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Abstract

This work principally deals with the recent seismicity for the period 2013 to 2016 and rupture
process of some selected earthquakes across the different tectonics regimes of the East African
Rift System (EARS). We analyzed phase and waveform data from temporary and permanent
seismic networks which are installed along EARS and hosted by different agencies. In this in-
vestigation three different works have been conducted.

In the first part, spatial and temporal distribution of earthquakes in the East African Rift Sys-
tem has been investigated for the years 2013 to 2016. The spatial earthquakes distribution in
the time window considered in this study has revealed that the Main Ethiopian Rift (MER) is
structurally connected to the eastern branch of the East African Rift System (EARS). A rela-
tively high level of seismicity has been obtained in this study compared to the ISC (International
Seismological Centre) catalogue database for the same time period which implies the region is
seismically more active than we thought. In addition to the rift floor, the rift margins and the
surroundings plateaus are found to be seismically active. The western and eastern branches of
the EARS are found to be more active than the others rift segments for the time period consid-
ered. The frequency-magnitude distribution of earthquakes during this study period provided
an average b- and a -values of ~1.01 and ~6.5, respectively. The b-value result is implying
relatively high stress with tectonic origin of earthquakes occurrence dominating the region. On
the other hand, threshold magnitude completeness of Mc 3.0 is obtained which is the minimum
value that has never been observed previously for such large area. The seismic energy map of
the region has been systematically investigated and peaks energy-release is observed at Afar
depression, eastern and western branches of the EARS during this study period. The energy
mapping shows that the MER is structurally connected to the eastern branch of the EARS
which is consistent with seismicity distribution. The overall depth of occurrence of earthquakes
in the eastern and the western branches of the EARS are relatively deeper than the one found
for Afar and MER. This implies that the seismogenic thickness increases in EARS when we go
from north to south which is in agreement with rift age, magmatism and influence of the African

Super plume on the crust and upper mantle deformation in EARS.
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In the second part, complex tectonic deformation of the circum-Tanzania Craton has been inves-
tigated. The reliable earthquakes source parameters and the current deformation in relationship
with the dynamic change of Victoria plate rotation are generally poorly understood owing to the
lack of the proper techniques used in the region. Here, moment tensor inversion is made from
broadband seismic data for five earthquakes that occurred in the region in the years 2014 and
2016 with magnitude ranging from Mw 4.1 to 5.7. The 2014 sequence comprises four earthquakes
where two of them occurred north of Kondoa with purely normal faulting mechanisms following
the N—S oriented rift structure. The other two earthquakes from the 2014 group occurred north
of Dodoma and are found to be normal faulting with significant strike-slip component with dex-
tral sense of motion trending in the NW—SE direction which seems to agree with fault structure
and aftershock distribution. On the other hand, focal mechanism of the 2016 earthquake in
Kagera region with magnitude Mw 5.7 shows dominantly normal faulting trending WNW—ESE
with strike-slip component and dextral sense of motion. We therefore find that the observed
normal, strike-slip and oblique slip deformation seems to be influenced by the extensional stress
regime of the EARS and the anti-clockwise rotation of the Victorian plate. On the other hand,
it is not uncommon to observe deactivation of the NW—SE oriented weak zones in the EARS
which seems to agree with our fault mechanism results. In addition, the waveform inverted
depths of the studied earthquakes vary from 12 to 26 km in the circum-Tanzania Craton is
implying relatively larger effective elastic thickness compared to the northern part of the EARS
in the Afar region.

In the third part, a deep rupture process of the April 3, 2017 Mw 6.5 Botswana main shock
has been investigated. The event has occurred in Botswana in a region where there was no
recent tectonic activity and where present-day deformation is believed to be negligible. The
event was followed by several aftershocks distributed along NW—SE direction with NE—SW ex-
tension direction. We focused on the determination of reliable source parameters for the Mw 6.5
main shock using a moment tensor inversion, both in time and frequency domains from regional,
broadband waveform data. We retrieve the source depth at 38.4 km, deeper than other studies
in the region. The estimated hypocentral depth of this earthquake is roughly about the Moho
depth beneath the region, reflecting a deep source that is relatively rare in stable continental
regions. The result may suggest that the seismogenic depth is as deep as the average global
Moho thickness indicating the upper mantle lower crust region is actively deforming due to a
reactivation of the pre-existing fault that may oriented in the NW—SE direction. The resulted
focal mechanism of the event shows normal faulting with NE—SW extension.

In a summary, the findings of this work will provide useful information for geodynamic modeling

of earthquakes occurred at plate boundaries and along the rift floor of the EARS. In Addition,
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the result of this study is intriguing and exciting which will provide useful information about
the future seismicity in a stable continental region where rare large magnitude and a relatively
deep earthquake occurred in the past.

Key words: b-value, Catalog, East African Rift System, Magnitude, Moment Tensor Inversion,

Northern Tanzania Divergence Zone, Okavango Delta Region, Okavango Rift Zone, Seismicity.
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CHAPTER 1

Introduction

1.1 Background

The East African Rift System (EARS) is one of the most outstanding and significant rift sys-
tems. It extends from the Afar triple junction in at the north where rifting is the most advanced
places and where the Arabian plate moves away from Nubian plate (Manighetti et al., 1997)
and pulling away from Somalia plate (Manighetti et al., 1998) propagates to Malawi basin to
the south. Rifting within the EARS began at the Afar triple junction approximately 25-40
million years ago and has since propagated southward (Lay and Wallace, 1995) through the
main Ethiopian rift and has a structural connection with the eastern branch to the south (e.g.,
Mohr, 1983; Rosendahl, 1987; Braile et al., 1995; Chorowicz, 2005). Near Lake Turkana the
EARS splits into two distinct rift segments: a volcanically active eastern branch and less vol-
canically active western branch (Albaric et al., 2010). Furthermore, the third arm of the EARS
(the southwestern branch) propagates into the northern Botswana, towards Okavango Rift Zone
(ORZ) (Fig. 1; Modisi, 2000; Corti, 2009) where spreading is at the most juvenile stage. The
EARS is virtually the only places in the world where the oceanic rifting is subaerially exposed
and the rift is dotted with shield different volcanoes (Keir et al., 2006).

Currently, active deformation and magmatic activity, including offshore of the Indian Ocean
which are found in the Eastern Africa are parts of the of EARS (Ebinger et al., 2017). An
active continental rift is a region that is accompanied by seismicity and volcanic activity. Thus,
seismically active regions are primarily located at the rift zones (Shudofsky, 1985; Nyblade et al.,

1996; Lindenfeld and Riimpker, 2011), along the boundary between several microplates plates,



that are embedded within the EARS (e.g., Mulibo and Nyblade, 2016) and also in the regions
with active magmatism (e.g., Albaric et al., 2010, 2014). The northern part of the EARS is also
surrounded by western and eastern Ethiopian plateaus.

The EARS has been a target of many studies as it encompasses the various stages in geodynamic
settings with structures that accompanied a significant active deformation which may relate to
seismic activity. An investigation of seismic activity of the EARS continually draws an interest
because the region is one of the most known areas of ongoing tectonic deformation experiencing
small to large earthquakes (Zhao et al., 1997; Meghraoui and Pondrelli, 2012). The major active
faults of the region may generate destructive earthquakes. Some of the large earthquakes may
occur in densely populated regions causing severe damage and significant economic losses in the
region.

Thus, the EARS has been the site of numerous large and destructive earthquakes which are
still poorly understood. The most recent events being the August 25, 1906 Langano earthquake
(Ayele and Kulhanek, 2000) with Mw 6.5 in which shaking was felt in Addis Ababa and its sur-
roundings. In December 13, 1910, an earthquake of magnitude 7.4 struck in the Rukwa region
with little damage (Ambraseys, 2007), might be due to less development of Urban and modern
houses at a time. In May 19, 1961, an earthquake of magnitude greater than 6.4 was felt near
Kara Kore and completely destroyed the town of Majete. In the central Afar depression, the
1969 Serdo sequences of the main shock of magnitude Mb 5.9 completely destroyed Serdo town.
In 1990, an earthquake of magnitude 7.0 struck Juba in Southern Sudan. On November 4, 2002
an earthquake of magnitude Mb 5.5 struck Dodoma, the capital city of Tanzania, causing cracks
in the Parliament building (Macheyeki et al., 2008). On December 5, 2005 an earthquake of Mw
6.8 rocked Lake Tanganyika region, causing damage in Congo (Moussa, 2008). Furthermore, in
February, 2006, one of the largest earthquakes to occur in the EARS, took place in Mozambique
with a magnitude of ~Mw 7.0. The event was widely felt in the region (Yang and Chen, 2008).
Intra-plate earthquakes in stable continental regions are infrequent and occur in regions with

low strain rates (Calais et al., 2006). Despite their rare occurrence, earthquakes with larger



magnitudes, affect several continents (Calais et al., 2016). Most of the present-day intra-plate
earthquakes are followed by an intense aftershock sequences (Boyd et al., 2015). Thus, the April
3, 2017 Botswana main shock is an example of the intra-plate earthquake that exhibits hundreds
of aftershock sequences and occurred in the region with low seismicity.

Damage from earthquakes has become a subject of importance in today’s world because earth-
quakes lead to human casualties and major structural damage. Ground shaking resulting from
earthquakes may collapse buildings and destroy infrastructure. Recent devastating earthquakes
and induced seismicity near infrastructures must become the centerpiece of analysis in reducing
risk and increasing resilience. These are very important in the EARS which contains many
developing countries where population size, urbanization and the development of mega projects
are rapidly growing. Existing towns are expanding in size with the number of large buildings
increasing.

Information required to study active deformation and seismic activity of the EARS may de-
pend on the number of seismic stations used. However, sparsely distributed seismic stations
available in the EARS previously resulted in challenges in effectively studying the seismicity of
the region. We computed source parameters such as earthquake location and focal mechanisms
from a reasonable amount of seismic data to improve our knowledge of faulting and potentially
seismic areas, which may help in seismic hazard assessments. Earthquake distributions, their
magnitudes, focal mechanisms, the tectonic parameters and energy released by earthquakes are
the most important aspects of seismic activity of the EARS. Therefore, updating the regional
earthquake catalog and the seismotectonics of the EARS are very crucial to quantify the risks
posed by earthquakes.

This thesis principally deals with the recent seismicity of the EARS, including earthquakes
distribution, b-value, energy mapping and rupture process of some selected earthquakes with
detailed interpretations. Thus the main aim of this study is to provide useful information on
earthquakes in the region. We assessed seismicity of the EARS (10°S to 15°N) and (24°E to

45°E) for the time period 2013 to 2016. In addition, the rupture processes of the 2017 Botswana



main shock has been investigated.
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Figure 1.1: Complex tectonics regimes of the EARS. The black polygon and black rectangle
show, the study areas. The magenta and blue triangles are the location of seismic stations
used as shown on the legend. The red dots are the major large and destructive earthquakes
that occurred in the continent (SE (Serdo), KKE (Kare Kore), LE (Langano), JE (Juba), DE
(Dodoma), LTE (Lake Tanganyika), RE (Rukwa), ME (Mozambique) earthqaukes). The black
and green dots are the location of some earthquakes that obtained from waveform inversions
combined from previous works of (Shudofsky, 1985; Grimison and Chen, 1988a; Jackson and
Blenkinsop, 1993; Foster and Jackson, 1998; Brazier et al., 2005; Yang and Chen, 2010; Craig
et al., 2011) and from full moment tensor inversion (in both time and frequency domains) of
this study. RS represents the Red Sea, GA the Gulf of Aden, AD the Afar depression, NP
Nubian Plate, SP Somalian plate, MER the Main Ethiopian rift, WB the western branch, EB
the eastern branch and SWB for the southwestern branch.



1.2 Objectives

1.2.1 General objectives

The study of seismicity of the EARS, which plays a vital role in understanding the detailed
seismic activities of the region, was carried out. Therefore, the general objective of this study
was to study the recent seismic activity of the region for the time period 2013 to 2016 due to
available earthquake data from permanent and temporary seismic stations and to investigate

the rupture processes of some selected earthquakes.

1.2.2 Specific objectives

The specific objectives are:

e Developing an earthquake catalog of the region for the period 2013 to 2016.

Estimating a and b-values of the region.

Producing the recent earthquake’s energy map of the region.

Estimating the source parameters of earthquakes using a moment tensor inversion.

Computing and interpreting the focal mechanisms resulted from a moment tensor inver-

sion.

