfontein fault (fault number 2 in figure 1.3)1¢Court et al., 2004), &ault which Reeves

(1978) interpreted as the northern boundary of the Kaapvaal Craton. Ho@eveer and
Durrheim (2018)uggestedhat this interpretation refers more to a change in the crustal level
within the Kaapvaal Craton, with a possible downthrown side to the north.

15° 20° 25° 30°

Kilometers

156° 20° 25° 30°

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 twaxtyreenstone belts which make
up about 20% of theraton, while the rest of theraton consists of granigneiss complexes.
The oldest rocks of thisraton have an age of 3.573.37 Ga (Jelsma and Dirks, 2002). The
southwestern part of thisraton extends into eastern Botswana (figure 1.2) however, its full
extent in Botswana is still unknowNcCourtet 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).

Fault Numbers Fault Names
0 Agulhas
1 Zuurberg
2 Zoetfontein
3 Zebediela
4 Tshipise
5 Thabazimbi
6 PiketbergWellington
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

1.1.1.2 Congo Craton

It is possible that the soutkestern part of the Congo Craton, described as the Angolan Shield
by McCourtet al.(2013), extends into the northestern part of Botswana (figure 1.2). The
exact southern boundary of thasaton in Botswana, as well as meighbouring Zambia and
northern Namibia has been the subject of ample specul&anér and Durrheim, 2018)he

Congo Craton is made up of Archean and Paleoproterozoic rocks (Fadel, 201&t BEinst
2013), with the Angolan Shield being a Paleopaeic basement terrane mostly comprising

of granitoids along with a limited amount of Néochean crustQorner and Durrheim, 2018)

It is widely accepted that around 2.05 Ga, the Congo and S&o Francisco Cratons in South
America were connected togethemasingle cratonic block and remained together up until the
breakup of Africa and South America about 130 Ma (Eetstl, 2013).
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1.1.1.3 Rehoboth Province

Located between between the Kh@kwaMagondi Belt and the Neoproterozoic Damara
orogenic system isie Rehoboth Province (figure 1.2), a puzzling aBsgy( et al., 200Rdue

to its extensive cover by Kalahari sands (van Schijatal, 2014). A substantial part of the
Rehoboth Province was formed during the Paleoproterozoic phase aroundl®2Ga,
however, it is still unknown when this Province was fully assembled (van Schgha|
2011). Originally, it was defined as a subpnoe of the Namaqua Province located in Namibia
and South Africa (van Schijndet al, 2013). Later, Tinkeet al. (2004) suggested that
sometime between 1.93 and 1.75 Ga this Province was accreted to the Kaapvaal Craton.

In the southwest of Botswanan of the Rehoboth Province is covered by the Ndsogane

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 NMsmpne Basin is a

thick sedimerdry 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 @eajg2009) whereas Wght

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 easbrtheast trending higgrade 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 act,2002). To the

west, thebelt is covered by Kalahari sands, whleoterozoic and Phanerozoic sediments cover
the east of theelt. Thisbelt has beedivided into three contrasting crustal zones (figure 1.4);
the northern and southern Marginal Zoreey] the Central Zone. The Northern Marginal Zone
(NMZ) lies mainly in Zimbabwe, while th@outhern Marginal Zone (SMZ) is exposed in South
Africa (Gore et al., 2009). These two marginal zones are extensively deformed and include
rocks related to adjacentr&ons (Begg et al., 2009). The Central Zone (CZ) is characterised
by largely epicontinental rockd/én Reenen et al., 1988gparated 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 zbearand 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 ZimbalewCraton (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 LiSpapbe

Belt from the Kaapvaal @ton (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 anth@dtica 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).
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Figure 1.4 Tectonic map of the Limpop8hashe Belt showing the distribution of the three crustal zones in
association to the Zimbabwe Craton, Kaapvaal Craton and Mageittdbased on surface geology and gravity

data interpretation by Ranganai et al. (20@2). = Dinokwe Thrust; HRZ = Hout River Shear Zone; LeF =
Lechana Fault; MG = Mahalapye Granite; MSZ = Magogaphate Shear Zone; MsZ = Mahalapye Shear Zone; NLT
= Northen Limpopo Thrust Zone; PSZ = Palala Shear Zone; SLM =-Balbdmbo Monocline; SSZ = Shashe
Shear Zone; SsZ = Sunny Side Shear Zone; TSZ = Triangle shear zone.

1.1.2.2 Damara-Ghanzi Chobe Belt

Bounding the soutleastern margin of the Congo Craton, in the noftBotswana is the highly
complex Damara Belt (figure 1.2Bégg et al., 2009), consisting afsuccession of highly
metamorphosed sediments formed during the Neoproterozoic to early Paleozairi€am
Orogeny (Wright and Hall, 199(yascimentoet al, 2017; Fadel, 2018 It is generally
interpreted to have developed as a result of the collision between the Congo and Kalahari
Cratong(550-500 Ma) Meneghini et al., 2017).

Forming part of the southern margin of the Damara Belt, iStlenziChobeBelt (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 Gha@aobe Belt was formed as
a rift basin in which volcansedimentary rocks were acculated and developed through
extensional tectonics associated with a continental collision along the NaiatpiaBelt.
Later, during the PaAfrican Damara Orogeny, the basin was exposed to-gembsitional
tectonic deformation that resulted in a foltahrust belt (Modie, 2000).

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

to as the Ghanzi RidgéModie, 2000). To the east of the Ghanzi Ridge, between the
Makgadikgadi Line and the GhanZhobe Belt, is th&®assarge Basin (figure 1,2led with

up to 15 km thick Ghanzi Group sedimerkey and Ayres, 2000Haddon, 200p The
Passarge Basin is bordered by the Kalahari Suture Zone (KSZ) in the south (figure 1.2), a major
thrust zone considered to be ass@datvith the formation of the Kheis and Magondi Belts
(Key and Ayres, 2000Haddon, 2005fadel, 2018 The KSZ consists ofranulite facies
metamorphic rocks, however, nowadays various places are covered with thick Phanerozoic
sediments from the Kalaharasds(Maternaet 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 Lne likely to mark the northern boundary of the Kaap\@altton (Haddon,

2005). During the late Mesoproterozoic and Neoproterozoic times, this former thrust zone was
believedio havebeen reactivatedsa majorrift fault with a northwest down throw. In fathe
presence of the two deep sedimentary basins; the PassafgesapdNcojane Basins, west of

the KSZ indicate that the downthrow was very signific@gy and Ayres, 2000Haddon,

2005).

Within the DamaraGhanzi Chobe orogenic Belts is tkkavango Rt Zone (ORZ) (see
section 1.1.3)(figure 1.2) (Leseane et al., 2GHslel, 2018 one of the most seismically active
regions in Botswana (Midzi et al., 2018).

1.1.2.3 Kheis-Okwa-Magondi Belt

The composite KhesDkwa-MagondiBelt 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
(Schluter, 2006; Orio and Becker, 2018)t is a foldandthrustbelt comprising of lowgrade
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 r@&#gg et al., 2009The area
surrounding the western part of the Zimbabwat@n and the northwestern part of the Limpopo
Belt is known as the Okwislagondi 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, definirthe western edge of the Zimbabwe Craton, is composed of

a thick sequence of sediments and volcanic raBkgd 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 youger 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 120/km (
and Ayres, 2000 Crossing theMakgadikgadi 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 informsitiggeststhat the

Xade Complex is a layered basic Complex, consisting of both intrusive subvolcanic sheets and
extrusive lavagPouliquen and Key, 2008). It has a uniqushéape form, with its northeastern
part aligned with the Makgadikgadi Line, its southpamt parallel to the Kalahari Line, and

the northwestern part followingteend similar to the Okwa blockd@ddon, 2005)

1.1.3 The Okavango Rift Zone

Located in northwester@Botswana, the Okavango Rift Zone (ORZ) consists of several
northeasterly trending faults including, tii@amalakane, Kunyeré,inyanti, Chobe, Nare,
Phuti, Lecha, Tsau, Gumare and Mababe fgfigare 1.5) with the most active faults situated

in the souteastern boundarKinabo et al., 2007Shemang and Molwalefhe, 201Rankin,

2015; Pastier et al., 201 Kinabo et al., 2007 suggest that these faults are still at an early stage
of development. Together, they define a northeasthwest zone that is @it 400 km long,

with the westnhorthwest trending dextral Sekaka Shear Zone (SSZ) and the Gumare fault in the
southwest and the Linyanti and Chobe faults in the northHasnhorthwest and southeast fault
boundaries of the ORZ appear to be representeddbcumare and Nare faults which define

a zone of extension around 150 km widénabo 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 am@mal faults dipping to the southeast, whereas the
Kunyere, Mababe, Thamalakane, Phuti, Nare, Liyanti, and Chobe are northwest dipping
normal faults.

The seismically active ORHEas been described as an incipient continental rift (Kiredlaob.,

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, Kiretta., 2008, Bufford et al., 2012;
Leseane et al., 2015see section 1.1.4However, these interpretations have lately been
challenged by Pastier et al. (2017). The ORZ appears to be developing within a large structural
depression known as tiMakgadilgadi-OkavangeZambezi (MOZ) basin, a basin consisting

of alluvial fan deposits as well as deeper pala&e sediments in structural depressions or
subbasinsKinabo et al., 2007; Shemang and Molwalefhe, 2011 One of t he wor |
inland alluvial fans, the Okavango Delta 22 000 knd) is situated within the ORZ, supporting

the biggest wetland in southern AfricBhe formation of thislluvial fan is believed to be
related to neotectonic activity associated to the rifting in the ORZ which strorgbtisathe
drainage and geomorphology of the MOZ baskKinébo et al., 2007; Shemang and
Molwalefhe, 2011] eseane et al., 2015).
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Figure 1.5.0kavango 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 Pagtiat. (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:fagtuTault.

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 mainEthiopian 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 wpkitio 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 aigimuous rift basins (Kinabo et

al., 2007; Pastier et al., 2017). The approximateihl®0 km long and 4000 km wide
individual rift basins are filled by extensive amounts of sediments consisting of -flaltac

and lacustrine sediments and/or volcanand volcanoclastics. Individual rift basins of each
branch are connected together by transfer faults/anoca@tion zones (Kinabo et al., 2007).
Some authors agree that a third branch of the EARS, known as the southwestern branch
extends southwest fromake Tanganyika and addhe ORZ as its southern terminus (e.qg.
Scholz et al., 1976; Modisi et al., 2000; Ho et al., 2007; Leseane et al., 2015).
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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 bladloxindicates the location of the Okavango Rift Zone, in northwestern Botswana.

Initially, Du Toit (1927) suggested that thése 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 norbmatsiwest axis was
postulated by Reeves (197Bjowever, Reeves (1972) suggested the central Kalahari, 250 km
south from the ORZ, as the extensibpart of the EARSIt was Scholz et al. (1976) who
proposed the current assumption that the ORZ is the terminus of the southwestern extension
branch of the EAR (Scholz et al., 1976; Pastier et al., 2017).

l2Bot swanabds 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 5.6bs&mneed in the ORZ.