1.3 Statement of the problem

The EARS is a region of complex tectonic settings with active faults. Therefore, studying the
associated seismicity of the region is very important. The study of earthquakes would provide
insight to the seismogenic process of the region and may reveal the present picture of the
seismic activity in the EARS. The seismic monitoring of earthquakes in the region was carried
out using both permanent and temporary seismic stations. Therefore, seismicity of the region
is monitored by several International agencies and by Eastern and Southern Africa Seismic

Working Group from different institutions for long periods. However, a gap in the database is



observed for earthquakes of small magnitude due to lack of reasonably dense seismic network.
Even the available seismic data is neither comprehensively done by observatories in the region
nor available for analysis by International Seismological Centre (ISC), National Earthquake
Information Centre (NEIC), East African Network (EAF) and many other international data
centres.

In addition, several events location is reported to ISC by different agencies which are not revised
by ISC. Some of the reported events were not systematically analysed since a single station was
used for an event location. The estimated magnitude from a single station are likely to have high
errors, while some of the events did not even have a magnitude value estimated. The ISC, aims
to produce earthquake source parameters like latitude, longitude and depth but an earthquake
depth is usually the most uncertain parameter that is often required to be fixed (Bolton et al.,
2006). In many areas around the world, the approximated earthquake depth in average is 10
km, however, this assumption is not valid for all earthquakes and for all regions.

Therefore, an improvement of earthquake depth estimation in the database is also an important
in addition. Furthermore, different reports of magnitude values of earthquakes from different
agencies may be due to differences in methodology and inherent uncertainties in data used.
Agencies can use magnitude estimation procedures designated to meet the agency’s specific
needs and monitoring capabilities. Therefore, different values of the estimated magnitudes of
earthquakes have been observed in the database among agencies that may arise due to the
different magnitude estimation models, data availability and data processing procedures used.
In this study, in order to estimate relatively good earthquake magnitude values, we use a local
magnitude estimation formula which was developed for the specific part of EARS (Keir et al.,
2006).

A lot of studies have been already done on investigation of seismicity of the EARS (Kebede
and Kulhdnek, 1994; Ayele and Kulhdnek, 1997; Hofstetter and Beyth, 2003) and many others.
However, most of the previous studies were mainly based on teleseismic and regional earthquake

data from International catalogs. With the establishment of local seismic networks in the EARS,



the volume of good quality data has increased sharply in recent years. Thus, combining and
analysing waveform data from seismic stations, which are found within the region can refine
earthquakes database. Therefore, revising the database to improve earthquakes catalog of the
EARS and to come up with clear geometric nature of the seismicity of the EARS are very
crucial. Furthermore, source parameters and focal mechanisms for some regional earthquakes
are not well determined and not interpreted in line with the tectonic setting of the region. Thus,
computing the source parameters of earthquakes using good techniques such as moment tensor

inversion and interpreting the source parameters are well important.

1.4 Significance of the study

An earthquake catalog has information about recorded earthquakes that occurred within the
area of interest which may help in quantifying the present and future seismic hazards. This is
particularly true for the EARS where the causative mechanisms and the occurrence of small
to large earthquakes are generally poorly understood. The updated earthquake catalog of this
study, can be used to characterize the present seismicity and occurrence of future earthquakes in
the region. Therefore, the catalog in this study may be used for statistical analysis of seismicity
of the region. In addition, the estimated source parameters of earthquakes using moment tensor
inversion method and the computed focal mechanisms of earthquakes are very important for
characterization of the past and future hazard analysis of the EARS. The present study has
great significance in many aspects as it is carried out based on the data available at permanent
and temporary seismic stations. This study presents a clear picture of earthquake distribution in
space and time during the study period. In addition, it will reveal the reliable source parameters
and focal mechanisms of earthquakes. In general, this study signifies the present seismicity of
the EARS and it will solve relatively some of the limitations mentioned in the international

database and enlarge the scope of a research topic of seismicity.



1.5 Thesis layout

This dissertation had a compilation of results that emanated from studies made on the topic
Recent Seismicity for the period 2013 to 2016 covering an area of latitude 10°S to 15°N and
longitude 24°E to 45°E and Rupture Process of Some selected Earthquakes in the EARS. The
whole dissertation is presented in seven chapters. Starting from chapter four, the organization
of the thesis is based on a number of papers published and under review in peer reviewed
international journals.

Chapter 1: In this chapter we have introduced the topic of work and the study area. This
chapter also covers the basic terminologies related to the topic, objectives of the study, the
statement of the problem, and the significance of the study.

Chapter 2: In this chapter we introduced the highlights of the regional tectonic setting of the
EARS that may relate with the seismicity of the region. In addition, we have incorporated some
of the previous work done in the region in perspectives of the current study (earthquake catalog
analysis, seismicity distribution and a general aspect of focal mechanisms).

Chapter 3: This chapter introduces some of the important background of basic seismic theory
in seismology: basic concepts of source parameters and the focal mechanisms of earthquakes.
Furthermore, basic methods (theories) that have been used under this study (phase picking,
earthquake location and magnitude estimation) were introduced.

Chapter 4: This chapter provides the general recent seismicity of the EARS for the time period
2013 to 2016. A comparison of the results of this study to the international catalog (International
Seismological Centre (ISC)) has been made. Furthermore, a- and b-values and energy mapping
of the region have been described. The manuscript of this chapter is submitted and under review
in international journal.

Chapter 5: This chapter assesses the complex tectonic deformation in the circum-Tanzania
Craton within the EARS using moment tensor inversion. Source parameters of some selected

earthquakes that occurred in 2014 and 2016 have been computed. In addition, hypocentral



depth and focal mechanisms of events have been interpreted with respect to the tectonic setting
of the area and with respect to the rotation of microplate embedded in the EARS relative to
the major plates found in the continent. The results of this chapter have been submitted and
published in peer reviewed international journal.

Chapter 6: The work presented in this chapter focuses on the deep rupture process of the
April 3, 2017 Botswana main shock. The event is different from the traditional occurrence of
earthquakes in EARS. The source parameters of the earthquake are computed from a mixed
moment tensor inversion approach and relatively deep hypocentral depth has been obtained.
The results of this chapter have been submitted for publication and the article is currently
undergoing peer review in an international journal.

Chapter 7: Under this chapter we have provided a general summary of the dissertation based
upon the results, presented in chapter four to chapter six. Finally, we concluded this chapter

by making general recommendations for future work.



CHAPTER 2

Regional Tectonic Setting and Previous Studies

Discribed in this chapter is a succinct overview of the regional tectonics setting and previous
seismotectonics studies of the EARS. The EARS comprises several rift segments which are at
different stages of development with some of them are at advanced stage such as the Afar
depression which is at oceanic stage. The lithospheric structure of the EARS encompasses
different tectonics that play a key role in the occurrence of seismicity in the region. The current
study region covers the Afar region and the MER in the north as well as the western and eastern
branches of the EARS are in the south. Furthermore, the southwestern branch of the EARS
that propagates towards Botswana region was included in chapter six of this thesis under section
on geologic and tectonic setting.

The region exhibits strong variation in lithospheric structure from the thinnest at rift to thickest
at cratonic areas. In different rift segments of the EARS, the cratons, Microplates and mobile
belts that developed through rifting process play a key role in the occurrences of seismic activity
of the region. Rifting is evident from topographic expression, geology, volcanism, seismicity, and
gravity (Mohr, 1967; Moore and Davidson, 1978; Davidson and Rex, 1980). In the following
sections, the regional tectonics will be described briefly. Next to that, an overview of the previous

seismotectonics studies of the region will be given.

2.1 Regional tectonics setting

Rifting is defined as the splitting apart of a single tectonic plate into two or more tectonic plates.
Thus, it is a fundamental process by which the continent has separated into pieces of tectonic

plates. For example the extension of the world’s largest continental rift structures of the EARS
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(Ebinger, 1989; Bendick et al., 2006; Chorowicz, 2005) separates the African continent into the
Nubian and the Somalian plates. The EARS is one of place where the earth’s tectonic forces
are presently trying to create new plates by splitting apart (Corti, 2009).

The extensional development of the EARS has begun around the Miocene, 22-25 million years
ago (Ebinger, 2005) whereas the peak extensional rifting has begun in the Cenozoic era. It
has been continued extending into the late Tertiary keeps on going in recent times (Ghebreab,
1998). The EARS meets the two Oceanic ridges at triple junction in Afar depression (Makris
and Ginzburg, 1987).

The tectonic stress might be drive lithospheric or crustal extension. Some of the physical param-
eters may accelerate the lithospheric deformation within the EARS within the rift structure: the
rate of extension (England, 1983; Prez-Gussiny et al., 2006), geothermal gradient (Buck, 1991),
the rheological of the lithosphere (Ricard and Froidevaux, 1986; Huismans and Beaumont, 2011),
variation in crust and lithospheric mantle thikness (Hopper and Buck, 1996), and the magmatic
intrusions (White and McKenzie, 1989). The African continent sits above a major mantle up-
welling thus, rifting is developed beneath the EARS. The African Supers well is breaking apart
the EARS (Bagley and Nyblade, 2013).

The Cenozoic active continental rifting of the EARS geodynamic process is currentily leading
to a rupture of the continent and the birth of new seafloor spreading in the Afar Depression
(Buck, 1991). In general, it gets younger and younger from the Afar to the Okavango delta.
Deformation is preferentially localized along a large-scale of the tectonic boundaries (Nyblade
and Brazier, 2002; Corti et al., 2007). The EARS is bounded on one or both sides by large
offset border faults (Ebinger et al., 1984; Bosworth, 1985). Basically the region is dominanted
by normal faulting and by lithospheric attenuation in both the crust and mantle.

The Afar depression is one of unique geophysical region where three major tectonics rift namely
the Red Sea, the Gulf of Aden and the MER (Figs. 1.1 and 2.1) are interacting. The movements
of the Nubian, Arabian and Somalian plates have created several structures across the region

(e.g. Hofstetter and Beyth, 2003; Beyene and Abdelsalam, 2005).
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In the Afar region active faulting is concentrated within the center of wider rift zone and the
strength of the lithosphere is decreasing with increasing strain rates and magmatism (Hayward
and Ebinger, 1996). Active faults also occur on the western margin, outside of the rift centre
(e.g., Zwaan et al., 2010). The region has evolved continental rifting with the thinnest crust
except for the Northern Afar that would be a transition zone between a continental and oceanic
crust with volcanic contributions (Hayward and Ebinger, 1996). High angle border rifts were
developed during the Oligo-Miocene (29-26 Ma) at the initial stage, but later on a sea-floor
spreading was developed within the center of the rift with strain accommodated by dyke injec-
tion (Wolfenden et al., 2005). The dike intrusion is accommodating strain that cause extension
by a brittle deformation and ductile mostly in the crust (Ebinger and Casey, 2001; Ebinger,
2005). For example, the Quaternary extension is accompanied by magmatism which has been
formed the NW-SE trending axial volcanic ranges of fissure basalts and shield volcanoes. The
geology of central Afar is dominated by volcanic ranges and volcanic shield complexes (Beyene
and Abdelsalam, 2005). The region is almost completely circumscribed by continental crustal
blocks, and lacks a narrow, oceanic-type spreading zone except in the extreme north (Mohr,
1971). The southern Afar is bound by the Somalian escarpment in the south and by transfer
fault zones in the western direction (Hayward and Ebinger, 1996).

The MER is located in the northern part of the EARS, south of the Afar rift (e.g. Makris and
Ginzburg, 1987; Ebinger and Casey, 2001; Bastow and Keir, 2011). The flood basaltic and the
separation of Arabian plate from Africa continent were widely observed in the time from the
opening of the MER. The MER is an extensional rift from the Afar where rifting began around
~11 Ma and at 18 Ma, in the northern and southern MER (Hendrie et al., 1994; Woldegabriel
et al., 2000; Tesfaye and Harding, 2004; Wolfenden et al., 2004) respectively. The MER is com-
posed of several complex structural segments of: the northern, central and southern segments
(Bonini et al., 2005b). The rift segments are characterized with different level of magmatic
activity and seismicity distributions. The initial opening in the central MER has commenced

about 15 Ma (Ebinger et al., 2000; WoldeGabriel et al., 1990) which is the youngest of the
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three sectors of MER (Bonini et al., 2005). Along the MER, Quaternary-Recent volcanism is
dominated by rhyolites, and subordinate basalts (Peccerillo et al., 2003; Rooney et al., 2012c;
Giordano et al., 2014). The rift is bordered by Miocene aged normal faults (Pizzi et al., 2006).
The extensional activities of the region are focused along a 20 km wide and 60 km long faulted
magmatic segments (Casey et al., 2006).

The major border faults of the MER were developed during Oligo-Miocene, however the rift ex-
tension is migrated towards the tectono-magmatic segments (Ebinger and Casey, 2001; Mammo,
2013). Majority of the magmatic segments are concentrated in the rift axis of the MER. The
main tectonic structures of the rifts are dominated by north-northeast-south-southwest direc-
tion (Mohr, 1962b) and the expansions of the rifts would have induced the linking of different
segments (WoldeGabriel et al., 1990).

The uplift of the Ethiopian plateaus have begun in between 20 and 30 Ma (Marty and Carignan,
2003) where the MER bisects the country into the western and eastern plateau, which are also
called Nubian and Somalia plateaus respectively. The northwestern and southeastern plateaus
are separated by Oligocene-Miocene border faults of the MER (Corti et al., 2013). The south-
eastern plateau is characterized with limited recent volcanism as compared to western plateau
which has been relatively featured by localized volcanoes (Chambers et al., 2019). For example
the Choke and Guguftu shield volcanoes are found in the northwestern plateau (Kieffer et al.,
2004). An ongoing tectonic deformation (e.g., Biggs et al., 2011; Pagli et al., 2014) in particular
and geophysical data results suggest a partial melt beneath the northwestern plateau (Keir et
al., 2009) might be accommodating an extensional strain outside the MER (Kogan el at., 2012).
A complex structure near the southern main Ethiopia rift-Southern-Sudan-Kenya border im-
presses Mesozoic to Palacogene rifts (Hendrie et al., 1994). The region is poorly understood
since seismic activity of the region is more diffuse and faults are small (Saria et al., 2014). The
region is found at the southern part of South-Sudan where seismic activity of the region is re-
lated to the movements of the fault bounded basins in the area probably related to the Cenozoic

volcanism in Jebel Merra and Bayuda volcanic fields (Babikeret al., 2015).
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Near the Lake Turkana, the EARS splits into the western and eastern branches of the EARS
(Fig. 2.1). The development of the western rift is attributed to resistance of the Tanzanian cra-
ton to tectonic stress regimes. The western branch is developed in Paleo and Mesoproterozoic
orogenic belts and is structurally connected to the Malawi Rift via the Rukwa Rift (Delvaux
and Macheyeki, 2012). The western branch has a distinct rift segments that developed since the
Miocene (circa 12 -10 Ma) (Ebinger, 1989; Corti et al., 2007). The western branch is poor in
magma (Roberts et al., 2012) as compared to the eastern branch of the EARS.

The eastern branch of the EARS is extending from the MER through Kenya (Lake Turkana in
northern Kenya). It encloses the Tanzania Craton which is surrounded by several Proterozoic
mobile belts (Nyblade and Brazier, 2002). The volcanism that began in the southern rift seg-
ment of the Ethiopian rift has propagated to the Kenya and Tanzania (Ebinger et al., 1993).
It contains the Cenozoic northern Tanzania that is tangental to the southeastern frank of the
Kenya dome, which is covering a major feature of the region with different tectonics that reflect
the nature of faulting, volcanism, geothermal activity and seismicity (Fairhead, 1980). Volcan-
ism of the region was initiated at about 25 Ma (Furman, 2007) and the region is marked by
abundant geothermal features.

The evolution of the rift is structurally exploiting the weak collisional zone at the contact be-
tween the Archean Tanzania craton and Proterozoic orogenic belts (Smith and Mosley, 1993).
Rifting has characterized by a localized deformation and volcanism in the Kenya rift to a wider
deformation in the Northern Tanzania Divergence Zone (Dawson, 1992; Le Gall et al., 2008).
Active deformation and volcanism are distributed across a >300-km-wide rift (Isola et al., 2014)
in the region.

The EARS is subjected to different activities. For example the lithospheric thinning within the
Afar is due to plume activity (e.g. Ebinger and Sleep, 1998; Manighetti et al., 1998). The MER
is also subjected to the magma assisted faults and tectonic faults (Pizzi et al., 2006) whereas the
contribution of magmatism, tectonics and fault-block motion contribution are very significant

in the southern of EARS.
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Figure 2.1: Different tectonic regimes of the EARS. The black and white beach balls are
focal mechanisms for some earthquakes that obtained using waveform modeling combined from
previous works (Shudofsky, 1985; Grimison and Chen, 1988a; Jackson and Blenkinsop, 1993;
Foster and Jackson, 1998; Brazier et al., 2005; Yang and Chen, 2010; Craig et al. 2011) whereas
the blue and white beach balls are from the Global Centroid Moment Tensor (GCMT). The red
and white beach balls are fault plane solutions that computed in this study using full moment
tensor inversion (in both time and frequency domains). RS represents Red Sea, GA Gulf of
Aden, AD Afar Depression, NP Nubian Plate, SP Somalia Plate, MER the Main Ethiopian
Rift, WB the Western Branch, EB Eastern Branch and SWB the Southwestern Branch.

2.2 Previous studies

Several studies have been conducted in the EARS to study seismic activity of the region (Kebede
and Kulhdnek, 1994; Ayele and Kulhanek, 1997; Lindenfeld et al., 2012). Seismic activities of
the region are believed to be associated to the rift development for a long time. Some of the
previous studies have been focused in large areas of the EARS while some of studies have been

focused on specific areas of the region. Within the EARS, the historical earthquakes records
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show sparsely distributed earthquakes, with significant variations in magnitudes of completeness
at different time as a result of the sparsely distributed networks.

So far, earthquakes catalogues of the region have been compiled from the global and regional
databases that recorded teleseismic and regional earthquakes. For details investigation, the well
documented earthquakes records are very crucial. Accordingly, earthquakes observations for
over 500 years (in Ethiopia) were collected and compiled from various sources by Gouin, (1979).
Seismic activities are mainly concentrated in the Afar and at the margin of the northern MER.
Numerous publications have been focused on earthquakes catalogue that compiled from the
International catalogue. For example an earthquake catalogue of the Horn of Africa has been
compiled by Ayele, (1995) for the period 1960 to 1993 with a threshold magnitude of 4.5 (mb)
with a relatively high seismicity that focused on the northern part of EARS and the northern
part of the western branch. For the period 1960 to 2000 earthquakes data are compiled and
revealed earthquakes distribution that correlated with active faults in the Afar and the sur-
roundings (Hofstetter and Beyth, 2003). On the other hand, Kebede and Kulhének, (1991) has
compiled earthquakes data for the time period 1963 to 1989 for the whole EARS and southern
Red Sea and suggested the structural connection between the MER, and the western branch of
the EARS. Furthermore, the compiled earthquakes data in the eastern branch for the period
1954-1988 revealed a correlation of seismic activities with the major rift structure and tectonic
features (Iranga, 1992).

Moreover, few years ago a considerable progress has been made towards a good understanding
of the tectonic and geophysical properties of b-values (that determine the relative number of
earthquakes of magnitude) in the EARS at different time for a part or all of the region (Tongue
et al., 1992; Ayele and Kulhdnek, 1997; Lindenfeld et al., 2012). Accordingly, varies b-values
have been obtained within the region might be due to different earthquakes data used. For
example, a 0.87 of b-value has obtained for the period 1954 to 1967 by considering earthquake
magnitude >4 for the whole EARS (Kaila and Narian, 1971). Kebede and Kulhdnek, (1994) has

compiled earthquakes for magnitude of completeness of 4.6 and computed an average b-values
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with in the range of 0.5 to 1.5 for the whole EARS and relatively low b-values range 0.5 to 0.8
for Afar depression and northern western branch. This observation implies that the southern
part of the EARS is characterized with high b-values implies relatively low stress levels than the
northern part. For the Horn of Africa region b-values varies from 0.55+ 0.12 to 1.314 0.29 have
been observed by Ayele and Kulhének, (1997). Wohlenberg, (1969) has computed the b-values
of 0.65 and 0.79 from earthquake data of regional networks for western and eastern branches
of the EARS respectively. On the other hand, Lindenfeld et al., (2012) computed a b-value
1.1 that is consistent with the hypothesis of magmatic processes within the crust for Rwenzori
Mountains in the EARS due to more smaller events.

Different results have been obtained for the magnitude of completeness from several previous
studies. Ayele, (1995) obtined a body magnitude completeness above 4.5 for the Horn of Africa
whereas Hofstetter and Beyth, (2003) has obtained body magnitude of completeness above 4.6
from the compiled earthquakes catalogue in Afar depression. For the period 1954 to 1988,
Iranga, (1992) has analysed for earthquake catalog that is complete down to magnitude 4.5 in
the eastern branch.

Earthquakes distributions are mainly confined within the rift floor (Nyblade et al., 1996; Langston
et al., 2002), at rift margins and at the boundary of microplates (Fig. 2.2; Mulibo and Nyblade,
2016) within the EARS. In addition to, a region of active faults and volcanism, significant
amounts of earthquakes are observed beneath the plateaus (Ayele and Kulhdnek, 1997; Keir et
al., 2006, 2009). The western branch of the EARS is seismically very active and characterized
with larger magnitude than the eastern branch (Twesigomwe, 1997).

Majority of earthquakes in the EARS are related to faults that are visible along the surface of
the earth but some faults have no surface expressions which are in the crust below the surface.
Earthquakes depths distribution of the EARS is at shallow depths (Ayele et al., 2007; Wilks et
al., 2017) in which majority of earthquakes have depths in the range of 10—25 km. Earthquakes
with deeper hypocentral depth are found in the southern part of the EARS than the northern

part. The earthquakes depth extent may have a relationship with a deformation of continental
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Legend
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Figure 2.2: Different tectonic regimes of the EARS. The red dots are locations of earthquakes
from USGS. RS represents Red Sea, GA Gulf of Aden, AD Afar Depression, NP Nubian Plate,
SP Somalia Plate, MER the Main Ethiopian Rift, WB the Western Branch, EB Eastern Branch
and SWB the Southwestern Branch.
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lithosphere, and magmatic processes of several rift segments of the EARS. Varies ranges of the
hypocentral depths have been reported from some of the previous works. Earthquakes with
hypocentral depths from the upper and lower crust have been reported (Bungum and Nnko,
1984; Foster and Jackson, 1998) within the EARS. However, unexpected results of hypocentral
depths extent down to ~35 km in the deep lower crust have been reported (Nyblade et al., 1996;
Yang and Chen, 2010). Moreover, except in Afar and main Ethiopian rift some earthquakes
seem to reach relatively unusual depths extending a maximum depths down to 40 km (Camel-
beeck and Iranga, 1996; Albaric et al., 2009; Mulibo and Nyblade, 2009; Craig et al., 2011).
Earthquakes depths between 53 and 60 km (Lindenfeldet al., 2012) have been reported for a few
events that occurred in the EARS.

Earthquakes focal mechanisms have been computed in several studies to determine fault ori-
entation within the EARS. The solution is available for larger events from Harvard CMT but
focal mechanisms of earthquakes down to lower magnitude are not available as needed. There-
fore, in some previous studies focal mechanisms were computed and compiled for a number of
earthquakes that occurred within the EARS (Kebede et al., 1989; Kebede and Kulhdnek, 1989;
Ayele and Arvidsson, 1998; Ayele, 2000; Fig. 2.1). Foster and Jackson, (1998) and Hofstetter
and Beyth, (2003) determined focal mechanisms of earthquakes in connection with the seismo-
tectonic setting of the region and many others. Normal faulting is dominating (Kebede et al.,
1989; Kebede and Kulhének, 1989; Ayele et al., 2007) within the EARS.

However, the tectonic setting of the EARS is not simple as we believed hence focal mechanisms
of some earthquakes are found to be a non-normal faulting or a mixture. The strike- slip mech-
anism in an extensional continental crust of the EARS (Asfaw, 1990; Doser and Yarwood, 1991,
Gaulon et al., 1992) has been obtained. Recently some studies revealed normal faulting with
significant strike-slip components (e.g., Ayele, 2000; Asefa and Ayele, 2020) and a combination
of normal and strike slip faulting with some sinistral motion (Mulibo and Nyblade, 2016). A
complicated stress pattern with possible dextral strike-slip motion on some faults but oblique

motion on others is also observed in western branch (Brazier et al., 2005). From the stress
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orientation, several previous studies have suggested different trendings of the EARS (Bungum
and Nnko, 1984; Macheyeki et al., 2008; Yang and Chen, 2010) from fualt plane solutions of
earthquakes. The extensional direction of the EARS has been suggested either E—W, (Delvaux
and Barth, 2010; Fairhead and Stuart, 2011) or NW— SE trending (Strecker et al., 1990) for the
eastern branch. GPS and plate kinematic studies also show that, MER is opening in NE-SW

direction.