It was during this period that the seismicity in Botswana fivalsaccentuated due to the 6.1
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and 6.7 Local magnitudé () events occurring in the ORDn September fland October
111952, respectivelyDuring 1954 to19550nly two magnitude 5.0 eventgere observed in
northern Botswana and in the subsequentyearsthree other minor eventgere located in
the same regior{Reeves, 1972)Between 1959 and 1965, the first seismic network in
Zimbabwe was set up by the Rhodeédeteorological 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 or 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
(1972 postulatedhe Kalahari axis, a line 250 km south of the ORZ, as the EARS extension
while Scholz et al. (1976) attributed thggh seismic activity in the ORZ to tls®uthwestern
extension of the EAR$Pastier et al., 2017From 1950to 1991, a total of 154 earthquakes
with various magnitudes were detected in Botsw&iad@n et al., 2012). In 1993 thé3TB
seismic station, near Lobatse in seatistern Botswana, was deployed and operated by the
U.S. Geological Survey (USGS) as part of tBlobal Telemetered Seismograph Network
(GTSN) U.S. Geological Survey2019).This was the first broadband station installed in
Botswana to monitdocal seismic events and underground explosigiase recently, between

the period 2005 to 2007, a netwarkiwenty to thirtypermanenseismic stations was installed

by the AfricaArray (AA) around eastern Africa, to monitor the EARS amismicity in
southern AfricaHowever,none of these stations were place8atswana. Later, during 2008

and 2010, the AAdetwork was expanded to include other parts of Africa, one of these was the
temporarystation MAUN in northern Botswan@fricaArray, 2010). The addition of more

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

Intermational Seismological Cemtr(ISC) databasé€Pastier et al., 2017)Other £mporary

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

understand Botswanads geo(Carlgonpetalnl®96nCatal.,t o det

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 cont{Restier et al., 2017; Nthaba
et al., 2018). Due to this, some earthquakes niighe 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 evendgstected 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 Gimon et al., 2012)making any recorded data instrumentally biased to the
northwestern part of Botswana. This bias might have hidden major areggsswiicity in
Botswana.

Pastier et al. (2017) used the unreviewed data set from the ISC, betWdeanad®016 to plot
events with magnitude greater than 3.0 for Southern Africa (figure 1.7). To prevemdacgd
seismicity due to mamade activities, m events with magnitude less than 3.0 were used. From
this study, some regions revealed particugsraic 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 nortbaugsteast orientation were
identified by Rastier et al. (2017), with one of them starting from eastern Namibia, passing
through central Kalahari and ending inrth@astern South Africa. Seismic activity within the

ORZ was concentrated along the southeastern edge of the delta, in betweeisiVestiking

Tsau and Thamalakane faults. The rate of seismicity recorded between these faults may be
attributed to the large quantity of water which is containethé@m,as well as the continued

inflow of extensive amounts of water into the delta (Nthakal.e2018). 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 ery low in the central region of the delta and also along the
NE-SW striking Gumare faultHowever, 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 dashedre in figure 1.7) up till the northern part of the Linyanti swamps (Pastier et
al., 2017; Nthaba et al., 2018).
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Figure 1.7.Southern Africa map showing the seismicity distribution (M) between 2004 and 2016 frapastier
et al. (2017). These recorded seismic events are based on unreviewed data from the ISC database. The dashed
region represents the poorly defined southwastgtension branch of the EARS referred to as the Solgtern
Extension Area (SWEA) by Pastier et al. (2017). The black star in Botswana represents the locatidn &f%he
normalfaulting 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 eventth magnitudes mostly between 3 and 5.6, in north and west
Botswana (figure 1.8). During this period, only 26 events were recordéiaei ORZ In
contrast, considerable seismic activitwas detected in the central Kalahari, a region
corresponding to a ENE striking Karoo failed .rifthere was no specific earthquake
concentration observed along the Zoetfontein féwter to figure 1.3for fault location)
(Pastier et al., 2017).
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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 #& normalfaulting earthquake
in 2017.

Whilst Botswana is a country with lowdal level ofnaturalseismicity, moderate targe
earthquakes have been mainly associated with the ORZ (Kwadiba and Ntibinyane, 1993).
However, due tdhe poor seismic network distributipaomeseismically active regions in
Botswanamay well have remaimkinvisible to a lot of previous studieRecently, this
hypothesis was supported by the 6.5, normaffaulting earthquaken April 3", 2017 in
centralBotswana, neathe villageMoiyabana.This earthquake occurred irregion with low
historical seismicity and far away from any identified active fakitilgwole et al., 2017;
Albano et al., 2017Gardonio et al., 2018Midzi et al., 2018; Bouwman, 20L9Due to its

lower crust depth (around 25 to 30 km deep), Gardonial.§2018 suggested that this
intraplate earthquake might have been triggered by elevatedijttmgiatic, pore fluid
pressureMoreover, by applying a template matching approach to continuous signals recorded
at teleseismic distance from the mainshé&&&rdonio 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 ma@shock.
the other hand{olawoleet al. (2017) and Bouwman (20J8pposed that this earthquake and

its aftershock®ccurred due to extensional reactivation of the northeast dipping Moiyabana
fault. Thisfaultformspart of an ancient zone of weakness within the Limp8pashe orogenic
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belt that resulted from the collision of the Kaapvaal and Zimbabwe Crétaawole et al.,
2017; Bouwman, 2019).

The exploitation of natural resources, such asneralsand hydrocarbons hantributed
enormously to thgeneratiorof seismic eventfAlbano et al., 2017). Up to 40 induced seismic
events, or more, have been identifipedr month in southern AfricdAlabi et al., 2012).
Botswana is a country abundantvarious natural resourgaacluding diamond, gold, coal,
coppernickel 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 diamondacated in
southcentral Botswana (AZoMining, 2012Deeplevel mining as is established in South
Africa consists of wwhere natuglly bcourriog seidmeity éakes t h 6 s
places. To control and not aggravate the occurrence of indatadic events, these marade
activities are closely monitored and regulated (Alabi et al., 2012).

20 22" 24 26" 28" 30

¥ 4 <
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Coal mine :
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Figure 1.9.Mine locations in Botswana&f6owBotswana, 2010Gwebu, 2013; Lucara Diamond, 2019

The occurrence of natursgismicity 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 2007, 6.5earthquake and its aftershocks that other regions

in the country, like central Botswana, are also seismically actives. raises the need for a
more reliable assessment of theismic activity throughout Bsewana whichis indeed the
purpose of this studfas explained in section 1.5)s a result, previousnknown faultsand
regions ofincreased hazamhn later be identified.
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1.3 NARS-Botswana seismological network

The NARS-Botswana seismic network was installed in June 2013 and opdrgtede
seismology group of the Faculty of Geosciences, Utrecht University until March T 8.
scientific purpose of the NARBotswana temporary project was to reveal the structurgeof t
crust andupper mantle beneath Botswana in order to obtain a better understanding of its
complex tectonics (Fade2018). Since March 1st 2018, the Botswana Geoscience Institute
(BGI) wasassigned the ownership of the NABStswana stations, making the stations part

of the Botswana Seismological Network (BSSg{smology group, Utrecht Universi3015).

The network comprises a total of 21 broadband seismic stdfiabte 1.2 distributedacross
most of the countryexcept forpoor station coverage in the southwestern part of Botswana.
Figure 1.10 shows the location of each of these stations, covering all the de@isgcal and
tectonic units in Botswand:or further details about theetup and equipment used in the
NARS-Botswana seismic network, one can refer to the NAR&wana websiteSgismology
group, Utrecht University2015).
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Figure 1.10.The NARSBotswana seismological netwo{&eismology group, Utrecht Universjt015).



Table 1.2.Location, sensor type and installation date of the NAR&wana stations from tH¢ARS-website

by theSeismology group, Utrecht Universi(g015).
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Station | Location Sensor Latitude Longitude | Altitude Installation
(°N) (°E) (m) |(year.daynumber)
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 STS2 -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 STS2 -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 STS2 -19.38931 22.16246 985 2015.326
NE215 Bottlepan STS2 -18.78417 25.19601 1035 2015.324
NE216 | Phuduhudu STS2 -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, dasiqgoce

and realtime 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 Bésaresi, 20113FZ Potsdam, 2018). Although SeisComP3 is mostly
intended to monitor redime earthquake data through direct connection with data loggers and
digitizers Bormann et al., 2034 in this research ofine data processing and analysis was
applied. This is mainly due to the fact that the NABR@swana datavas 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, 2011GFZ Potsdam2018). 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 toarry out a more reliable assessment of the seismicity
throughot Botswanausing theNARS-Botswana datirom January 2014 till March 201Bata

is processed and analysed using the SeisC@uofd8are packageavhich uses automatic and
manually pickedd-wave arrival times to etect and locatseismicevents As a result, an
earthquake catalogue spannargundfour years of NARSBotswanadatais createdo assist

in the quest o$eismic hazard and risk mitigation for Botswana.

The seismicity in Botswana is further analysednvestigate how the clustering séismic

events might relate to the local geology examine the variation of seismic activity in
Botswana and assess the completeness of the earthquake cataloggmitadefrequency

relation plot is developedFrom this plot the relative size distrtimn of events@ value) and

the rate of seismic activity in the country are estimadWmleover, 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 ek 22000; Kirebo et al., 2007; Leseane et al., 2015).

Since there was only one permanent seismic stapenatingin Botswana before thidARS-
Botswana network was deployadany seismic events have either been missadstocated.

With this regardseisnic events detected and located@otswanady SeisComP3 are compared
with event locations listed ithe ISCon-line bulletin(downloaded January 201f@y the same

time interval Considering that multiple seismicity studies for Botswana are based on the ISC
unreviewed data (e.g. Pastier et20]7), thiscomparisorwill 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 thfe most major tasks in seismology (Havsket 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 strestof 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 contaminatitige data owing to a variety of possible factors, suchaasuracies

i n the st ,anisidentiictidn of thedficsticvgave arrival, network geometry and the
quality of the seismic velocity model used (Stein and Wysession, 2003; Husen anceelardeb
2010; Bouwman, 2019).

In this study, an event detector is applied in SeisComP3 to all available-BAR%ana data

so that a rough estimation of the fifstwave arrival is obtained. Generally, this technique
requires the data to be filtered priordetecting changes in signal amplituddter a seismic

event has been identified, a more predisghase picker is implemented so that reliable

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

0 picks are used in SeisComP3 to automatically locate detected seismic events. To ensure the
robustness of the automated location, a large number of autobnaitelcs is usuay 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 fibstvave 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. Ewev, 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 thee are various automatic techniques available for the detection and picking of
seismic events (#perkoch et al, 2011; Trnkocsy, 2012; Vaezi aad der Baan, 2015). In this
study, the ShofTerm Average / Longerm Average (STA/LTA) method is used for even
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 analy&éer an event has been detected, the Akaike Information Criterion
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(AIC) picker (Maeda, 198pis implemented to accurately pick thephase arrival, needed for
precise event location. To optimize the accuracy of the automated picks, eaetcplated

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 adeteeted 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 onlttyeajule seismic data.