CHAPTER 3

Some Basic Theory in Seismology

3.1 Basic theory on seismic wave propagation

Seismology is the study of earthquakes, seismic wave propagation and recording of elastic waves
in the Earth and also the study of earthquakes sources. Body and surface waves are the two main
types of seismic waves. Body waves can travel through the Earth’s inner layers while surface
waves travel along free surface. Body waves can be categorized into P-wave or compressional
wave which is the fastest kind of seismic waves, and S-wave is the second wave we feel in an
earthquake shaking. S-wave is slower than P-wave and only moves through solid rock, not
through any liquid medium.

On the other hand, surface waves have lower frequency than body waves and arrive at a seismic
station after body waves. Surface waves are almost entirely responsible for the damage and
destruction associated with earthquakes. Surface waves are resulted from the interaction of P
and S -waves with boundary condition on the body with no shear stress. The surface waves can
be categorized into two. The Love wave is the fastest surface wave and moves the ground from
side-to-side. Rayleigh wave is the second kind of surface wave that rolls along the ground and
moves the ground up and down and side-to-side in the same direction as a wave is moving. Most
of the shaking felt from an earthquake is due to the Rayleigh wave, which can be much larger

and destructive than the other kind of waves.

3.2 Elastic moduli

21
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In seismology, elastic seismic waves that travel through the Earth can be generated by earth-
quakes, volcanic eruptions, magma movement, large landslides and large man-made explosions.
Location and nature of the source information of an earthquake can be obtained by processing
the elastic waves recorded on seismic stations. If the origin time is known when the waves left
the source, their arrival times at the receiver give the travel time required to pass through the
medium. Earthquakes can be natural or man-made based on the sources of deformational energy
that generate the seismic waves. The highest resolution of the internal Earth structure can be
obtained from the study of seismic waves which is very difficult from other geophysical methods.
Based on the mode of generation, earthquake can be categorized into three. The first kind
of the earthquake is tectonic earthquake produced by rocks fracture due to various geological
forces. This kind of earthquake is very important to study the structure and interior of the
Earth, and much social significance as it pose greatest hazard. The second kind of earthquake
is volcanic earthquake that occurs due to volcanic activity. It may occur before an eruption
with minor seismic activity increases in the vicinity of the volcano and may occur when fault
rupture precedes the motion of magma and eruption of lava. The third kind of the earthquake is
induced earthquake produced by human activity. It can be Reservoir induced seismicity, nuclear
explosion, Rock burst and fluid injection.

Earthquakes may further classified into three types depending on the distance from source to
seismic station. The first type is teleseismic earthquakes which are recorded by a seismic sta-
tion at a greater distance. In convention the epicentral distances more than 1000 km for a
teleseismic earthquakes (Lay and Wallace, 1995) while earthquakes that occur beyond say 500
km but within 1000 km epicentral distance is called regional earthquakes. On the other hand,
earthquakes that occur within a distance of few hundred km from a seismic station are called
local earthquakes.

The elastic waves can propagate away from the source region by elastic deformation of the
rocks through which they travel. By the pressure front expanding from an underground explo-

sion, or by an earthquake shear rupture, the surrounding Earth material is subjected to stress
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(compression, tension and/or shearing). As a consequence, it undergoes strain, i.e., it changes
volume and/or distorts shape. The forces that cause deformation are referred to as stresses.
The mathematical relationship between the forces applied and the resulting deformation that
used to describe the elastic properties of a medium is provided from the theory of elasticity. It

can be generalized in the form of Hooke's law as follow:
0ij = Cijki€kis (3.2.1)

where o;;, is the stress tensor, Cjjx; is the constants of proportionality known as elastic moduli

and ey, is the strain tensor.

3.3 Stress tensor

A tensor is a multi-dimensional array of numerical values that can be used to describe the phys-
ical state of a material. A stress tensor is an example of geophysical tensor like pressure as force
per unit area. In order to explain the stress tensor in seismology, consider the following figure of
a unit cube of material with forces acting on it in three dimensions. The stresses acting on the
material can be decomposed into nine components, thus the nine terms of surface forces have

the tensor components as shown in Figure 3.1.
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Figure 3.1: A cubic element in a continuum. The stresses of each face acting in a given direction
leads to the equation of equilibrium stresses on +X7, +X9 and + X3 faces.

From (Fig. 3.1), we can write the stress tensor as follow:

011 012 013
|:0'ij] = |o21 022 023 (3.3.1)
031 032 033

From (Fig. 3.1 and equation 3.3.1) we can define the two types of stresses as normal and
shearing stresses due to the force acted normal to the surface and forces tangential to the
surface respectively. Normal stresses are 011, 022 and o33, while shear stresses are o132, 013, 091,

093, 031 and g32.
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3.4 Strain tensor

Strain is defined as a relative changes in the position of points within a body that has under-
gone deformation. For a three-dimensional coordinate system, the three normal strains describe
length changes in the coordinate directions whereas the six shear strain components give angular
changes of each coordinate direction with respect to the other two directions. The strain dis-
placement relationship for a displacement vector u(x, t) is derived by Lay and Wallace, (1995).
We can use the components of infinitesimal strain tensor in terms of displacements defined by

Aki and Richards, (1980); Lay and Wallace, (1995) as follow:

0 1,0 o] 1,0 0
Er 3(Gar + ams) 2(Ga )
o | 1/0 0 0 1,0 0
i = | 2(Gur T ) ars 3(Gws + o) | (3.4.1)
1,0 ous 1,0 Ous ous
3(Gt + 322) (52 + 52) s

where diagonals are normal strains and off-diagonals are shear strains.

Let us define u; ; = %, then we can write the strain tensor in compact notation as:
J

1
&ij = 5(“%’4‘ + uji)- (3.4.2)

The constant of proportionality (elastic moduli) term in equation (3.2.1) has 81 terms for the
general form by relating the nine elements of the strain tensor to the stress tensor. Applying the
symmetric natures of the stress and strain tensors and further assuming homogenous, isotropic
and linearly elastic medium, the number of elastic constants can be reduced to only two constants

known as the Lame constants j and X. The two constants are related to Cjj; as follow:
Cijkl = 1(8irdjt + 6udjk) + Aijki, (3.4.3)

where ¢ is the Kronecker delta function.

Now by using equation (3.4.3) into equation (3.2.1), we obtained,

Oi5 = )\9513 + 2/161']‘. (344)
Where 0 = g—gi + g—g; + %2 and the Kronecker delta function is given as,
1, ifi=j
0ij = ,j=1,2,3 (3.4.5)

0, ifij.
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3.5 Equation of motion

The elastic wave disturbance in medium can be resulted from a combination of contact and
body forces with the generalized form of Hook’s law. By combining the contributions of body

forces with Newton’s law to a medium, the general form of equation of motion is given (Lay and

Wallace, 1995) as:

ER
do; 0%u;
(836; + fi)d g v, (3.5.1)

where p is density of the material and f; is the body force per unit volume.
Dividing equation (3.5.1) through by dv gives the equation of motion for continuous media:

80‘@' o 82’11,1'
oz; =5

(3.5.2)

Equation (3.5.2) is the equation of motion for a continuum that contains the right hand side
inertial terms related to the density-weighted accelerations to body forces and stress gradients
in the medium. Assume that the body force to be zero, then the above equation is reduced to:

82u2' . OO’ij
oz = O

(3.5.3)

The homogeneous equation of motion, Hooke's law and the strain-displacement relation are
combined for an isotropic linear elastic medium with no body forces for the case i=1, 2 and 3

terms are:

8%u; _ dony + do12 + Oo13

ot2 — Oz Oz Oxsz ’
0%uy _ Qoo 0022 Ooas
Poe = oan T ozs + 025

and

0%u3z _ dozi 0032 Ooss
P52 = 9a + Ox2 + Oxg *

Using equations (3.4.2 and 3.4.4), equation (3.5.3) can be written in the equivalent vector form

of:

p@ = (u+ NV (V) + 1V 2. (3.5.4)
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Where V is the del operator and V? is the Laplacian operator. Using a vector calculus identity

for the vector Laplacian,
Ve = ?(?7) SV XV x U,

gives

V20 = Qu+ NV (V1) — (uV x V x @), (3.5.5)

Equation (3.5.5) is a particle displacement for a general deformation through a homogeneous,
isotropic, linearly elastic medium, based on the assumptions of infinitesimal strain of no body
forces.

To make a sense of this complicated looking expression we make decomposition (using Helmholtz’
Theorem) where we write the displacement field as a sum of potential and the curl of a vector

displacement potential (Aki and Richards, 1980; Lay and Wallace, 1995).
%
T =Ve+Vx. (3.5.6)

We separate the displacement into two parts and the second term of equation (3.5.6) will have

zero divergences, as:

ﬁ
V(Y x 9)=0. (3.5.7)
For any vector field ﬁ, and the first part of equation (3.5.6) will have zero curl, as:
¥ x (Vo) =0, (3.5.8)

for any scalar field ¢. Substituting the Helmholtz’' potentials into the equation of motion, equa-

tion (3.5.5) gives:

T (0, NFF (Tt T x D)) - ¥ x (T x (Tt T x D),

_>
T o T @) a1 (T T 059

We can simplify equation (3.5.9) by noting that:
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—?x(?x?x?):gaexﬁ)ﬁmd
V.(Ve) = V2,

So that,

%
pyﬁp ;j XY) (o4 T (T20) + 4T x D). (3.5.10)

Furthermore, equation (3.5.10) can be written as,

029
Gtg} }=0. (3.5.11)

V{2n+ NV - p%if} +V x {4V~ p

The equation of motion for an isotropic medium of equation (3.5.11) hold true (Lay and Wallace,

1995) when each term in the brackets goes to zero independently as;

82
a—tf = a?V2p. (3.5.12)
And
_>
02 —
8;2/) = 52?%, (3.5.13)
where
A+ 2
o=y (3.5.14)
p
and

_ [/
5_\[). (3.5.15)

We can see that the P-and S-waves velocities are proportional to the square of the moduli and
inversely proportional to the square of the density respectively. Equations (3.5.14 and 3.5.15)
show the displacement field created by a stress imbalance accounted for propagating P- and S-

waves. The two equations are equation of motions for P- and S-waves respectively.

3.6 Earthquake source mechanisms

Evidences that connect earthquakes with faulting come from a field of observation and from
processing seismic waves. Most of natural earthquakes are caused by sudden slippage along a

fault. When an earthquake is happening, the rock on one side of the fault suddenly slips with
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respect to the other.

Faults can be divided into three types based on a direction of relative displacement. For any
inclined fault plane we may define a block above the fault as a hanging wall block and the
block below the fault as a footwall block. Normal faults are faults that resulted from horizontal
extensional stresses in brittle rocks and where the hanging-wall block has moved down relative
to the footwall block. Reverse faults are faults from horizontal compressional stresses in brittle
rocks, where the hanging-wall block has moved up relative to the footwall block. Faults which

move horizontally are called as strike-slip. The three types of faults are shown in Figure 3.2.

strike strike-slip faulting

hanging wall block hanging wall block

strike

dip

normal faulting

reverse faulting
footwall block

footwall block

Figure 3.2: The three types of faults: Normal fault, strike-slip and reverse faults (Fossen, 2010).

Majority of earthquakes sources are either shallow or too deep to observe directly. Therefore,
the source characteristics of earthquakes can be determined from the recorded seismic waves on
receiver (e.g., Fig. 3.3). The type of deformation in the source region that generates the seismic
waves can be identified from focal mechanism of earthquakes which is determined by processing
the recorded earthquake waveform. It may often determine from first polarity reading of body

waves. The polarities of the first P-waves arrival are up when the first motion is compression



30

(material near the fault moves towards the station) and down when it is dilatational (material
motion is away from the station). P-waves first-reading often cannot constrain the focal mech-
anisms of earthquakes accurately. Currently, moment tensor inversion technique has become so
widely accepted which have been treated almost as a fundamental law by many seismologists
to obtain source mechanisms of earthquakes in which the solution is estimated from waveforms.
Information about the source parameter can be determined by comparing observed with syn-
thetic waveforms and adjusting until a suitable fit is obtained to get a reliable source parameters.
This can be done using a forward and inverse approaches. This technique also gives additional

information on earthquake which may not obtained from first-polarity reading.
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Figure 3.3: Examples of three-component seismograms for 2016/09/10 earthquake near Lake
Victoria with magnitude Mw 5.7: a) time domain and b) frequency domain.

In the field of earthquake seismology, the source parameters of earthquakes can be obtained by
generating synthetic seismograms and match to observed seismograms. A synthetic seismogram
is the result of forward modeling of an input earth model, that defined in terms of 1D, 2D or 3D

velocity model. Synthetic seismogram which is often generated in time and frequency domain
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can used in investigation of Earth’s structure and in the determination of earthquake source
parameters.

Moment tensor inversion is a basic tool for quantifying earthquake sources which is more robust
and yields more stable results than traditional approaches of the polarity reading. It can be
computed in time domain (Fig. 3.6; Dreger and Woods, 2002; Zahradnik et al., 2005, 2008; Sokos
and Zahradnik, 2008; Adamova et al., 2009; Hingee et al., 2011) or in the frequency domain
(Fig. 3.7; Cesca and Dahm, 2008; Vavryuk, 2011). The moment tensor can be computed as
full inversion (Dziewonski et al., 1981; Sipkin, 1986; Kikuchi and Kanamori, 1991) or Deviatoric
moment tensor inversion (Ichinose et al., 2014; Asefa and Ayele, 2020). The full moment ten-
sor inversion considers the isotropic component whereas the deviatoric moment tensor assumes
there is no volume change. The full moment tensor inversion is the widely used approach that
applicable for large magnitude earthquakes. In this thesis we have applied the two types of the
inversion techniques.

For brief explanation let us consider the seismogram u(t) in time domain and its Fourier trans-

form U(w) as:

+00 .

u(t) = 217r/_ U(w)e™dw, (3.6.1)
+o0 )

Ulw) = Qir'/f u(t)e " tdt. (3.6.2)

Equations (3.6.1 and 3.6.2) help us to transform seismograms from the time domain into the

frequency domain or from the frequency domain to time domain.

3.6.1 Convolution and Deconvolution modeling for linear system

If a signal x(t) goes through two linear systems, with impulse responses f(¢) and g(¢), the net
output is a convolution of the impulse responses in the time domain (Stein and Wysession,

2003),

y(t) = x(t) « f(t) * g(t). (3.6.3)
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In the frequency domain, the product of the transfer functions,

Y(w) = X(w)F(w)G(w). (3.6.4)

.‘r[lt:: I-';ri_rl]; girﬁil {I!I ’ 'T“-.:I sglt)
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Figure 3.4: As a signal goes through two linear systems in succession, the net output is the
convolution of the impulse responses or the product of the transfer functions.

A seismogram is assumed to be an output resulting from sending source signal through a set

of linear systems, it can be written in terms of three basic effects (Equation 3.6.5), which are

illustrated in Figure 3.5.

u(t) = xz(t) * g(t) = i(t). (3.6.5)
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Figure 3.5: A seismogram can be modeled as the convolution of the source signal with operators
representing the effects of the earth structure and the seismometer. A seismogram can be

expressed as a convolution of source, structure and the instrument effect (Stein and Wysession,
2003).

3.6.2 Time-domain inversion using seismograms

Time domain seismic point source can be defined (Aki and Richards, 2002) as:

ui(m, t) = Mnk(t) * Gmk(aj, k) (366)
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Where u;(z,t) is the displacement, M, (t) is seismic moment tensor and Gy i (z, t) is the spatial
derivatives of the Green’s function.

The seismograms and their spatial derivatives of the Green’s function defined as:
Sink(@,t) = S(t) * Gin(x, 1), (3.6.7)

is the time convolution of the Green’s functions and the source time function.

Displacement in equation (3.6.6) can be defined as:
ui(x,t) = My Sin (2, t). (3.6.8)
The seismic moment tensor is inverted in the time domain using the generalized inversion:
m=.5"7d, (3.6.9)

where m is no longer a function of frequency or time. It can be solved using the least squares

method.

3.6.3 Frequency-domain inversion for moment-time functions

In the frequency domain, seismic point source is the transform of (3.6.6) and defined as:
ui(x,w) = Mpk(w)Gin i (x,w). (3.6.10)
This can be expressed in matrix notation:
Gm =d (3.6.11)

G is the matrix of the Green’s function derivatives, m is the vector containing the moment
components and d is the vector of displacement observed at stations 1 to N.

The vector m of moment-time functions is computed from the generalized inversion (Menke,
1989).

m =G 9d, (3.6.12)

G9 =[GTq)'aT. (3.6.13)
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Figure 3.6: An example of generated seismograms of traces from three-component seismic
station in time domain for the 2017/02/24 earthquake of Mw 5.9 occurred in Congo. The red
color is for data, black is for synthetics.
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With G779 is the generalized inverse of G.
The moment-time functions M,;(w) can be obtained using equations (3.6.12) and (3.6.13). It
can be transformed into time domain using the inverse Fourier transform and factorized as

follows:

Moi(t) = My S(t). (3.6.14)

Where M, is the seismic moment tensor, and S(¢) is the source-time function.

Fit of Amplitude Spectra
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Figure 3.7: An example of generated moment-time functions in frequency domain for the
2017/02/24 event Mw 5.9 occurred in Congo. The red color is for data, black is for synthetics.

In moment tensor inversion, the input Green’s functions are taken as known, and the algorithm

determines that makes the output agree as possible, in a least squares sense, with the observed
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seismograms. Recently an advanced in instrumentation, data management, and computing
power have made the routine analysis of moderate to large earthquakes. Automated algorithms
of estimating seismic source parameters from body waveform data using the moment tensor
source representation have been developed, and are now in use, at both Harvard University and
the U.S. Geological Survey (USGS) (Dziewonski et al., 1981; Sipkin, 1982). This method has
a potential to substitute other, which is more traditionally used technique to estimates source

parameters from P-wave first motion polarities.

3 3 3
My My M3
3
My3
1 2
3 3 3
Mz My» Mz t
1 ? 1 2 1 2

Figure 3.8: Nine couples of equivalent dipole forces forming the moment tensor. The system of
force couples representing the components of Cartesian moment tensor.

The techniques can provide a general theoretical framework in describing seismic sources based
on generalized force and it is very important tool in seismic source characterization. Moment
tensor M is a symmetric tensor describing nine couples of equivalent dipole forces which can

act at the earthquake sources. It defines the strength of a seismic source in terms of its seismic
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moment, and the radiation pattern of seismic waves. The moment tensor (3x3 matrix) is
symmetric and has six independent components. The diagonal elements represent linear vector
dipoles and the off diagonal elements represent the force couples with arms as shown in Figure

3.8.

3.6.4 Moment tensor decomposition

For the sake of simplicity, seismic source is physically represented by moment tensor M. The
moment tensor is usually diagonalized and decomposed into some elementary parts. It can be

decomposed into isotropic 1.SO and deviatoric DEV parts (Vavryuk, 2015):
M =M;so +Mpgv, (3615)

where,

1
MISO = gTI‘(M).I, (3.6.16)

and [ is identity matrix.
The second term of equation (3.8.1) can be further decomposed into a double couple (DC) and
a compensated linear vector dipole (CLVD) components (Knopoff and Randall, 1970), which is

further developed by Jost and Herrmann, (1989); Kuge and Lay, (1994), Vavryuk, (2015).
M = Mie; ® e; + Mres @ eo + Mies ® ez, (3617)

where M; > My > Mj and vectors eg, ea and ez define the T (tension), N (intermediate or neu-
tral), and P (pressure) axes, respectively. The symbol ® is the dyadic product of two vectors.
The three terms of equation (3.8.3) can be written (Knoff and Randall, 1970; Jost ad Hermann,

1989) as follow:

M=M/;s0 + Mpc + Mcrvp,

M = MisoErso + MpcEpc + MorvpEcrvp (3.6.18)
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where E;so, Epc and E¢ryp are the SO, DC and CLV D base tensors and M;so, Mpc and

Mcpvp are the ISO, DC and CLV D moments. The base tensors read,

1 00
Eso=1{0 1 0f,
0 01
1 0 0
Ecp= 10 0 0f,
0 0 0
2 0 0

Ecovp =3[0 -1 0|,

0 0 -1
10 0
Eso=310 1 0] (36.19)
00 —2

Equations (3.8.4 and 3.8.5) uniquely define values as follows:

1
Miso = g(Ml + M + M3), (3.6.20)
2
Mcrvp = §(M1 + M3 — 2My), (3.6.21)
1
Mpc = 5(Mi = Ms— | My + M; — 2M, |), (3.6.22)

where Moy p includes the sign of the elementary CLVD tensor. If CLVD tensor Ecpyp is
considered with its sign as in equation (3.8.4), then CLVD can be calculated as the absolute
value of equation (3.8.7).

The values of M50, Mpc and M¢cpyp can be further normalized and expressed using scalar

seismic moment M and relative scale factors Crso,Cpc , and Coryvp:

Crso . M;so
Corvp| = 37 [Mervp | (3.6.23)

Chpc Mpc
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where M reads;

M =| Miso | + | McLvp | +Mpc- (3.6.24)

Equivalently (Bowers and Hudson, 1999):

M =[Mso || + [| Mpev |, (3.6.25)

where || Mzso || and || Mpgy ||. Scale factors Crso,Cpc and Coryp satisfy the following
equation:

| Crso | + | Corvp | +Cpe = 1. (3.6.26)

From equations 3.8.6 to 3.8.10, C'p¢ is always positive and in the range from 0 to 1; Coryp and

Ciso are in the range from -1 to 1. Consequently, the decomposition can be expressed as:

M = M(CrsoEso + CpcEpc+ | Carvp | Ecrvp)(3.6.27)

where M is the norm of M. The absolute value of the CLV D term in equation 3.8.13 is used
because the sign of CLV D is included in the elementary tensor Ecryp.

The decomposed values of DC,CLV D and ISO components have their own physical meaning.
Accordingly, the high value of double couple (DC) at the earthquake source indicates a source
with shear faulting in isotropic media. A non-double-couple (non-DC) component often displays
more general moment tensor (Julian et al., 1998) that can be used investigate a type of faulting
(Vavrycuk et al., 2008; Vavrycuk, 2011c) and physical properties of material in the source area
(Vavrycuk, 2004). A high percentage of 15O components indicate explosive or implosive source.
An example of full moment tensor inversion with moment tensor components is shown in Figure

3.9.
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1.150304 -0.543176 -0.222206

Full MT = -0.543176 -0.077697 -0.457997

-0.222206 -0.457997 0.105199

Dccomposition:

0.714558 Q.501507 0.191353
DC = O.E01807 0426020 0.280274
—_0.1917359 _0.2802 74 _0.280548
004314 —0.04168688 —0.030854
CLYD = =-0.041668 —0.040279 —0.077r722
—0.030854 —0_0F77722 0.002135
0.392802 0.000000 0.000000
1S = 0000000 02926802 0.000000
v.ouuuug (WRRIRIRINLNN L.3YZole

Figure 3.9: Sample results obtained using full moment tensor inversion for 2016/09/10 earth-
quake around Lake Victoria of Mw 5.7. The moment tensor decomposition values for three
components are (DC, CLVD and ISO) are also obtained.
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3.7 Seismic phase picking

In this thesis, raw waveform data were collected from different sources with different formats.
All waveform data are converted into similar and appropriate format (miniseed) that used for
plotting using SEISAN (Earthquake Analysis Software) (Havskov and Ottemdller, 2015). Ac-
cordingly, the waveform were plotted and P and S- first arrival times were picked from vertical
and horizontal components, respectively as shown in Figure 3.10. Various filtering frequency

ranges were used during phase picking.

Filt - |[oa-2 e |l1-1 x| 1-5 v || 5-10 b ||10-15 n |[15-25 w|l2-a : |l wm w || mb il == 3 || s * || v x |
pegis  p |[Locat 1 || nist _ ||sca1e * et . lpotat v ||evoun g |[pack 8 |loth ¢ o || melp 2 |jquit a | [rogur t || rext £ |[ P10t *
pel w a |[oe1 s D |[Merge u | out o |[1asp r|[m= F | [wextw otn w w [ ews =z ][ swe x |[partu ® |[ans v |[outw T |[print >
2013 150417 5.8 L 0.295 30.003 5.0F ERE 6 0.8 3. 7LERF
Plot start time: 2014 1 5  4:18  5.376
T T T
12982 g 229905
MBAR BHZ 10 11 —
5431 s p— 243030

MEAR EHL 10 II -

asss 1AM 261481

MERR EHZ 10 IT —_—

1 1 1 1 1 SEC 1

Evant f 8 18m10 20 30 a0 50 18m00 10

Figure 3.10: A sample of miniseed data recorded at MBAR seismic station. P- and S-phases
picks are also shown on the plot. Plot is for earthquake of local magnitude 3.7 recorded on
January 5, 2014 at 0.295°N and 30.003°E.

3.8 Earthquakes location technique: Geiger Method

An earthquake location specifies a spatial position and occurrence time of an earthquake. The
location may refer to the point within the earth (the hypocenter) or the point on the surface of
the Earth immediately above the hypocenter (epicenter) and corresponding origin time. At the
beginning earthquake location was performed based up on examining surface faulting, damage,

or felt reports. However, at present day earthquakes locations are performed using inverse



42

problem of various programs using waveform. In inverse problems one can estimate unknown
parameters and their uncertainties computed from a combination of the available information
on the model parameters and waveform data.