Hence, one main purpose of seismic data processing is to improve as much as possible the
signatto-noise ratio (SNR). To preserve the signal of interest and enhance the SNR, strategies
for seismic noise attenuation are neededthla project, unwanted noise effects from the
seismic data are removed using three different filtering stages prior to the STA/LTA detector
algorithm.

SeisComPa3 first filters out the offset by making use of a running mean high pass (RMHP) filter
of 10 secads. Basically, the running mean, for a given timespan is computed and subtracted
from thesingle amplitude values5FZ Potsdam, 2018)Then in order to reduce the spectral
leakage, a onsided 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 tapers 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 valueélthough 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 esided cosine taper i.e. the default tapg function in
SeisComP3 was implemented.

The cosine taper windo@ o is given by (Pilz and Parolai, 2012):
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with timedand taper ratioa Such tapering reduces the spectral power leakage from a spectral
peak to frequencies far away. Moreover, it coarsens the spectral resolution by a faeter of

(Pilz and Parolai, 2012).
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In the last filtering stage, a Butterworthfihite 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 spe®@fl such that unwanted low frequency noise (lower ttncontaining
microseismic noise, and high frequency noise (higher ttngenerated 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.
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Figure 2.1 A bandpass filter with low corner frequené@)(and high corner frequencif)) shown in relation to
the pass band (GeoSci Developers, 2017).

Generally, the pass band shoalibw 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 beomes inefficient (Trnkocsy, 2012).

The amplitude spectrum of the bandpass Butterworth filter is defined by
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where"Qis the centre of the pass bafdis the pass banidalf width and the steepness of the
filter is defined by the order of the filter(University of Washington School of Oceanography,
2014)

2.12 STA/LTA detector algorithm

The STA/LTA is one of the most widely usédétection 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 stione average window (STA) and the
long-time average windoLTA) (Trnkocsy, 2012).

The STA/LTA ratio is a measure similar to the sigtmahoise ratio (SNR) since the STA
calcul ates the O0instantodo amplitude of the sc¢
seismic noise amplitude (Trnkocsy, 2012). The agerof the absolute amplitudes of a seismic
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trace0 O within both the STA and LTA windows is calculated by (Agius, 2007; Schweitzer
et al, 2012)
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To detecthe presence af-phase arrivals and provide a rough estimation obtoaset 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 ¢tdesdue

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 ofthe 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 fexgpef 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 br loca
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 alsoriampdo keep in mind that the
smaller the STA window is, the more sensitive the detector is to-ggikeananmade seismic

noise, and vice versa (figure 2.2). This implies that the STA duration is also of great importance
with regards to false detectioriius, if false events are detected frequently at highly polluted
spiketype 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 lastirg eve
(Trnkocsy, 2012).

A longer LTA window is required to detect events with wéalaves compared ft¥waves.

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

waves and increases the detector sensitivity to regiovae nt s0O 6 nwavhee, 6var yi ng
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 continuousnia@e seismic noise. Such

changes of mamade seismiaoise are usually associatadth nightto-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 tight side of the plot. Graphs (b) and (c) demonstrate the STA, LTA and
STAJ/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 indicatddaydashed 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) remasent the
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 LTwindow 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 dasbedontalline). 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

time [8] —=

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 cedhparthe
selected STA/LTA trigger threshold value. When the ratio exceeds th&eptkreshold, an

event is detected. Figure 2.4 shows an example of the detector variablesttR@mng/LTA
algorithm.

The STA/LTA trigger threshold level basically cools 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 seismicstatiob s sensi ti vity wil/l be and the mo
this may also lead to more frequent false detections. The ideal STA/LTA trigger threshold
value is based on the seismic noise cdnditio

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 entirelgular behaviour of seismic
noise requires higher values (Trnkocsy, 2012).
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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. Graphsf@ws 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/LTAatio 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 encompassmuch 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 notdrested 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 se

to 2 or 3.

2.1.3 AIC picker

Accurate detection and picking of the firstwave arrival is crucial for hypocenter
determination, event identification and source mechanism analysis. Traditionally, this work is
done by an analyst who analyses fies&ssmograms 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
automaticaly picks the onset times of seismic waves.

Much effort has been dedicated to design algorithmsatitatmatically and precisely pid«

phase arrival times. Some of the proposed and widely Oigcking 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 thresholdheaBaer

and Kradolfer (1987) (BK) pickevhich 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 imes (e.g., Kuperkoch 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 (Kuperkoch et al., 20i3. T
criterion, which compares the quality of a set of statistical models and aims to select the best
model, is given by (Akaike, 1971):

506 CAOOQIDRCUAWH Wt 6d QRO Oad'QO Qi i¢d
wherethe number of parameters is defined by the model order (Kuperkoch 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 mauttHie a
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 statiSE€nge,
2011).
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Two robust AIC based appaches, referred to as AIC pek, have been proposed for
determining th&-onset time of a seismic signdh@ang et al., 2003; SDnge, 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 wavefa, without using an AR process &dda, 1985).

Since the characteristics of a seismogram, such as the variance and the spectrum suddenly
change with the occurrence of a seismic event (figure 2i5)AtE picker assumes that the
intervals before and afténe firstd -wave arrival time, are two different stationary time series
(Kuperkoch et al., 2011)n 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).
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Figure 2.5.An example of a seismicaceindicating the separation poilaof two statistically different parts i.e.,
the preonset segment from samp¢ill ‘Qand the posbnset segment from sampe ptill & (StOnge, 2011)

The portion before phase arrival, consisting of seismic noise and the paftesward,
consisting of the seismic signéligure 2.5) are two segments with different statistical
properties. At first, a smalsample value is multiplied by the log of the variance of the seismic
data from sampkep to "Q The variance measures héav a set of data is spread out, defined as
(Kurz et al., 2005):
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where¢ denotes the sample size,

W "Qis samplef the time seriesand
ofis the mean of the whole time serias

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 smallinasases. However, at

the 0-wave onset, theamples fromQ ptill i will have a larger variance than before. Thus,

the AIC value will start to increase, indicating a global minimum aOtheave onset. As a

result, the AIC array plot will have a slantedlvape form, as shown in figure 2.6(&}-Onge,

2011).

In this study, the AIC picker applied is that which is directly calculated from the seismic data,
as proposed baeda (1985). In fact, when a seismic event is detdnyeelxceeding the
STA/LTA trigger threshold, a smaller time windmentaning thed-onset is cut out for more
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precise picking by this AIC pickein this case, for theurtate time series of length 0
samplesthe AIC function at sampl@is defined by

o0& O3 TiCHphQ 0 Q p dTCOHLQ ph &

where'Qranges through all samplesf
0 @ phQ is the variance of the time serié@p ho ¢ B Ko Q and
O OWQ ph) isthe variance of the time seri@sQ p ™Q ¢ Bl .

The implemented AIC picker in SeisComP3 uses equatiaf {@.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 segiaon point of the two adjacent time series. This
point is interpreted as thewave onsetZhang et al., 2003

In order for the AIC picker to pick the-wave arrival correctly, the selection of a proper time
window that includes only the seismogrammeegt of interest is important. As shown in figure
2.6(a), when thé-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 |odaamni

in the AIC values function however, tiewave 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 i<leatrly 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 firstvave 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
suitabde time window that will enable the AIC picker to function propeBigng et al., 2003;
Ahmed et al., 2007).
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Figure 2.6.Seismograms (upper traces) and their corresponding AIC values (lower traZés)ngyet al. (2003)
showing (a) a very distinct-wave onset, (b) a rather cleawave arrival with relatively lower SNR, (c) a very

low SNR seismogram, (d) multiple phasesilable 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
thed-wave arrival and the arrows represented in each AIC arraynglictite the global minimum.
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2.1.4 Manual | phase picking

Despite significant advancement in automalednset 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 highniage picks (Bormann

et al., 2014).

Manual review of all automatically detected events by SeisComP3 is accessible through an
interactive GUI (Graphical User Interfac@here a number of tools are available to revise
and modify, if necessary, the accuracy of the automateddfiveave onsetThis is done by
analysing filtered seismic signals only in the vertical component since the arrivahohae

is observed more clearly in this component. By zooming in a portion of the time series
containing thé-onset, automatid picks are carefully amgsed and if not accurate, manual
re-picking is implemented by marking teonset at the point where anomalies in the form of
changes in amplitude are first observédvave arrival times detected automatically and/or
manually for a particular eventeathen further investigated by reviewing their trend in a travel
time against distance plot (referred to as well as a travel time curve). The reSultiznge

arrival times should smoothly increase with distance. Hence, a similar trend Gewthee

curve in figure 2.7 should be attained. Any outliers in this plot are analysed again and removed
if there is no clead-onset.

30

25 |
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(=]

Travel Time (minutes)
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(=] w

0 2000 4000 6000 8000 10000

Distance (km)

Figure 2.7.An example of a travel time curve showing the expected{firsind"¥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 iménpie SeisComP3 by
creating a preliminary origin. In this case, seismic signals recorded by multiple stations are
examined to identify any missed seismic event. I{ttanset is clear, manuakphase picking

is applied. To ensure that no seismic eweas 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 datarfthe preliminary origins that are manually analysed.
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2.2 Event location

Once the firsh-wave arrivals are picked, the next step is to identify combinations of picks that
correspond to a common seismic event and determine the locatiwat 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 tini& i.e., the initiation time of the earthquake rugtur
and the position ¢huhd , known as the hypocenter. The pointo directly above the
hypocenter, on the Earthdés surface, is defin
are generally treated as point sources with the hypocenter emtsids the starting point of
the rupture process, usually specified in longitude latitude  , and depth below the surface

& . Since thed-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.

Considert seismic stations abtations whohx  which detect an eent at arrival time®
"‘Q plgB R . The hypocenter location amigin time describe four unknown earthquake
parameters, defined by the model vector,

O & hha ohoha'Y <]

If we now assumsome velocity model, then for every estimatedhe predicted arrival time
at each station can be calculated
" 3 O cdo

In equation (2.9 is a function of both the velocity model considered and the individual station
locations particularly t is a norlinear function of the model parameters (exdepthe origin

time Y. Note that this is a forward problethat gives the predicted arrival time at a station
fromO . Since we have observations, there will earrival time equations equation (2.9).

Hence, the system of equations is overdetermined as there are usually many more equations
than unknowns (i.e§ T1).

The inverse problem we are trying to solve is that, given the observed arrival times, we wish
to determine th& that, in a certain sense, gives the smallest arrival time residual at each
station. The residual at the’Q station is defined as thfference between the observed and
predicted travel times which is the same as the difference between the observed and predicted
arrival times:

i 0 0 ¢ T
0 ‘o0 P p

To find the optimall , agrid search approach in combination with an iterative iegsares
inversion algorithm is applied to identify thest fitting event locatioand origin timeln the
following subsections, the grid search approach anditbeative leassquares inversion
algorithmwill be further discussed, along with event legaterror 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, grid search over all possible locations and origin sim@erformedEach of the

grid points, inthis approach is considered as a theoretical hypocenter for all incangiuds

(GFZ Potsdam, 2018)

For each seismic event, the observed (or measured) arrivaldimese compared to those

predicted arrival timeé at each grid point. Ultimately, theptimal estimate forl would

then beindicated by the grid point with the best agreement between these two arrival times.
This implies that some measure of Obést agr
wave arrival times are observed. A frequent used approackedskdor @ with least squares

(known also as the L2 norm) that minimizes the sum of the squared reSidieserved at

seismic stationsShearer, 2009

f 0 0 ¢ G

The RMS (roomean square) residual, defined 5@ , 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 indichtiom fit of the

data (Havskov et al., 2011). Furthermore, the variance of the data, in other words, the average
squared residqu ¢ , describes the spread in the residuals. In statistics, the variance is formally
defined a$ ¢ ,where¢ is thenumber of degrees of freedom i.e., the difference between

the number of observatiogsand the number of free parameters in the fit (in our Gase,

€ 1 sinced consists of 4 parameters). Typicalgy,is greater than the number of fitting
parametes, and thereforé and¢ are considered roughly to be equal. Additionally, this
implies that residua - 3is roughly equal to the varianc8hearer, 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
betweend and0 is generated by uncorrelated, random Geursnoise. However, this is

often not the case as the errors are-Gawissian. 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 ties 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

7 0 0 ¢po

This meaare 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 misféhearer, 2009;

Havskov et al., 2011). Note that a grid search for the origin time iequoired. 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 199RichardsDingerand Shearer, 2000).

Ideally, the optimall 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 awfagm each other, with similar misfit (Havskov et

al., 2011). Hence, thierative leassquares inversion algorithm is eventuafhplementedo
testthe location found by the grid search and examine if the set of picks indeed form a
consistent hypocenter

2.2.2 lterative least-squares inversion algorithm

The following explanation of the iterative leasfuares locatioalgorithmis based on the text

by Stein and Wysession (2003) akearer (2009)['he algorithm starts off by considering a

trial modeld , which is an estimated guess which we hope is close to the best loltatian.

case, the solutions determined from the grid search approach will represent this trial model.
The new locatioml locaed a small distance away fram is given by

A i PT
where¥YO is considered to indicate small perturbations to the target sototion

In order to linearize the problem (equation (2.11)), the predicted timesaat approximated
by using the first term (the linear term) in the Taylor series expansion:

10 .. 10 .., 10 o, .
—Yoo ——Yw
T ® T W )

o o —Va B U

The index(n equation (2.15) ranges from 1 to 4 and corresptmnthe earthquake parameters
defined in equation (2.8).

Hence, the residuals at the new locatibican now be witten as

1O 0 0 O

Ya S0
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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/0 such that

Te o

- v
l el <P X

In vectormatrix form this can be written as
gn 71 Y0 CH Y

where»is the residual vector computed from a trial madelandy isané 1 matrix of
partial derivatives i.e.,

To

O ’
Ta

P w
with'Q plth8 FE and'Q piB f.

Equation (2.18) represents a system of linear equations with 4 unknowns (corrections
hypocenter and origin timelNonethelesshere are equations of this type corresponding to
each observed arrival tim&herefore, mice the minimum number @utomatically detected

0 picks neededo declare an event in SeisComP3 is5&Z Potsdam, 2018 equation (2.18)

will consists of more equations than unknowns. In order to solve such overdetermined problem,
one solution for the perturbation vectér is acquired by using the standard least scuare
minimization techniqueShearer, 2009 To do this, we regard the elementspofind as

having errors described by their standard deviatjoriBhus, the least squares solution is given

by the model that minimizes the misfit,

— 1 0O O Ya c8& T

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 param&t@rsmust equal to zero.

T.. P . o~ G
g T ¢ ”—ID OYa O g p

Rearranging, equation (2.21) yisld

—i o "o - O Ya O & ¢
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If the variance of the data are equivalent , , then the variance term in equation (2.22)
can cancel out, and

In matrix notation this can be written as
1 »U T \(m C& 1

7 T Is asquare matrix and thus, its inverse exists. Hence, a sdutibie perturbation vector
YO is obtained by taking the inverse-pfy on both sides of equation (2.24)

LR e T maYH
a1 7 »0 LV where k= Identity matrix
¢ S"Ij T T »[] & v

Next, we replacel by the new trial modet YO 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 solusitsinland 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 assumptionttiat the
velocity model isised thehypocentral solutions will have errors émskov 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 ithe area close to the smallest misfit caméerminedin a
two-dimensional case, this can be done for example, by contouring the RMS residual (i.e., the
misfit) as a function ofoandwin 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
alsobe possible to create threkmensional contours in order to get anicadion 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 uncertaindie$e 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 aetiled statistical understanding of how the error ellipse is
computed.
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In error analysis, the crucial variable is the variahceof the arrival times (Havskov et al.,
2011). Depending onhether this data variande known or not, two types of statiss$i, used
to calculate the size of the confidence region, efkistsen and Hardebeck, 2010)hese
include:
1 T“Cstatistics used when the variang@nknown (e.g., Flinn, 1965; Jordan and Sverdrup,
1981)
1 ... statistic used when the variance is known (&gernden, 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 éstimate
derived from the residuals of the best fitting hypocenter;; and the number of degrees of

freedome ¢ U, is used$hearer, 2009; Havskov et al.,2(:11
0 0 s & ¢
Based on the work of Flinn (1965hetjoint confidence region for the solutian is

bounded byher percent confidencellipsoid determined from

O O {1 o o I C& X

where the parameter covariance maﬂix defined by

{ @ 7 Q]

The confidence coefficiedlt is given by

I Oi O0FR © & w

where'O 0 l¢ 0 represents th@statistics at th€ percent confidence levelith O and
¢ 0 degrees of freedonB(att and Bachel988)

Seismic events detected from outside a seismic argtwend to have considerably large
location uncertainties. This is mainly due to a poor station distribiloreover since these

events are recorded from only one side of the network, large tradeoffs exist between the
location in the direction towards 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 tgreater distances are likely to show higher location uncertainties.

Another issue in the event location problem is the etlwn tradeoff between origin time

and event depth. This usually results when there is a large distance between the statams locat
and the event recorded (figuré8R.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. Tradeoffbetween event depth and origin time due to event recorded by only distant stations (Shearer,
2009).
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3. Data Processing

Once the NARSBotswana data was accumulated from the 21 broadband saistans 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 softwaré&gupec SeisComP3 (SC3) (version
2017.334) was used.

Before the processing of data, station metadata, including station and instrument response
information,obtained frondataless SEED files were configured in SC3 station bindimags (

that a binding in SCaintains the configuration of how a station is utilized in a module (GFZ
Potsdam, 2018)). On the other hand, the NARSwana data, containing only waveform data,

were in MiniSEED files. However, sindkeseMiniSEED files are not organised as separate
files per day, per station component, It w a
(https://github.com/irisedu/dataselertto sort the NARSBotswana data in SeisConfihata

Structure (SDS). In order to create and extract multiplexed sorted MIiniSEED files from SDS
archives, one has to run the archive tschrt, available as one of the utilities in SC3. The
following is an example used in Linux command line:

seiscompexecscart-dsvE-t '<starttime>~<endtime> <path toSDS archive> >ayfile.mseed

This command merges MiniSEEIy files from each and every station, located in a local SDS
archive into one MIiniSEED volume per day, caltay/file.mseedThus,it organises the data
to be finally used for processing by SC3.

SC3 has a modular design approach in which every moduleharge 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 the open source toolkitSpread
(http://www.spread.ord/ The main component of the messaging system, referred to as the
mediator, is calledcmaster 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 XkHed data exchange standaod the
representation of seismological parameters) (Schorlemmer et al., 2011).

For waveform data access, SC3 utilizes both #desllinkand arclink protocols.Seedlinkis
used for (reatime) data acquisition and serves also as a efienter softwareArclink, on the
other hand, complemen&eedLinkby supplying a larger store of data. Theliak protocol
provides access to archived waveform data via the madatehivein MiniSEED format
(Hankaet al., 2010). An automated switching between #etbnkandarclink 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-chfmalated


https://github.com/iris-edu/dataselect
http://www.spread.org/
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picks and to assist in creating new origins for any undetectedseuegure 3.1 shows a
flowchart of the main steps carried out within the processing of the NBd®S&vana 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).

Module Name Task Description
seedlink (Reattime) data acquisition and distribution
Acquisition arclink Retrieval of archived waveform data and distributior

slarchive Data archiving in SDS
scmaster TCP/IP messaging server
scautopick AutomaticO detector/picker

. scautoloc Automatic locator

Processing

scamp Amplitude calculation
scmag Magnitude calculation
scevent Event associator

. Origin Locator View:

Analysis scolv - .
Full manual event revision and data analysis

Event detector Event
parameters
Automatic .
picker Magnitudes

NARS-Botswana

Waveform ‘ 1

Data
Event
Associator]/ =g Amplitudes Event
Locator Database

‘ A
Manual
(re)picker

v

Relocator

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 est¢akticssh the optimum
parameters configuration. Some of the text in the following sections, discussing the modules
in SC3, is based on the current SeisComP3 documenté&tioh Potsdam, 2018).
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3.1 Automatic event detection

Thescautopickmodule is used to detect automatically the arrivai-efaves by searching for
waveform anomalies in the form of changes in amplitude. It starts by first reading all the
parameters set ithe configured bindings of each station. Latexcle incoming record is
filtered by applyinga running mean high pass (RMHP) filter of 10 seconds, zidleel cosine

taper (ITAPER) of 30 secosdand a fourth order Butterworth bandpass filter with corner
frequencies specified in section 3.1.1. After filtering the data, ssteprocedure is applied

to automatically pick thé-phase arrival time. First a rough estimation ofdkenset time is
obtained through the sheind long term average (STA/LTA)atio 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 datrelative to the initial detection made by the STA/LTA
detector. This picker seeks to provide accudatinset time estimations which are eventually
required for a precise event location.

As describing byShearer (2009)-waves are mostly visible on the vertical component of a
seismogram, while litthd energy is recorded on therizontal components. Thus, the NARS
Botswana data were processed using the BHZ (broadband, high gain, vertical component)
channel.

In this stidy, scautopickis run in offline mode on the vertical component of the multiplexed
sorted MiniISEED volume data that were created per day, by the archivesdadl, For
example, the following call:

seiscomp exescautopick-playback-I dayfile.mseed

will process all the data igayfile.mseedor which bindings exitandsend the output to the
messaging systenkventually, when all of the data records are fully processadtopickwill
automatically stop running.