For the purpose of an earthquake location, measuring the arrival times of body waves are very
useful. The arrival time of P-wave is better observed on vertical component of the seismogram
while arrival time of S-wave is clearly observed on the either of the horizontal components of the
seismograms. Earthquake epicenter location is a basic parameter in seismic research, seismic
hazards, and in the earthquake engineering.

The Geiger’s method (Geiger, 1912) is one of the known earthquake location which is an iterative
approach in solving origin times and earthquake hypocenters. This method initially estimates the
event time and the three dimensionalposition coordinates and then updated iteratively based on
the arrival time residuals. Geiger’s method starts with a guessed origin time ¢y and hypocentral

value.
F(to, o, Y0, 20) = 27“12 (3.8.1)

If the arrival time measured at receivers is ¢;, an estimate of the event hypocenter (x,y, z) and
the earthquake time is made, the residual at the i** is calculated based on the observed time
at the station ¢;, and the estimated event time ¢y, and the theoretical travel time from the

hypocenter to the receiver coordinates T'(xg, yo, z0) is based on the velocity model.
r; = ti — t() — TQ((IZ(), Yo, Z()). (382)

to is the event time, t; is the observed time and Tj is the calculated travel time.

Alternatively, we can express in terms of model and data vectors,
F(m) =d, (3.8.3)

where F' is an operator on the model vector, is to produce the data vector d. The arrival time
can be considered as an element of the data vector while x, y, z and ¢t which are the hypocentral

location and origin time, represent the model vector. Thus, equation 3.10.3 can be expressed by
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a nonlinear equation given as;

F(z,y,2z) =d. (3.8.4)

The Geiger method aims to minimize the sum of the squared time residuals by adjusting the
trial location and timing. In order to solve this equation, first linearize and one can guesses a
solution of m® with predicted values d° and investigates the behavior of d° in the neighborhood

0

of m®. A Taylor series approximation of changes in m° is given as;

m'j = m% + omPj. (3.8.5)

Where mPj is an adjustment of the j** model parameter which improves the fit of the model
to the data. After a Taylor series expansion, we can obtain the corresponding change in the

predicted data as;

oF oF oF OF
F? t —)é —)é —)0 — )ity = d;. 3.8.6
i (20,90, 20, 0)+(8$0) $0+(8y0) yo+(aZO) ZO+(6t0) 0 (3.8.6)
Equation (3.8.6) can be written as;
oF oF oF oF
—)d —)0 —)d —)dto = di — F2 (20,90, 20, to)- 3.8.7
(5170) $0+(8y0) y0+(620) Z0+(8t0) 0 i (0, Y0, 20, to) (3.8.7)
Which is a system of equations with unknowns and coefficients given by ( gg L), evaluated at m?,

J

which are constants. Equation (3.10.4) can be written as;

od,;

where % can be defined as a partial derivative matrix.
J

This leads to an equation of the form;
Ad = GAm. (3.8.9)

Where changes in model parameters are mapped for improvement in data fit. To linearize the

problem, assume that the source coordinates are perturbed by a small value xg+9dxg, yo+0yo, 20+
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0zp, and a first order Taylor expansion is applied to the travel times T giving an equation for

the arrival time to the i'" receiver:

oT oT oT
t; = to + oto + +1'(x0, Yo, 20) + (87360)5900 + (37%)53/0 + (87,20)520' (3.8.10)

The residual is determined by the change in event position and time by combining equations

3.10.2 and 3.10.10 we obtain:

orT oT oT
i = 0t — — — . .8.11
ri = Bt + (5,000 + ()30 + (5)0% (3:8.11)

A set of linear equations is made for all the receivers in the array. The solutions to the set of

linear equations in event position and time give:
x1 = xo + 020, y1 = Yo + 0Yo, 21 = 20 + 920,11 = Ty + d1p. (3.8.12)

The iteration process is repeated until a set of convergence criterion is met. A non-zero time
residual will remain after successive iterations and the method assumes the estimated location
close to the true location for the travel-time residuals as a linear function of the event location
(Havskov, 2002). Consequently, the final location depends on the initially estimated location.

Earthquake location may dependent on a velocity model of a particular region. In this study,
the hypocentral locations of earthquakes were determined from phase reading of waveform data
using 1-D velocity model of Keranen et al., (2004) which was developed for the part of the
East African Rift System. For hypocenter location we applied general program that is based on
HYPOCENTER (Lienert et al., 1986; Lienert and Havskov, 1995) using SEISAN earthquake
analysis software (Ottemdller et al., 2015). The hypocentral parameters have been estimated
from the least-squares solutions and we have searched for the smallest RMS. We have tried to
estimate earthquake depth manually by locating a single event starting with a range of different
depths, and then we have fixed the one with the lowest RMS. This may significantly improve

the reliability of earthquakes depths estimation for the region.
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3.9 Magnitude determination: Local and moment magnitude

An earthquake magnitude determination is a basic and essential task in seismology. Earthquake
magnitude may use for estimation of energy release. There are several different magnitude scales
in use.

The first magnitude scale was defined by Richter, (1935). All other magnitude scales are related
to this scale. Local magnitude is an important parameter in earthquake hazard assessments in
terms of quantifying the rate and amount of seismicity. The local magnitude estimation is given
as:

My =log(A) —log(Ap) + C, (3.9.1)

where A is zero-to-peak amplitude measured on a standard Wood-Anderson seismogram, log(Ay)
is a distance correction term and C is the correction term for individual station. Maximum ab-
solute values of zero-to-peak amplitudes are measured from northsouth and eastwest horizontal
components of the seismograms.

For the purpose of this study the local magnitude scale determined by Keir et al., (2006b) for

the Main Ethiopian rift is used in this study which is given below:
log(Ap) = —1.196997 x log(%) —0.001066 * (r — 17) — 2, (3.9.2)

where r is the hypocentral distance in kilometers.

On the other hand, the moment magnitude is derived from seismic moment which is defined in
terms of rigidity of fracturing material, area of the fractured segment and amount of slip. The
seismic moment is defined as:

My = pAD, (3.9.3)

where p is the modulus of rigidity of the faulted rock, A is the area of the rupture and D is the
amount of slip on the rupture.

Seismic moment is related to the moment magnitude, Mw, Kanamori, (1977) and Hanks and
Kanamori, (1979) by:

2
Mw = g(lOQloMg - 91), (394)
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where Mj is the moment measured in Nm. The moment magnitude scale is related to a physical
property of the source and it has the advantage of not saturating and convenient for estimating
the size of large earthquakes. It is unswerving measure of energy of an earthquake which should

be able to be measured from seismographs.

My can be estimated from seismograms using recordings in the time domain or frequency domain.

B 47 pv3r Qg

MO R )

(3.9.5)

where (g is the low frequency level of the amplitude spectrum and is equal to the area under
the displacement pulse, p is the rock density, R is the P- or S- wave radiation pattern correction
terms v is the P- or S-wave velocity and r is the source receiver distance. This can be measured

directly from the amplitude spectra assuming low frequencies are correctly recorded



CHAPTER 4

Seismicity of the East African Rift System for the
period 2013 to 2016

4.1 Introduction

The East African Rift System (EARS) is one of the most active and largest continental rift
structures in the world (Ebinger, 1989; Chorowicz, 2005). The activity is demonstrated in
terms of faulting and volcanism where significant and damaging earthquakes have been recorded
and reported from time to time (Ayele et al., 2007; Yang and Chen, 2010; Craig et al., 2011;
Lindenfeld et al., 2012; Ayele et al., 2015; Weinstein et al., 2017; Wilks et al., 2017; Greenfield
et al., 2019). Previous studies showed that the EARS exhibits significantly high seismic activity
(Kebede and Kulhdnek, 1991) and suggested the correlation of earthquakes occurrence with
the geologic features (ages) (e.g., Sykes and Landisman, 1964; Maasha, 1975; Fairhead and
Stuart, 1982). The whole length of the EARS is composed of several active rift zones and
segments initiated at different times during the Cenozoic which exhibit varying intensity of
magmatism (George et al., 1998) and seismic activity (Yang and Chen, 2010; Craig et al., 2011)
that provide unique opportunities to investigate how continental rifts deform at different length
and time scales. Processes of continental rifting are also relevant to current debates regarding
the exhumation of sub-continental lithospheric mantle along magma—poor margins, ultraslow
spreading ridges, and rheology of the continental lithosphere in general (e.g., Chen and Yang,
2004; Dick et al., 2003).

The EARS comprises several rift segments, some are at advanced developmental stage whereas

the Afar Depression demonstrates a prototype oceanic rift setting. Southwards of the MER,

47
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the EARS splits into the western and eastern branches (Fig. 4.1). The western branch is
seismically very active and the active faults are providing good spatial coverage for the study of
active tectonics (e.g., Foster and Jackson, 1998; Nyblade and Langston, 1995; Shudofsky, 1985).
The eastern branch is magmatically active along its length (Albaric et al., 2010). The EARS
has a complex structural pattern consisting of several rift segments with time-space tectonic
evolutions that are apparently different from each other. The structural connection of the
Main Ethiopian Rift (MER) to either of the two branches of the EARS and southwards of the
complex tectonic region of the Northern Tanzania Divergence Zone (NTDZ), the direction of
propagation of the eastern branch are the most outstanding science questions in the area/region.
For example, some studies proposed the linkage of the MER with the western branch of the EARS
based on the seismicity distribution (Fairhead and Stuart, 1982; Kebede and Kulhédnek, 1991).
On the other hand, earthquakes distribution near Lake Turkana (Ayele and Kulhének, 1997),
characteristic of volcanoes and rift formation (Maasha and Molnar, 1972) and deformational
age within this region (Ghebreab, 1998; Bellahsen et al., 2003; Bonini et al., 2005) suggested
the link of the MER with eastern branch of EARS. Furthermore, southwards of the NTDZ,
several suggestions have been given on the direction of the eastern branch using multi study
techniques. Based on surface tomography (O’Donnell et al., 2013) and earthquakes distribution
(Mulibo and Nyblade, (2016) suggested that the eastern branch propagates southeasterly along
the northern boundary of the Ruvuma microplate towards the coast. In contrast Le Gall et al.,
(2004) proposed the linkage of eastern branch with western branch at the end of Lake Nyasa
rift basin using morphostructural interpretation. However, the seismicity data suffers from short
observation of instrumental catalogue and sparse station distribution. International agencies like
ISC (International Seismological Centre) and NEIC (National Earthquake Information Centre)
catalogues are mainly dominated by teleseismic and regional distance earthquakes which made
the claimed rift connection poorly known and as a result farther evidence and investigation is
required.

Poor distribution of seismic stations along the EARS hinders the detection of intermediate and
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small magnitude earthquakes that occur in the region. Moreover, malfunctioning of the already
few stations in most countries in the region is quite common and maintenance is difficult for
various reasons. In this study, detailed seismicity investigation is made for the 2013 to 2016

period using quality data acquired from permanent and temporary seismic networks.

A P ssismic stations
A AT, seismic stations
* 1.3<=2.9(ml)
@ 3.0==3.9(ml)
@ 4.0==6.2(ml)

Figure 4.1: Seismicity of the EARS for the period 2013 to 2016: (a) The spatial distribu-
tion of earthquakes compiled from the International Seismological Center (ISC) catalog with
magnitudes in the range of 0.5 to 6.5, with red circles earthquake epicenters: (b) The spatial
distribution of earthquakes in this study with magnitudes in the range of 1.3 to 6.2. Triangles on
the inset map are seismic stations used (P. seismic stations, Permanent seismic stations and AT.
seismic stations, AfricaArray and Temporary seismic stations). The current study has revealed
significant difference as compared to earthquakes captured in International catalog. NP Nubain
Plate, SP Somalian Plate, AD Afar Depression, RS Red Sea, GA Gulf of Aden, MER main
Ethiopian rift, TD Tendaho Discontinuity, SS Southern Sudan, WB western branch, NTDZ
Northern Tanzania Divergence Zone, EY Eyasi rift, MR Manyara rift and PR Pangani rift.
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4.2 Data and Methods

4.2.1 Data

In this study, we acquired waveform and phase data for the 2013-2016 time period from vari-
ous permanent and temporary networks namely: Ethiopian Seismic Station Networks (ESSN),
Eastern and Southern Africa Regional seismological working Group (ESARSWG) database,
IRIS-PASSCAL broadband three-component temporary seismic stations deployed during the
period 2014 to 2016 in the western and eastern Ethiopian plateau and AfricaArray (AF) seis-
mic stations. In addition to this list, we have used data recorded by stations included in the
Global Digital Seismograph Network (GDSN) operating in Africa and all of them are displayed

in Figure 4.1.