The followingsubsections present some examples that illustrate how the optimum parameters
were obtained for:

1 the corner frequencies of the fourth order Butterworth bandpass filter,

1 the STAJ/LTA detector and
1 the AIC picker

which are required bthe modulescautopickfor the automatidetection of0-wave arrival
times
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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 ti@fsampling frequency of a discrete
signal. Tke Nyquistfrequency 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. Moreer, low frequency noise, comprising of microseismic noise,

and high frequency noise generated mainly by wind and cultural haidep be filtered out.
According toCessaro(1994, microseismic nois is identified by long period waves with
dominantperiads ranging from2 to 40 seconds. Bynalysing some ahe NARS-Botswana

data, it was observed that the dominant frequency was typically 5 sed¢tenmise, only
frequencies greater than 0.2 Hz weoasidered

To determine the optimal filter parameters (corner frequencies) of a fourth order Butterworth
bandpass filter, the seismic events recordedrebruary 23, 2016 and April 2, 2015 by
stations NE219 and NE221, respectively, were tested and studiedgfgydand 33). 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 provideléaa 0 -phase

arrival with the least unwanted noise. In each case, simdvath examples represented in figures

3.2 and 3.3, the high corner frequel @ was kept fixedvhereas the loworner frequency

("Q was changed to 0.3 Hz, 0.5 Hz and 0.7 Hz.

From the filteredime 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 higf@ighihe clearer is the-phase arrival

time. The 0.7 2.0 Hz bandpass filter was observed to be the optirilten from all due to

the clea-phase arrival and the removal of unwanted noise from the s&jndlar results can

be observedn figure 3.3, where th@.71 2.0 Hz bandpass filter also is the optimal filter
Consequentlya fourth order Butterworthandpass filter with corner frequencies of 0.7 and 2.0
Hz was applied on the vertical component of the NARSswana data, prior to the STA/LTA
detector data processing.



Amplitude [counts] Amplitude [counts]

Amplitude [counts]

Amplitude [counts] Amplitude [counts]

Amplitude [counts]

Case l:l = 8 Hz

0.3-8Hz Bandpassed Filtered signal

53120 53140 53160 53180 53200 53220

0.5-8Hz Bandpassed Filtered signal

Amplitude [counts]

Amplitude [counts]

400

Chapter3 ¢ Data Processin{j 42

Case2: l1 =6 Hz
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Figure 3.2.Filtered time signals with different bandpass ranges for a local event in Botswana on Felst 2043

recorded by station NE219.
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Case2: l1 =6 Hz

0.3-6Hz Bandpassed Filtered signal

3000 T T T T T
2000
2000 7
c
1000 H 1000
0 m 0
3
-1000 2
g -1000
—2000 & om
_3000 i i i i i i i i i i i i i i i i
50520 50540 50560 50580 50600 50620 50640 50660 50680 50520 50540 50560 50580 50600 50620 50640 50660 50680
1000 0.5-8Hz Bandpassed Filtered signal 0.5-6Hz Bandpassed Filtered signal
2000 7 2000
1000 3 1000
)
o w o
3
-1000 2
g -1000
—2000
< 2000
_3000 i i i i i i i i i i i i i i i i
50520 50540 50560 50580 50600 50620 50640 50660 50680 50520 50540 50560 50580 50600 50620 50640 50660 50680
2000 0.7-8Hz Bandpassed Filtered signal 0.7-6Hz Bandpassed Filtered signal
2000 7 2000
1000 2 1000
8
o w 0
3
-1000 g
g -1000
—2000 < 7000 | 1
_3000 i i i i i i i i i i i i i i i i
50520 50540 50560 50580 50600 50620 50640 50660 50680 50520 50540 50560 50580 50600 50620 50640 50660 50680
Time [s] Time [s]
Case 3:[f =4 Hz Case 4:[} =2 Hz
2000 0.3-4Hz Bandpassed Filtered signal 1200 0.3-2Hz Bandpassed Filtered signal
1500 . 1ooo
1000 £ 800
500 3 0o
0 g 0
-500 E 20([1)
-1000 £ 200
—1500 5 —400
_2000 i i i i i i i i _&00 i i i i i i i i
50520 50540 50560  SO0580 50600 50620 50640 50860 50680 50520 50540 50560 50580 50600 50620 50640 50660 50680
2000 0.5-4Hz Bandpassed Filtered signal 1000 0.5-2Hz Bandpassed Filtered signal
1500 _
1000 £ soof
500 g
0 T 0 -k
-500 2
-1000 2 500 |
-1500 &
—z2000 H H H H | 1 H H _1000 H H H H h H H H
50520 50540 50560  S0580 50600 50620 50640 50860 50680 50520 50540 50560 50580 50600 50620 50640 50660 50680
2000 0.7-4Hz Bandpassed Filtered signal €00 0.7-2Hz Bandpassed Filtered signal
1500 — 400
1000 £ 200f
500 B 0 i
0 w 200}
2
-500 2 400}
-1000 El
-1500 < 800}
—2000 i i i i | i i i _1000 i i i i h i i i
50520 50540 50560  S0580 50600 50620 50640 50860 50680 50520 50540 50560 50580 50600 50620 50640 50660 50680
Time [s] Time [s]
Figure 3.3. Filtered time signals at different bandpass ranges for an event in Botswapal @7™, 2015 recorded

by station NE22hta distance of about 448 km.
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3.1.2 STA/LTA parameters

STAJ/LTA parameters were extensively tested by trial and error to analyse how they influenced
the STA/LTA detector mechanisnThe following are a few exampléisat demonstrate how
different parameters affect the STA/LTA ratio pldtsthese examples, tii@bruary 2'3, 2016

event was taken under consideration.

Example 1:Implemented STA/LTA parameters

Trigger Detrigger
STA (s) LTA(s) Threshold Threshold
05 30 3 2

As shown in figure 3.5, the STA/LTA ratios of thebruary 23, 2016 Botswanavent, recorded
by four NARSstations, are sensitive to the fidswave arrival in each signahown in figure
3.4. With the implemented STA/LTA parameters shown abavarect pick detection is made
around thed-onset time of the event. This can be observed by the redatileks made (short
vertical green lines) in the filtered seismic sigrfalseach of the corresponding statiigure
3.4).

P
NE208 NR
1227
P
NE218 NR
11
495.2
=]
NE216 NR
T
414.0
P
NE217 NR
e el
325.0
“.I | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T
14:44:40 14:44:50 14:45:00 14:45:10 14:45:20 14:45:30 14:45:40
2016-02-23

Figure 3.4.Filtered seismic signals generated by SC3 showing thebfwgive arrival (small green vertical lines)
of theFebruary 23, 2016 Botswanavent recorded by four NARBotswana station3.o the left of each signal, the
distance between the station and the seismic event is shown in dégeemg red vertical line passing through
all the filtered signals, represents the origin time of the eyenplitude values representing the maximand
mean values of each signal are presented beforedhame
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Figure 3.5. STA/LTA plots corresponding to the parameters implemented in examplbelmaximum and
minimum STA/LTA ratio valuesof each signal are illustrated on the bottom left of each STA/LTA plot (before the
red vertical line indicating the origin timei the grey area, to the left, the distance between each station and seismic
event is given in degrees.

Example 2: Shorter STA time window

Trigger Detrigger
STA (s) LTA (s) Threshold Threshold
0.3 30 3 2

A short STA window duration provides higher sensitivity to short lasting local seismic events.

In fact, asshown in figure &, theSTA/LTA plotsfor the February 2%, 2016 Botswana event
havemore peaks #in the STALTA plots in figure 3.5By decreasing the STA window, more

picks are often produced around the estimated onsetneeto the many picks produced by a
single station, the locator module might consider them as possible glitches and thus, does not
declare an evens a resultSC3did not detect the February'®3016 Botswana evefur this
configuration.

MNE208 MR
13.5
MNE218 NR
1.1
115
Luhers
MNE216 MR
1.4
14.9
Lok
MNE217 MR
1.8

L e s e ey e L s s B S S By B S S e By
14:44:40 14:44:50 14:45:00 14:45:10 14:45:20 14:45:30 14:45:40
2016-02-23

Figure 3.6.STA/LTA plotssimilar to figure 3.5, but fathe parameters applied in example 2.



Example 3: Longer STA time window
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Trigger Detrigger
STA (s) LTA (s) Threshold 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 inBotswana on the 28February 2016 was not detecteétbwever, 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 theFebruary 23, 2016 Botswana event, shomrfigure 3.7, one can observe

that the maximum anchinimum STA/LTA values(at the bottom left of each p)oare much

lower than the ones in the previous examples. In this case, the STA/LTA ratio migimohave
exceeded the trigger threshold set and thus, did not detect the seismic event in Botswana.

L e s B e B B S e B e s e
14:44:40 14:44:50 14:45:00 14:45:10 14:45:20 14:45:30 14:45:40
2016-02-23

NE208 NR

NE218 NR

NE216 NR

NE217 NR

Figure 3.7.STAJ/LTA plotssimilar to figure 3.5, but fathe parameters applied in example 3.

Example 4: Shorter LTA time window

Trigger Detrigger
STA(s) LTA (s) Threshold Threshold
0.5 10 3 2

When a shorter LTA parameter was used, lower STA/LTA ratio values attaiaed (figure
38. This configuration basical | yto seismmieventss hes
Consequently, no event was detected on Februéty2pd6.
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L I s B s s s s s s s s B B . S By B S B S ey B s B
14:44:40 14:44:50 14:45:00 14:45:10 14:45:20 14:45:30 14:45:40
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Figure 3.8. STA/LTA plots similar to figure 3.5, but for the parameienplementedn examples.
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Example 5: Longer LTA time window
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Trigger Detrigger
Sl LTA () Threshold 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 distan{sawreatas example @jas
detected. When using such a long LTA window, the LTA value doeshamge very rapidly

with the occurrence of a seismic event. Hence, higher STA/LTA values are obtained (see
maximum and mimum STA/LTA values in figure 3).

One must be cautious here for events wihiabe considerably larger amplitude surface waves
compared td waves, such as the top two signals in figuder8corded on 28February, 2016

for stations NE208 and NE218. In this caseillustrated in the top two STIATA plots in figure
3.9,0 waves might barely get detected but the bigger later phase waves, with largeT STA/
values, might easily exceed the trigger threshold. As a resul)-fifese picker, which is
implemented around the results obtained by the STA/LTA detector, mighickahe correct

~
g

U-wave onset time.
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NE218 NR

NE216 NR
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14:44:40 14:44:50 14:45:00 14:45:10 14:45:20 14:45:30 14:45:40
2016-02-23

Figure 3.9.STA/LTA plots similar to figure 3.5, but for the parameters implemented in example 5.

Example 6: Lower threshold levels

Trigger Detrigger
STA(s) LTA(s) Threshold 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 meapeeht 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 32016.Furthermoe, 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

Trigger Detrigger
S (@), el Threshold 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 magniti) 3.1 event located in Botswana on Februar$, 23
2016, in thiscase, 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 tth>wave onset, threparameters had to be specified in
SC3. These include;

1 the filter that is used for signal enhancement prior to applying the AIC picker,

1 the time window which specifies when the picker should start and end searching for the

global minimum AIC value and
1 theminimum signato-noise ratio (SNR) allowed.

The optimal parameters were chosen via a trial and promess. As shown in figure 3,10
accurated-onset picks were obtained by applying the AIC picker on Butterworth fourth order
bandpass filtered (0155.0 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 eary dtenlead 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 phasentigtit not indicate the fir<0-wave

arrival. Furthermore, to reduce thekriof 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 modulescautolocin 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 amplihzhesly
SNRandd amplitudes. Table 3.8sts some of the most important input parameters that need

to be set in thecautoloamodule.