4.2.2 Methods

The data processing was performed using the SEISAN software package (Havskov and Ottemoller,
2015) including an implementation of HYPOCENTER location algorithm by Lienert and Havskov,
(1995). We used 1-D velocity model of Keranen et al., (2004) for earthquake location. Dur-
ing event location, the data were filtered using Butterworth band pass filter to enhance the
clarity of arrivals. P-wave onsets are initially identified on the vertical components of the seis-
mograms, with all three components subsequently used to refine the picks and S-wave arrival
times were picked from horizontal components. All earthquakes were located from arrival times

that were manually picked from a minimum of three seismic stations. Local magnitude was es-
r
17
0.001066(r — 17) 4+ 2, where Ay 4 is a maximum horizontal ground amplitudes zero to peak

timated using the formula developed by Keir et al., (2006), My, = log(Aw a) + 1.969971log(-—=) +
and r is the hypocentral distance. The instrument responses from the horizontal components
of seismograms are removed and convolved to that of a Wood-Anderson instrument. The local
magnitudes were calculated from the maximum horizontal trace amplitudes from north-south

and east-west.
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b-value
The historical earthquake records can be analyzed using different statistical methods. The most
common one is the frequency-magnitude distribution (FMD) well expressed by the Gutenberg-

Richter relation (Gutenberg and Richter, 1954) written as:

logN = a — bm. (4.2.1)

Where N is the cumulative number of earthquakes with a magnitude greater than or equal to
M and a and b are constants; a indicates the activity level of seismicity and exhibits significant
variations from region to region. The b-value relates to tectonic stress (Mogi, 1967; Scholz,
1968) and describes the relative abundance of large to small magnitude events. High b-value
indicates a larger proportion of small events, and vice versa or a low b-value is considered to be
an indicator of a high stress level in a seismogenic zone of interest.

There are different ways to estimate b-value. The first one is the estimation of the b-value
by a least squares method which is believed to be statistically unjustified or biased (Weichert,
1980; Bender, 1983; Sandri and Marzocchi, 2007). A b-value calculated from a linear least
squares regression has the major drawback of being strongly influenced by the distribution
of a few large earthquakes in the FMD. The second method used to estimate b-value is the
maximum likelihood method. This method is the most commonly used in b-value estimation
with Bootstrapping which has shown to be a robust and unbiased estimation in most of the
cases (Wiemer and Wyss, 1997). Thus, we estimated the b-value using a maximum-likelihood

method of Aki, (1965) given in equation (4.2.2). The b-value is calculated through the formula:

b= logio(e)
- Mpin

2

(4.2.2)

)

m — (me —

where, logip(e) = 0.434, m’ is the mean magnitude of all events. The magnitude of completeness
(m¢), which is defined as the minimum earthquake magnitude at which the earthquake catalog is
assumed to contain all events and my,,, represents the magnitude interval. A value of my;, = 0.1

is used in this study. To address the uncertainty of the calculated b-value Shi and Bolt, (1982)
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suggested the standard error formula for the magnitude-frequency of b-value as in equation 4.2.3.

_ >i(mi — m/)g
o(b) = 2.3 EOCES

(4.2.3)
Where ”n” is the sample size. We have also calculated the second parameter 'a —value’ through;
a = logip(n) + b * m, relation.

Seismic energy mapping

Earthquakes result from a sudden release of stored energy mostly in the Earth’s crust that
creates seismic waves. The amount of seismic energy released by an earthquake is one measure
of the potential damage for seismically active areas. A good means of gaining some insight
into the change of seismicity in space is energy mapping of an area which may be calculated
from earthquakes magnitude (Gutenberg and Richter, 1942; Bath, 1966; Mayeda and Walter,
1996). In this study, we used a generalized formula derived by Ayele and Kulhdnek, (1997)
for the Horn of Africa that shows a linear relationship of body magnitude with seismic energy

(Equation 4.2.4).

logE = 4.92 + 1.55my, (4.2.4)

where seismic energy is measured in joules.

The equation (4.2.4) has been deduced by a formal approach on the basis of all known depen-
dences between earthquake body magnitude and local magnitude relationship used in Bath,
(1979). The total energy released within a 1° x 1° window is mapped at the center of block
for the time period 2013 to 2016 by using the moving-block method of Bath, (1982), where the

block is shifted by 0.5° either in latitude or in longitude at a time.
4.3 Results and Discussion

4.3.1 Spatial and temporal distributions of earthquakes

We located as many earthquakes as we could in the EARS in the time window from 2013 to
2016. The events analyzed in this study are shown in Figures 4.1b and 4.2 whereas the earth-

quakes compiled from ISC for the same period in the EARS are shown in Figure 4.1a. Only
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earthquakes recorded by at least three seismic stations with magnitudes in the range of 1.3 to 6.2
were analysed. The spatial distribution of four years record (Figure 4.1b) shows a typical seis-
micity pattern of the EARS with some pronounced activity in some places which demonstrates
that EARS is seismically active. The spatial pattern is mostly confined to the rift zones which
is in agreement with previous studies (Shudofsky, 1985; Iranga, 1992; Nyblade and Langston,
1995). A relatively better detail of seismic activity is captured in this study as compared with

the one recorded by ISC due to improved station distribution in the region.

L ]
NPy e

Figure 4.2: Spatio-temporal distribution of earthquakes recorded in the EARS for the period
2013 to 2016. Only events recorded by at least three seismic stations have been considered. The
circles with color show the distribution of earthquakes (temporal/year) in the region as shown
on legend. NP Nubian Plate, SP Somalian Plate, AD Afar Depression, SS Southern Sudan, WB
western branch and EW eastern branch of the East African Rift System.
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Afar depression and MER

From the seismicity map shown in Figure 4.1b, it is evident that the rift axis, margins and
the western plateau are more seismically active than the eastern plateau which is in agreement
with previous studies (Kebede and Kulhdnek, 1991; Kebede and Kulhdnek, 1994; Ayele and
Kulhének, 1997; Keir et al., 2006; Ayele et al., 2007; Keir et al., 2009). We believe that the
transition zone between the attenuated crust of the Ethiopian western rift margin, Afar depres-
sion and the thick crust of the Ethiopian plateau region (Makris and Ginzburg, 1987; Beyth,
1991; Makris et al., 1991; Tiberi et al., 2005) and strong density contrast at the rift margin
(Tesfaye et al., 2003; Wolfenden et al., 2005; Buck, 2017) might be responsible for the cause
of seismic activity mostly at rift margins. The absence of many seismic stations around the
region has so far hindered the adequate record of the seismic activity in the main Ethiopian
rift. However, analysis of earthquakes from a number of installed permanent seismic stations
by IGSSA of Addis Ababa University (Ethiopia) and temporary stations used in this study re-
vealed that the region is relatively seismically active than the previous studies. The continuity
of earthquakes distribution in the southwards of the MER to the Lake Turkana clearly showed
the structural connection between the main Ethiopian rift and eastern branch the EARS which
is in agreement with surface morphology but the extension of the MER towards the western
branch is not clearly observed.

Eastern and western branches

From the seismicity map shown in Figure 4.1b, it is evident that the whole length of the rift axis,
the eastern and western margins of the rift zones of the western branch of the East African Rift
System are seismically very active as compared to the other rift segments of the EARS which
is in agreement with previous studies (Nyblade and Langston, 1995; Foster and Jackson, 1998;
Albaric et al., 2009). The space-time distribution of seismicity patterns revealed the structural
connection between the southern-Sudan and western branch of the EARS.

From the tectonic point of view the eastern branch of the EARS divided into different tectonic

settings such as the northern (Kenya rift) and southern parts (Fairhead and Stuart, 1982). The
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northern part of the eastern rift shows the absence of earthquakes (e.g., Kebede and Kulhanek,
1991) or the presences of few earthquakes (Ayele and Kulhdnek, 1997). As a result, it was
believed that the rift is classified as aseismic region (e.g. Bath, 975; Shah, 1986). However, the
seismicity maps shown in Figures 4.1b and 4.2 revealed that the northern part of the eastern
branch is relatively seismically active.

In the central parts of the eastern branch near 3°S, earthquakes distributions spread over the
different rift segments of the Northern Tanzania Divergence Zone which are seismically very
active. In this region, earthquakes are concentrated into the well-known three rift segments
namely Eyasi rift, Manyara rift and Pangani rift segments. From the observation the Eyasi
and Manyara rift segments are more active as compared to the Pangani rift. The seismicity
distributions in the Manyara rift follow the N-S trend whereas the seismicity patterns in the
Eyasi rift show the ENE-WSW trends which are consistent with the structural trends within
the region. It has been also observed that the NW-SE trend of the Pangani rift segment and
margins of the Tanzania craton and the craton by itself are relatively seismically active.

From the seismicity patterns we suggest that the eastern branch of the EARS is probably con-
nected to the Davies Ridge offshore along the northern boundary of the Ruvuma microplate.
Alternatively, significant amounts of seismicity distribution along Pangani rift segment may sug-
gest the possibility of a zone of extension is developing in northeast Tanzania along Pangani for
the eastern branch propagation which is in agreement with the conclusion made by Mougenot
et al., (1986). However, the possibility of a structural connection between western and east-
ern branch towards Malawi proposed by Le Gall et al., (2004) cannot be ruled out, as some
earthquake distributions have been observed along transverse fault zone along the margin of the
Tanzania Craton.

Generally, the seismicity distributions within the different rift segments of the EARS agree
well with distribution of the major tectonic features of the region and the western and eastern
branches of the EARS are seismically very active than the other rift segments of the Afar de-

pression and MER.
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Figure 4.3: Distribution of earthquakes magnitude as a function of time (2013 to 2016) for the
entire catalog for earthquakes distribution is shown in Figs. 4.1b and 4.2. The minimum earth-
quake local magnitude 1.3 and maximum earthquake local magnitude 6.2 have been observed.

4.3.2 Magnitude distributions

During the observation period a number of earthquakes are not uniformly distributed as demon-
strated in Fig. 4.6. The number of reported earthquakes is slightly decreasing from year 2013 to
2014 but visibly increasing afterwards. During the study period, the region is highly character-
ized with earthquakes magnitude less than M1 4.0 and moderately dominated with magnitudes
in between Ml 4.0 to 5.0, while earthquakes with larger magnitude greater than Ml 5.0 are
rarely observed (Fig. 4.3). Results of earthquakes magnitudes distribution that make up of the
whole database for the period 2013 to 2016 are plotted within the range of local magnitude 1.3

to 6.2 (Fig. 4.3). The distributions of the intermediate magnitudes earthquakes for the whole
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years seem similar but variable for earthquakes with smaller magnitudes. Low magnitude events

Ml<3.0 are vastly reported in 2016, 2013 and 2015 but with few occurrences in 2014.

4.3.3 Hypocentral depths distribution

Majority of the hypocentral depths of the earthquakes within the EARS are found from the
upper crust (0-20 km) (e.g., Figs. 4.4 and 4.5) well in agreement with earlier observations (e.g.
Nyblade and Langston, 1995; Camelbeek and Iranga, 1996; Foster and Jackson, 1998; Brazier
et al., 2005; Albaric et al., 2009). On the other hand, hypocentral depths of earthquakes within
the lower crust (20-30 km) have been observed that is consistent with the results evidenced in
the previous studies (e. g., Foster and Jackson, 1998; Brazier et al., 2005; Mulibo and Nyblade,
2016; Asefa and Ayele, 2020) within the East African Rift System. However, relatively a few
earthquakes are found down to 35-45 km within the western and eastern branches of the EARS.
From Figures 4.4 and 4.5, it is evident that the hypocentral depths of the earthquakes considered
in the study time period vary from region to region in the East African Rift System which is
increasing from north to south. Earthquakes with shallow depths are observed in the Afar and
the main Ethiopian rift. Relatively deeper earthquakes observed in the western and eastern
branches of the EARS may reflect relatively larger effective elastic thickness in the southern
region of the EARS as compared to the northern part of the East African Rift System in the
Afar region and main Ethiopian rift. Some earthquakes which have relatively deep focal depths

were also observed by Lapins et al., (2020) in the central MER.
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Figure 4.4: Hypocentral depth versus Latitude of earthquakes for the time period 2013 to 2016.
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4.3.4 Frequency magnitude distribution

The magnitude of completeness is the magnitude increment at which the lower end of the FMD
departs from the linear trend in the log-lin plot (Fig. 4.7). The b-value is estimated using the
maximum likelihood method (Aki, 1965) from earthquakes catalog and a threshold magnitude of
Mec 3.0 is estimated in this study. An average b-value of ~1.01 and a-value of ~6.5 are estimated
for the whole region in this study (Fig. 4.7) with standard error of £0.16. The b-value can be
considered as an indicator of the stress condition (Scholz, 1968; Gibowicz, 1974; Henderson and
Main, 1992). In regions of relatively high b-values, stress is mostly released by numerous small
earthquakes.