Before calculating the hypocenter of a seismic evaatytolodries to filter out picks that are

most likely incorrect. In paicular, 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 filteringscautolocattempts 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 wkidutolochas already
localised. If several picks fail to be associated to an alreadyndi@ed origin, thescautoloc

uses these picks to compute a new event location. In this process, a grid search in combination
with the LocSAT locatioprogram (Bratt and Nagy, 199%)performed. Within the grid search
approach, possiblevent locations are determined.d&fault grid file consisting of evenly
spaced discrete points at the surfaice depth points limited to areas of known deep seismicity

is usedby SeisComP3GFZ Potsdam, 2018Potential locations are identified by coaymng

the observed arrival times 6f phases with those predicted by a reference velocity model,
defined byautoloc.locator.profileThe grid points with the smallest misfit are then considered

as possible event locations. The LocSAT location prograreis launched to check these
potential locations obtained by the grid search. This program determines the best fitting
location by using an iterative least squameversion technique until the RMS residual is
sufficiently minimized(Bratt and Bache, 1988lf. the RMS residual acquired by LocSAS

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 estimatetlypocenter 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 instane@epick with high SNR and amplitudes is likelyd
correspond to a real seismic onset b will provide a better estimated location.

Table 3.2.A description of a few important input parameters specified irstaetolocmodule, along with the
implemented configuration§&sFZ Potsdam, 2018).

Parameter Description Configuration

Default depth used as a fixed depth if the same location quali
locator.defaultDepth  (e.g. pick RMS) for the estimated depth can be attained. This 10 km
mostly the fixed depth for shallow events.

locator.minimumDepth Minimum depth allowed for a location to be reported 1 km
autoloc.maxRMS Maximum RMS allowed for a location to be reported 35s
autoloc.maxResidual Maximum individual pick residual 70s

Minimum number ofautomatically detectedl-phasesieededo 6

autoloc.minPhaseCour )
report an event location

autoloc.locator.profile  Locator profile used iasp9l
(Kennett and Engdahl, 199
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3.3 Amplitude and magnitude calculations

A small set of amplitudes for magnitude types, & ,& and0 & (see table 3.3 for
descriptionspre computed by two particular modules in SC3, nansetopickandscamp

Apart from automatic pickingscautopickneasures thENR and themplitudes used i,

a anda magnitude calculations. These amplitudes are computed for each automatic pick
within a fixed time window, starting at ttO>wave pick timeThe modulesamp on the other

hand, measures amplitudes whitautopickdid not calculate. In our case, it measures the
amplitude used to estimaie &  which is the moment magnitudé based ona
magnitudesln addition,scampalso calculateamplitudes for manual picks.

Usually, all amplitudes are calculated once and reported to the database immediately. However,
if the location of an everthanges significantly, for instance due to enhanced manual picks,
amplitudes need to be recomputed. Shamplitudes 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 descri@ihPotsdam?018).

Magnitude Type Description
0 Local magnitude (Richter, 193%plculated on the vertical component
a Narrow band body waveagnitude (0.7 2 Hz) (e.g.Veith and Clawson, 1972)
a Broad band body wave magnitudel 3 Hz) (Bormann and Saul, 2008)
0 & Moment magnitude derived frotn magnitudes (Bormann and Saul, 2008)
0 Broadband moment magnitude based on thebisave arrival (Tsuboi et al., 1995
0 0 Moment magnitude derived frotlh  magnitudes\WWhitmore et al., 2002)

Scmagis a module which operates in conjunction wsttamp Its task is to calculate the
magnitudes indicaterh table 3.3 using the magnitude scales defined in the glossary section of
the SC3ocumentationGFZ Potsdam?018.

Among all the available magnitude calculations, the preferred event magnitude in SC3 is the
composite magnitud0 . This is obtained from a weighted average of the individual- well
determined magnitudel SC3, it is referred to as the summary magnit dend is calculated

as follows(Hanka et al., 2010; GFZ Potsdam, 2018)

« B
U

- witho @& & o9

where'(s the magnitude type index,
0 is the weighting factor of a magnitude ty'Qe
& is the network magnitude of ty|@&nd
¢ is the number of station magnitudes of t'Qe
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Since the only two types of magnitudes used to con{) ute our case, are and& , the
configured values for the coefficierdsandc: in equation (3.1) are:

1 & mfor both magnitudes types andd

f @ pformagnitude typé while¢ ¢ for magnitude typé

The summary magnitude in SC3 is considered to bebastpossible compromise among all
magnitudes GFZ Potsdam, 2038In this regard, it was decided to publish only automatic
magnitude solutions related to the summaggnituded in the final Botswana earthquake
catalogueHowever 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 magiitude

3.4 Automatic event association

During the localization process, SC3 creates several origigpo¢enters with their
corresponding origin time) for one seismic event (see umten figure 3.11). These origins

are based on the available amounbd efiave picks at a specific time. In fact, as time goes by
during the processing of the data, motgoaatic picks are available and therefore, more
reliable origins will be reported. The modudeeventreceives different origins and tries to
associate them to one event. This association is based on comparisons between epicentre
location variations, orig time differences and similarities in tillewave picks. The origin

with the most amount of automatically detecbedave picks, along with the smallest RMS
residual is then selected by SC3 as the best estimated location and origin time for thé&rparticu
event. On the other hand, if an incoming origin does not match to any identifiedseeswett

will form a new event comprising of this new origin.

Created(UTC) OT(UTC) - Phases : Lat Len. Depth RMS :Stat Agencyw :Author Region
2010-03-29 15:46:07  12:26:49 11 22575 25.10E 10km 0.4 C scolv@AWLab-106  Botswana
12:26:40 7 21,695 2479E 10km 32 A scautoloc@AWLab-106 Botswana
122641 6 21645 2479E 1l0km 31 A scautoloc@AWLab-106 Botswana
1226551 9 22715 2547E lkm 3.0 A scautoloc@AWLab-106 Botswana

| Focal Mechanisms | Crigins

Created(UTC) TP M Count ' RMS ‘' Agency Author v

M 419 9 0.2 scolv@AWLab-106

Figure 3.11.Associated origins to the April®s 2017 event. Thepper 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 that@ssorxgins 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 swallv(SC3 Origin Locator View)Scolvis 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 talséolvfor the event recorded on Octobet"11
2016. A detailed list of all the detectédphase arrivals recorded by the NABRStswana
network is provided (lower part), along with arrival residual plotssel time and moveut
curves (upper right part).

s scolv@localhost ¥ & &
File Edit Wiew Settings Help
Preferred | Current Location Magnitudes Event Events
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1000d and 21h ago “Lubumbasni  § X
it 7 Depth: 10 km fixed Filter is not active
M 3.5 1WE )
/4 Lat: 21.32 ° S +/-3 km o
Botswana Lon: 25.40 °E  +/-3 km
Depth 10 km Rusaka a1 o 60 .
21.32° S 25.40° E aSEs: / o?
RMS Res.: 08s
. o &
/.xz qap. 82 e .
Min. Dist.: 06 ° = L]
H .
EventID: gfz2016tzyl =
° Agency: 20 M
Author: scolv@AWLab-106 *
Evaluation: confirmed (M) .
Method: LOCSAT
o - Earth model: iasp9l 0
M 3.5(9) Updated: 2019-03-08 16:02:54 0 0.8 1.6 2.4 32 4 4.8
MLv 3.5 (9) kg, pdated: e Distance (deg)
mb - Used Sta Loc/Cha Res Dis (deg)v Az Time (UTC)
me - s T NE208 BHZ -1.51 063175 13:56:37.9
Mw(me) - VT NE218 BHZ -1.21 1.07[45 13:56:45.9
e — 1 v T NE216 BHZ -0.34 1.38(324 13:56:51.3
RMS Res: 0.8 VT NE217 BHE 0.73 1.82|83 13:56:58.8
= | VT NE212 BHE 0.58 216|198 13:57:03.5
Event ID: gfz2016tz) VT NE219 BHN 1.09 227|123 13:57:05.5
Agency ID:
v T NE211 BHE -0.65 3.33|242 13:57:18.3
confirmed  manual
ST NE201 EHE 0.11 3.46 202 13:57:20.8
VI T NE210 BHE 0.67 3.90|268 13:57:27.5
VT NE207 BHN 0.52 4.34|293 13:57:33.5
v T NE221 BHE 0.02 451|186 13:57:35.1
LOCSAT v | - Profile: |iaspSl v | Fix depth km km | | Ignore initial lecation =
Relocate Picker | | Import picks Confirm.,

Figure 3.12. Scolvlocation window showing the solution for the Octobet,12016 event.

By accessing the waveform picker windosthown in figure 3.13, automatic picks (shown by
shortvertical 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 exafmmleleard-phaseonset
however, the automatic AIC picker (red line) did not pick this onset accurately. In such cases,
the 0-phase onset was picked manually. This was performed by first selecting one of the
available bandpass filters gtolvthat gave the clearest onsBy 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 Octob&r 20116. 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
verticalcomponent is shown. Each of these traces is aligned by the origin time (long vertical red lindefbn the

and marked by either a darker red short line to indicate automatic picking or a green short line to indicate manual
picking. Additional0 and "Yphases, calculated automatically using the iasp91 velocity n{@enett and

Engdahl, 1991)are alsalisplayed in this window.
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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 Octob&r 2016 event recorded by station NE217.
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Events reported by the ISC but not detected with SC3 were also analysmviThis was
achieved by creating preliminary seismic egentscolvwith the event solutiosprovided by
the ISC as the input parameters. Consequently, manual analyses amgl gidach available
trace was performed in the corresponding waveform picker window.

All detected events in a defined time span are illustrated in the eventssedivoAs shown
in figure 3.15 this window provides information about the origin tin@T{, magnitude
solution for the selected type of magnitude (TP), amount of detégtddse arrivals, epicentre
and depth, region and the corresponding event ID.

- scolw@localhost g & &
File Edit View Settings Help
Preferred || current Location | Magnitudes | Event | Events
2016-10-11 13:56:26 | [gT(UTC) M TP :Fhases ilat  :lon Depth  :Region v:ilD &
1000d and 22h ago 5 2016-07-25 12:58:40 2.8 M 5 21.62S 25.53E 10 km Botswana gfz20160njj
M 3.5 >~ 2016-07-27 14:00:45 3.6 M El 21.375 25.58E 10 km Botswana gfz20160rcc
' >- 2016-08-0513:24:24 2.8 M 7 21.58S 25.55E 10 km Botswana gfzz016phms
Botswana > 2016-08-09 14:00:05 3.2 M 10 21.23S 25.60E 10 km Botswana gfz2016pow
>- 2016-08-1015:11:00 3.0 M ] 21,535 25.72E 10 km Botswana gfz2016patt
Depth 10 km - 20160817 11:05:27 2.5 M 5 21425 2571E 9 km Botswana 9fz2016qdge D
21.32°S 25.40°E >~ 2016-08-1915:24:25 3.0 M 7 21.38S 25.54E 10 km Botswana afz2016qhfs
- >- 2016-0826 14:10:14 3.2 M ] 21,325 25.38E 10 km Botswana afz2016qtxu
>- 2016-09-0214:02:28 2.9 M 7 21,285 25.36E 10 km Botswana gfz2016rgsh
> 2016-09-06 10:58:50 3.3 M 9 21.57S 25.76E 10 km Botswana gfz2016muz
>- 2016-09-1814:29:13 3.1 M 4 18.645 24.81E 10 km Botswana gfz2016s)yz
> 2016-0927 14:15:28 3.1 M 8 21.30S 25.32E 10 km Botswana gfzz01 6takb
>
>- 2016-1021 16:38:50 3.1 M ] 24635 24.65E 10 km Botswana gfz2016uskw
> 2016-11-11 15:47:28 2.5 M 5 21.44S 25.62E 10 km Botswana giz2016wess
>~ 2016-111211:23:550 3.2 M El 24745 2450E 10 km Botswana gfz2016wgfn
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> 2016-120812:58:45 3.1 M 7 24,625 24.58E 10 km Botswana giz201 Gybvt
>- 2016-12-11 16:00:51 2.4 M 4 24565 24.74E 10 km Botswana gfz2016yhog
>- 2016-1216 14:15:26 3.3 M 8 24705 24.47E 10 km Botswana gfz2016yqoh
>~ 2016-12-17 02:26:41 2.3 M 4 23.33S 25.8LE 10 km Botswana gfz201 6yrmk
>- 2016-12-21 11:53:10 3.4 M 4 22285 2691 E 10 km Botswana gfz2016yznc
>- 2016-122214:05:22 3.3 M 11 21.31S 2540E 10 km Botswana gfz2016zbmz
>~ 2017-01-0217:48:33 4.1 M 17 19.91 S 23.80E 5 km Botswana gfz2017adet
>- 2017-01-27 13:20:18 2.9 M 5 25955 24.02E 2 km Botswana gfz2017bwnm
>- 2017-02-16 13:57:28 3.5 M g 21,325 25.38E 10 km Botswana gfzz017dhct
Mw(me) >~ 2017-03-1014:02:32 3.4 M 7 21.31S 25.42E 10 km Botswana gfz201 7evia
>~ 2017-0321 13:14:28 3.1 M 4 24,495 25.07E 10 km Botswana gfz201 7fpiy
Phases: 11 >- 2017-04-0317:40:17 7.3 M 14 22645 2521E 20 km Botswana gfzz017gnlg
RMS Res: 0.8 >~ 2017-04-0317:50:23 5.5 M 8 22605 25.03E 10 km Botswana gfz2017gnlp
>- 2017-04-0317:57:56 5.0 M 12 22665 2512E 10 km Botswana gfz2017gniv
) > 2017-04-03 18 51 M 12 22585 2510E 10 km Botswana fz2017gnmh
EEadEE G > 2017.04-03 18:20:21 45 M [3 22575 2506E  10km Botswana gfzzougnmp
Agency ID: >~ 2017-04-0318:38:12 4.4 M 12 22605 25.08E 6 km Botswana gfz2017gnne
confirmed manual >~ 2017-04-0319:14:57 3.7 M ] 22375 24.69E 18 km Botswana gfz2017gnoj
>~ 2017-04-0316:39:36 4.0 M 10 22,635 25.03E 2 km Botswana gfz2017gnpf
>- 2017-04-03 20:09:50 4.3 M 10 22595 25.07E 10 km Botswana gfz2017gngf
> 2017-04-03 20:28:01 4.2 M 11 22565 2510E 13 km Botswana gfz2017gnqu
>- 2017-04-03 20:37:33 3.7 M 7 22655 25.05E 10 km Botswana gfz2017gnrc
>~ 2017-04-03 21:01:13 3.9 M 10 22585 25.08E 10 km Botswana gfz2017gnnc
> 2017-0403 2L:2L:01L 4.0 M 11 22655 2520E 18 km Botswana gfz2017gnso
>- 2017-04-03 22:11:14 3.5 M 7 22715 25.20E 5 km Botswana gfz2017gnuf ~
>- 2017-04-03 22:19:40 3.8 M 11 22555 25.08E 12 km Botswana gfz2017gnum v
Clear Lastdays: 1 <] | Read From: [2014/01/01 00:00:00 % Te: [2018/03/01 00:00:00 #| Read
+| Hide other/fake events __| Show anly own events __| show only latest/preferred erigin per agency
__| Hide events outside | - custom - ~ | | ... | region

Figure 3.15.Botswaneevent list window irscolv.
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4. Results and Discussion

4.1 Detected and located seismic events in Botswana

Bot swana forms a major gap in our understan
processing the NAR8otswana 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 eohhpedtions

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 maghnitude (
greate 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 magnitudg (ess than 3.0. This is mainlye 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 ofdywaNARS Botswana seismic
stations. However, in order to report an event location, the location mezhu&lodn SC3
requires each seismic evéhat is automatically detectéal be recorded by at leask stations
whereas those seismic events detket@nually, by using the ISC event solutions as input
parameters, require each event to be recorded by a minimum of four statfarsvise, events

are ignored by the automatic location process within SC3.
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Figure 4.1.Botswana event catalogue magnitudg @istribution.
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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 duing 2014 and 2015 some NAHREtswana 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.
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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 § ) ranging in between 2.3 and 7.3, is shown in figure BtBs 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 Aprif, 2017 strongarthquake 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 betweedvthe NE
striking Thamalakane and Tsau faults (refer toreglL.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 NN88E direction, for a length of about 184

km. This clustering okvents 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; Kiabo et al., 2007; Leseane et al., 2015). Among the three depocenters outlined



Chapter4 ¢ Results and Discussiqnb8

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 Karfgalt (i.e. the
southern edge of the delta) that some earthquake activity is observed. No seismic events were
detectedn the western part and in the central part of the delta.

Shemang and Molwalefhe (2011) suggest that the lack of large magnittitpuakes 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. Unswotthale 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-flliédl cracks. With this regard,
Shemang and Molwalefhe (2011) con@ddthat 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.
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Figure 4.3. Locations of seismic evem{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 Apdl 27", 2015 seismic event at

¢ & w @ Y wwith summary magnitude) 4.5 (figure 4.3)According to the tectonic
map of Fadel (2018), this event is locatedtire 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 bounbleryeen different tectonic units, however, more
seismicity is needed to be detected to verify this.

Another earthquake with 5.6 occurred on August 122017 at ¢ @ ¢ fgJa@ x Y ihside

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 fiqufer 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 thisrgve 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.
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Figure 4.4.Map of Botswana showing the main tatitounits from Fadel (2018) together with the locations of
the seismic events detected in this study.
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The magnitude(() 7.3 earthquake in central Botswana, near Moiyabana is the largest event
recorded in Botswana by the NAHE®tswana network (hereafteffeered to as the Moiyabana
earthquake). This earthquake occurred on AfitiE®17 at 17:40:17 UTC, close to the junction
between the Kaapva&raton and the Limpopo Belt (figure 4.4). According to Bouwman
(2019) this event occurred along a normal fehdt dips towards the northeast and has a NW

SE strike. This is quite consistent with the
By using the double difference technique to relocate the mainshock and several aftershocks of
the 2017 Moiyabana dghaguake 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 20.8.6 km, theMoiyabanaearthquake 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 sj@te 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 Kaapv@aalat ondés nort hern bounda
(2012) in fact showethat intraplate earthquakes often concentrate along the edges of cratons.

I n addition, Craig et al. (2011) showed that
to occur along the boundaries of ancient cratons (Materna et al., 2019).

The 2017 Moyabana 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®1 2014 and April %, 2017, the mainshock is observed to be mfedey

two potentialforeshockdn the epicentral area of the mainshd@lable 4.1)at distances less

than 42km away from the mainsho®lone of these detected foreshocks match the foreshocks
detected by Gardonio et al. (20183ing a template matching teoique This template
matching technique used data from five stations at distances from 1200 to 2000 km from the
mainshock for the period betwebBlovember 201&ndApril 2017. According to Gardonio et

al. (2018) two foreshock swarlike sequencg consisting of a total of fourteen events, were
observed prior to the mainshock. By utilizing the NAB&swana data (i.e. neéeld strong
motion data), it was possible to verify that none of the fourtaemts corresponded to a
detected event in thi(or the I€) cataloguelt is suspected that these false results are due to
data that is recorded at teleseismic distances from the mainshock.

Table 4.1.Detectedfore)shocksin the epicentral area of the 2017 Moiyabana earthquake.

Origin . o . o Summary
EventID Date time Lailtsr(:gr( ) Lorlg;t:lr(;? ) Dip;r:rglim) Magnitude s’t\lezi.o%fs
(UTC) B - - d)
gfz2014vbum 20141027 19:43:41 -22.401 + 16.186 24.890 + 8.311 10.0* 2.9 4
gfz2015evme 20150310 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)() between 2.5 and 5.7. These aftershocks appear to be clustered
along anorthwestsoutheast trending seismicity zoffigure 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 dthelr fdigts in

the soutkeastern 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 Batsyidentifying 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 hadin up
propagation (Maternat 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 thgpocenter depth accuracks discussed in

sedion 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 Moiyabanaarthquake 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 pasible that the northwesbutheast trending seismicity zone along the Moiyabana
earthquake is related to the rifting in the QRHEus 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 lewasteear
velocities observations below the main event that seem to be directly cahtette 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 observeatietiee 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 NVBE at a dept of 75 km in the vicinity of the Moiyabana
earthquakesuggesting that a region with a weak upper mantle exists between two strong
ancient cratons. However, due to the lackaos$ignificant thermal anomaly in the deep
lithosphere below the Moiyabana earih§e, 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
whattriggered 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.

Consicerable seismic activity with low magnitudes ranging from 2.3 to 3.9 is also observed at
CMEID oghd ¢ ® ¢ icI mcahd ¢ @ p LIV ¢ ¢ ihdicating areas where
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anthropogenic activities take place (figures 4.3 and 4.4). Most of these detestesl 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 earthoés crust and r educ ed 2018k Thésa aclivities 6 st r
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 catalogubased approaches are available for assessing the completeness of the
catalogue (Mulabisana, 2016). Omé the most traditional approaches uses the event
frequencymagnitude relation developed by Gutenberg Riuthter (1944) in the form:

17T@ & b )
where0 is the cumulative number of events above a certain magnitudehe parameter
wdescribes the rate of seismic activity in a given arktined from the intercept of the graph
I T0Cagainst) , while &) referred to as thévalue, is a parameter that characterises the slope
of the frequencymagnitude distribution andefines the relative size distribution of events
(Nthaba, 2018). Generally, tikevalue is roughly equivalent to 1.dfis large (i.e. greater than
1), the sudied area is characterised wittatively moresmall earthquakes, whereas a sraall
value (i.e. smaller than 1) would indicate that large earthquakes ouaa frequently

Determining an accurate and reliatilealue is important in studies relatedseismotectons;
seismic risk analysis, prediction, and hazglabi et al, 2012).

The frequencymagnitude distribution of 117 seismic events located in Botswana is shown in
figure 4.5. Events that occurred affigoril 3", 2017 were excluded in order avoid bias due

to the strong earthquake and its subsequent aftersidekgrequencymagnitude relationship
depends on the magnitude of completenéss) for which all seismic events above this
particular magnitude are considered to be represented in the event catalogue. In this case, the
0 is considered to be 3.1 since tliequencymagnitude distributiordecreases (roughly)
linearly above this threstd magnitude.

The GutenbereRichter relation, shown in figure 4.5, gives a lowalue of 5.21 0.15
suggesting that seismic activity in Botswana is relatively Idw.addition, the®value of

1.10 0.04indicates that Botswana is a coyrwith 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 axtlaaba et al. (2018), uses the ISC data
from 1966 to 202 to determine th&utenbergRichter relation for seismic events in Botswana
However,their resultingcd and cvaluesare slightly bigger than the ones found in this study
using the NARSBotswana data.
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Figure 4.5. The GutenbergRichter relationship for thdanuary ¥, 2014 till April 29, 2017Botswana events,
along with the line of best fit indicating the magnitude of completeridste that the magnitude used is the
summary magnitude)() 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 8@ dwlletin
betweenJanuary ¥, 2014 and March®} 2018 Figure 4.6 shows the unreviewed locations
reported by the ISC (yellow circles) and the SC3 calculated losdtiet 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 areeported 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 (figure7. matching ISC and SC&mputed 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 semological agencies from all over the world. For Botswana, most

of the ISC data is provided by tletz Observatory in Zimbabwe, tGeuncil for Geoscience

in South Africa and the East African Network (EAKhich comprises of stations located in
Ethiopia,Kenya, Malawi, Uganda, Zambia and Zimbabw&J Online Bulletin, 2016)Only

one station located near Lobatse in seedbtern Botswana is used to record data that is utilized

by the ISC. This suggests that the data providedeligmological agencies cgenerally be
unreliable due to the large distances from the source at which these recorded data are obtained
Furthermoremost of the solutions provided are basedbmited number of recordings.
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Figure 4.6. Computed epicentre locations using the NABotswana 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 Isrdeteated events which the
| SC did not publish. The circlesd size indicates the

21" 22" 23° 24" 25°

Earthquake magnitude

115000

ISC event location
@ Computed event location

% Diamond mine

21" 22" 23" 24" 25°

Figure 4.7. Zoomed map of the southwestern region of Botswana showing some of the ISC epicentre locations
(yellow unfilled circles)connected with their SG8omputed epicentre relocatiofred filled circles)



Chapter4 ¢ Results and Discussiqné5

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 (inciisiing
duplicated events provided by different seismological agencies) were not detected when tested
with SC3 using the NARBotswana data. Moreover, 20 ISC events were located outside of
Botswana.

Unfortunately, several researchers, such as Pastier(204al) and\thaba et al. (2018)rely
on theunreviewedSC data to study the seismic activity in an area. Consequently, such studies
may result in inaccurate or even false findings.
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Earthquake magnitude
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SC3 located
outside of Botswana
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Diamond mine
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» Coal mine |
Copper—Nickel mine ‘
Soda ash mine

20° 22° 24° 26° 28° 30°
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 I1SC events that have either uncieavave arrivals or no indication of an event when tested with SC3
using the NARSBotswana data. The green circles, on the other hand, indicate those ISC events which have been
reported to occur in Botswana, however, using the NBRSwana data these exvs are relocated outside of
Botswana.
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44Bot swanads seismicity in relation to t

Seismicity outside of Botswana has also been recorded by the IBAB%ana 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 manuanahesis

was applied to seismic events detected outside of Botswana). The location and magnitude
results for all detected everustside of Botswanare presented in the earthquake catalogue
shown in Appendix B. Figure 4.9 shows the seismicity map dhelldetected events with
summary magnituded ) 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
Bot swanads nei ghbour tebaundariesiihe lbgatior esror fonedenta | o n g
located outside thHARS-Botswananetwork increases notab{Appendix B). This is mainly

due to the network geometry covering only the Botsveapa.
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Figure 4.9.Locations of seismic events (coloureidcles) 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 theextension of the southwestern branch of the EARS, fillggtevious unknown
seismicity gap in Botswana. Thus, we suggest tth@southwestern branch of the EARS is
extending from the ORZ through centaald soutkeasterrBotswanao eastern South Africa

in aNW-SE direction. This interpretation corresponds well with the suggestion magiedby

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 threeoneg measurements

from mines in Botswanawo 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 soutleastern Botswana and northern South Africa is also consistent with the
maximum horizontal stress orientations of the two @ng measurements in Betana.

This is in agreement with the possible N8 trending seismicity zone observed through
Botswana and the eastern part of South Africa (figure 4.10). Unfortunately, these stress
measurements have been degvaded and removed in the World Stress Mapc2MHeidbach

et al., 2018) due to the major errors in eeering measurements and difficulties in verifying

the details of the measurement process (Materna et al., 2019). A genevasasinsion in
Botswana is also observed in deviatoric stress maxfefdrica (Stamps et al., 2014). This
further corresponds with the extensional fault movement of the normal faulting events within
central and soutkastern Botswana (Bouwman, 2019). However, to provide a better
understanding of the stresses and assatideformation in Botswana and neighbouring
countries, further research on the stress state is required.
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5. Conclusion

A reliable assessmenf the seismicitythroughout Botswana has been carried out using data
recorded by the NARS8otswana seismic network between Janudiy2014 and March*,

2018. A total of 376 seismic events have been detected and located in Botswana using
SeisComP3 softare packageThe 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 beeraimy located in the Okavango Rift Zone (ORZ) and central
Botswana. During the period under study, the largest event recorded in Botswana was the April
34 2017 Moiyabana earthquake, located near the tectonic boundary between the Kaapvaal
Craton and the impopo Belt. The 2017 Moiyabana earthquake seems to be preceded by two
low magnitude (fore)shocks which occurred on Octobé&}, 2014 and March 1 2015. A
sequence of about 216 aftershocks followed the main event. ThR&E¥irike along which

the afteshocks are located is consistent with the focal mechanism of the main event and the
geologically mapped strikef theK a a p v a a | no@hera boondaraVithin the ORZ,
seismicity was highest along the scetistern edge of the Okavango delta, between th
Thamalakane and Tsau faults. Most of the events in the ORZ are akghada NNW-SSE
trending seismicity zone. This zone might indicate the development of a continenidlialt

could be relatetb the continuation of the southwestern branch of the EARS.

The clustering of seismic events in the ORZ and central Botswana appears to hawe filled
previousy unknown seismicity gap in Southern Afride&rom the identified seismic events in
Botswana ad 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 southwestemdirdnecEARS

might beextendingsouthwards from the ORZ through central and seatstern Botswana to
eastern South Africa, in a N\SE diretion. This is indicative of the early stageaxontinental
breakup by rifting, which should occur gradydly the continuingsouthward 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 additituref studiesf the stress

field imposed by th East African Rift Systenthe geology and geophysical data in Botswana
may be helpful in further illuminatinthe seismic activity pattern in Botswana.
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Appendix A

Table A. Botswana event catalogue f&gismic events detectedring the periodetween
January 1st, 2014 and March 1st 20E8ents with a fixed depth are marked with a *.

Origin Summary

EventID Date time Laft:rcigrﬁ) Lorlgg;jrg(: ) Dipg:r(()krm) Magnitude s’t\lz;i.o(;fs
(UTC) - B B (M)
gfz2014bfvc 201401-18 09:52:30 -18.992 + 76.387 24.509 * 16.441 10.0* 4.1 4
gfz2014ddlw ~ 201402-14 14:00:24 -24.565 * 5.978 24.694 +5.071 10.0* 2.9 4
gfz2014dxIb 201402-25 12:19:44 -23.319 + 5.243 25.873 %+ 10.659 16.349 * 5.320 29 7
ofz2014eppt = 201403-07 11:08:00 -19.757 + 27.179 25.255 + 7.517 10.0* 3.6 6
gfz2014fpnl 20140321 15:30:05 -21.339 + 5.688 25.555 +8.042 10.0* 3.1 6
gfz2014gccz = 201403-28 12:59:41 -24.528 + 5578 24.519 + 20.270 30.971 + 35.311 2.5 4
gfz2014gdhk = 201403-29 04:21:59 -23.668 + 8.696 25.621 + 7.745 9.302 + 5.536 3.2 6
0fz2014gzyb  201404-10 13:46:39 -23.611 +8.919 22.805 = 5.675 10.0* 3.3 5
ofz2014kupy = 201406-03 14:08:23 -24.569 + 5.954 24.718 + 5.111 10.0* 29 4
0fz2014mogb  201406-28 13:23:29 -24.638 + 5.605 24.830 + 5.818 6.315 <+ 10.025 2.8 4
gfz2014nker = 201407-10 13:40:47 -24.587 +5.508 24.704 = 4.942 10.0* 3 5
gfz2014o0pjy 201407-27 15:34:12 -24.558 + 5.049 24.732 + 4.794 10.0* 3.2 6
gfz2014sylg 20140927 12:35:28 -24.534 + 5820 24.718 + 4.942 10.0* 29 5
gfz2014tghx 20141001 19:59:19 -23.049 + 9.574 23.842 +5.082 8.255 + 28.117 2.7 4
gfz2014tque 20141007 13:32:56 -24.577 + 5.963 24.682 + 5.060 10.0* 2.7 4
gfz2014udrz = 20141014 15:12:31 -24.603 + 4.957 24.758 + 5.098 10.0* 3.1 5
gfz2014vbum 20141027 19:43:41 -22.401 + 16.186 24.890 +8.311 10.0* 29 4
gfz2015cgnd  201502-02 00:31:26 -18.993 + 42.068 23.492 + 7.659 10.0* 4 6
gfz2015dyah  201502-25 20:01:07 -20.059 + 45.766 23.325 * 10.230 10.0* 3.6 4
gfz2015emep 201503-05 14:06:31 -21.294 + 34.158 25.702 + 25.163 10.0* 3.5 5
gfz2015evme 201503-10 16:09:01 -22.305 + 15.789 25.038 + 8.813 10.0* 2.6 4
gfz2015ifac 201504-27 14:01:12 -22.693 + 4.027 21.989 * 6.097 1.756 =+ 5.325 4.5 10
gfz2015irys 20150504 16:04:31 -21.145 + 9.587 25.456 +9.021 103.016 + 29.992 3.5 9
gfz2015kspu  201506-02 11:46:38 -23.823 + 5.266 25.733 + 8.854 10.0* 2.7 4
gfz2015nvhq  201507-16 15:40:14 -21.252 + 7.604 25.744 + 11.512 10.0* 3.5 6
gfz20150mvl = 201507-26 05:58:19 -19.499 + 9.339 23.657 +9.856 9.624 + 18.770 4.4 8

gfz2015rkjm 20150905 14:15:.01 -21.290 + 3.716 25.546 + 3.391 10.0* 3.1 10