For example relatively large b-values (1.0 to 2.5) are usually observed in regions with active
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Figure 4.6: Plot of the yearly and total number of earthquakes as a function of time. The left
vertical axis is the number of events per year. The right vertical axis is the total of events. The
result shows that the number of earthquakes decreases in 2014 but increase again in between
2015 to 2016.

volcanism where seismicity is associated with eruptions and magma movements (e.g., Karpin
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and Thurber, 1987). Alternatively, according to Mogi (1967), lower b-values between 0.5 and
1.0 are indicative of tectonic processes in non-volcanic areas. Therefore the obtained b-value
of ~1.01 (Fig. 4.7) is not significantly larger than the one set for tectonic earthquakes which
implies that high level of stress is dominating in the East African Rift System mostly released

by numerous small to intermediate tectonics earthquakes.
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Figure 4.7: Magnitude-frequency distribution of earthquakes in the study area for the catalog.
The b-value estimate for the whole region is 1.01 + 0.16 and a-value with ~6.5. Magnitude of
completeness (Mc) is the magnitude increment at which the lower end of the FMD departs from
the linear trend in the log-lin plot. In this study, a visual evaluation can lead to a correct estimate
of the completeness magnitude (Mc ~3.0). Circles represent the discrete (non-cumulative) and
the orange line the cumulative distributions of events.
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4.3.5 Seismic energy map

The variation of seismic energy released in the region has been calculated using earthquake
magnitude for the time window of 2013 to 2016. Dominant energy-release peaks are observed
at Afar region, eastern and western branches of the EARS (Fig. 4.8) which could have resulted
from either a few larger earthquakes or repeated earthquake sequences of intermediate shocks in
the areas than the others. The spatial seismic energy release during the time window considered
has revealed that the MER is connected to the eastern branch of the EARS that supports the

earthquakes distribution in the region.
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Figure 4.8: Variation of seismic energy released for the period 2013 to 2016 in the EARS.
Dominant energy peaks are observed in the Afar depression (AD), main Ethiopian rift (MER),
Southern-Sudan (SS), Northern eastern branch (NEB), eastern branch (EB) and western branch
(WB).



CHAPTER 5

Complex Tectonic Deformation in Circum-Tanzania
Craton: East African Rift System

5.1 Introduction

The Tanzania Craton, embedded in the Victoria microplate, is sandwiched between the eastern
and western branches of the East African Rift System (EARS) (Fig. 5.1; Calais et al., 2006b).
The eastern branch propagates southward through Kenya and into northern Tanzania, where
the rift zone splits into three segments, the Eyasi segment to the west, the Manyara segment in
the middle, and the Pangani segment to the east (e.g., Fig. 5.1; Ebinger, 1997; Foster et al.,
1997). The circum-Tanzania Craton has experienced enormous seismic activity (Iranga, 1992;
Zhao et al., 1997; Foster and Jackson, 1998; Langston et al., 2002; Weeraratne et al., 2003;
Kim et al., 2009; Yang and Chen, 2010; Albaric et al., 2010, 2014; Isola et al., 2014). The
area is marked by frequent occurrence of small to moderate magnitude earthquakes with rare
occurrence of strong events. In 2014 and 2016, the region was shaken by a series of earthquakes
that occurred near the margin of the Tanzania Craton. Several earthquakes were felt in 2014
in Manyara rift segment of Maminzi transverse fault zone including the main shock of Mw 5.2
followed by several aftershocks in the magnitude range of Ml 3.0 to 3.7. The magnitude Mw 5.2
event occurred in the northern Dodoma region on October 31¢, 2014 which was widely felt in
several places, though damage was minimal.

Large and moderate magnitude earthquakes in the East African Rift System are mainly confined
to the rift zones (Shudofsky, 1985; Iranga, 1992; Nyblade and Langston, 1995; Nyblade et al.,

1996). However, there were rare instrumentally recorded earthquakes known to occur in the
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Kagera region of the circum-Tanzania Craton which can be possibly due to longer return period
of large magnitude earthquakes and lack of station coverage for small magnitude earthquakes.
On September 10, 2016, an earthquake of magnitude Mw 5.7 rocked the western shore of Lake
Victoria, in Kagera region. This event was felt a few kms away from the western branch of the
East African Rift System and the tremors rippled as far as western Kenya, parts of Uganda, and
Rwanda. According to the assessment report prepared by a joint team composed of representa-
tives of the Tanzanian government, UN agencies, UNDAC (United Nations Disaster Assessment
and Coordination) team and members of the local and international organizations, 17 people
died and 440 people were injured. Furthermore, due to poor building construction practices
and low quality construction materials, the region suffered the most serious damage observed in
recent times. More than 2,500 houses were completely destroyed and more than 14,500 houses
were partially destroyed leaving people with no shelter while, more than 9,000 houses developed
minor cracks. According to the report, the earthquake had no major impact on the communi-
cation infrastructure including phone networks, roads and bridges.

Even though numerous studies have been conducted to analyze seismic activity and interpret
the associated tectonic deformation in the region (Foster and Jackson, 1998; Langston et al.,
2002; Mulibo and Nyblade, 2016; Weinstein et al., 2017), details of geodynamic working model
in the circum-Tanzania Craton remains poorly understood. Most of the previous works also
assessed focal mechanisms of earthquakes using P-wave first motion technique (Mulibo and Ny-
blade, 2016) which is often highly non-unique (Zahradnk et al., 2015) and has limitation due to
data paucity while others applied waveform inversion method from teleseismic data (Shudofsky,
1985; Foster and Jackson, 1998; Brazier et al., 2005). Over the past two decades several studies
used a moment tensor inversion method that retrieves reliable and detailed source parameters
of earthquakes (Delouis and Legrand, 1999; Kim et al., 2000) even using a three component
waveform data from a single station. Therefore, in this study, we apply moment tensor inver-
sion technique using regional waveform data to retrieve detailed source properties of selected

events of the 2014 and 2016 earthquake sequences that occurred in the circum-Tanzania Craton
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- ER Eyasi Rift
KR Kilembero Rift
© MTFZ Mamirzi Tranverse
Fault Zone
+ MR Manyara Rift
PR Pangani Rift
* RR Ruhuhu Rift
* Ub Ubendian Belt
- UB Usagaran Belt
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Figure 5.1: Regional tectonic map of the western and eastern branches of the East African
Rift System. The magenta loop shows outline of the Tanzania Craton. The Northern Tanzania
Divergence Zone (NTDZ) rift segments (Eyasi, Manyara and Pangani), and the mobile belts
surrounding the Tanzania Craton. The two black boxes show the study areas and green triangles
on the map are local and regional seismic stations while magenta triangles on the inset map show
the distant seismic stations used in this study. Solid black lines show major faults and geological
features. Major faults are from Le Gall et al., 2004. The purple dashed lines indicate the
boundaries of the Victoria and Ruvuma microplates (Stamps et al., 2008). Kinematics symbols
are from Saria at el., 2014; the blue arrows show predicted relative motions between plates;
numbers are velocities in mm/yr. Seismicity of the western and eastern branches of EARS with
body wave magnitudes in the range of Mb 1.2 to Mb 6.5 homogenized using regression analysis
for the time period of 1995 to 2013 compiled from the International Seismological Center (ISC)
catalogue. Different color circles (white, yellow and red) show the epicenters of earthquakes
where circle size is proportional to earthquake magnitude as shown in the legend.
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in order to shed light on the dynamics of the Victoria microplate.

5.2 Tectonic setting

For many years the East African Rift System (EARS) is considered as an incipient extensional
boundary between the Nubian and Somalia plates (Stamps et al., 2008, 2018) in which rifting is
resulted in splitting the African continent into the Nubian and Somalia plates. However, most
recently it was discovered that rifting in the EARS has created three recognized microplates:
Victoria, Ruvuma and Lwandle (Saria et al., 2014), which are separated by well-defined divergent
boundaries of the western and eastern branches of the EARS (Calais et al., 2006a; Stamps et
al., 2008; Saria et al., 2013).

The recent plate kinematic studies (Calais et al., 2006b; Stamps et al., 2008; Saria et al., 2013)
divided the regions between the Nubian and Somalia plates into the Victoria and Ruvuma
microplates (Saria et al., 2014) but Lwandle microplate has only been detected through space
geodesy. The Victoria plate is located in the western side of the eastern branch of EARS while
the Ruvuma microplate is located in southeastern Tanzania Craton and northern Mozambique.
Geodetic evidence (Fernandes et al., 2004; Calais et al., 2006b) indicates that the Victoria
and Ruvuma microplates are rotating in a counterclockwise and clockwise with respect to the
Nubian plate, respectively. Extension and magmatism are localizing in distinct of western and
eastern branches marking the edges of Victoria and Ruvuma microplates extension in East
African Rift System. The borders of the Victoria and Ruvuma microplates with the Nubian
plate to the west and Somalia plate to the east now represent the most seismically active zones.
Thus, the kinematics rotation of these two plates may control the tectonic deformation of the
region. The Victoria plate is surrounded by active rift structures with known seismic signatures.
Its geodynamic behavior in Cenozoic times is the result of continental rifting on an uplifted
East Africa plateau that encompasses relatively undisturbed Archean to early Palaeoproterozoic
terranes (Fernandes et al., 2013). Some of the earthquake focal mechanisms observed in this

study are generally consistent with the proposed counterclockwise rotation of the Victoria plate.
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The circum-Tanzania Craton of this study covers the major complex tectonic provinces of the
Victoria microplate and the portion of eastern branch of the EARS which is south of NTDZ.
The eastern branch has developed within the Mozambique Belt and partly along the eastern side
of the Tanzania Craton which is colder and stronger than surrounding Orogenic Belts (Ebinger,
1997; Delvaux, 2001; Weeraratne et al., 2003). The Tanzania Craton which is found within the
Victoria plate is underlain by a 170-250 km thick lithospheric keel (Weeraratne et al., 2003).
Rifting in a cratonic lithosphere is strongly controlled by several interacting processes such as
crust/mantle rheology, magmatism and stress regime (Plasman et al., 2017).

The eastern branch has N—S trend in northern Tanzania that forms NTDZ with several rift
segments propagating southwards (Le Gall et al., 2004; Macheyeki et al., 2008). Some of the rift
segments intersect the Tanzania Craton while others pass adjacent to the margin of the Craton.
The Eyasi and Manyara rifts intercept the Tanzania Craton (Fig. 5.1) where they are actively
opening and propagating through the development of a series of disconnected rift segments (Le
Gall et al., 2004; Macheyeki et al., 2008). The eastern branch provides impressive examples
of continental breakup with different direction of propagation southwards of the NTDZ within
the circum-Tanzania Craton. For example Mougenot et al., (1986) proposed the direction of
propagation along the Pangani rift across northeastern Tanzania, while others proposed the
direction of propagation through northern edge of Ruvuma plate then connected with Davies
Ridge offshore (O’'Donnell et al., 2013; Mulibo and Nyblade, 2016). However, Le Gall et al.,
(2004) suggested the southern link between the western and eastern branches along the margin of
the Tanzania Craton. The circum-Tanzania Craton is arguably one of the tectonically complex
regions due to its location in seismically active region and due its location at the boundary of
several major tectonic plates. In the region, some of structural features are associated with
faults and topographic lineaments trending in sub N—S, NNE—SSW and NE—SW to NW—-SE
directions (Le Gall et al., 2004).

Historically, seismic activity of the East African Rift System is mainly concentrated along the

western and eastern branches, and at the edges of the Victoria and Ruvuma microplates. The
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eastern branch of the EARS is characterized by earthquakes with shallower focal depths and
relatively active magmatism (Albaric et al., 2010) as compared to the western branch where
seismicity is featured by higher magnitude and deeper earthquakes (Yang and Chen, 2010;
Lindenfeld and Rimpker, 2011).

The particular tectonic provinces of the study areas are including the Kagera region located in
the northwestern corner of Tanzania Craton on the Victoria microplate. The September 2016
earthquake of magnitude Mw 5.7 has been rocked in this region. The region is a few kms away
from the western branch of the East African Rift System in eastern direction which is towards
the Lake Victoria (Fig. 5.1). The second part of the study area is the southeast margin of
the Tanzania Craton which is located within the nascent plate boundary between the Victoria
and Somalia plates. This region covers some portion of the Manyara-Dodoma rift segment
established in Macheyeki et al., (2008). Under this region we have considered two zones: the
first one is the northern Kodoa region, towards southern direction of the Lake Manyara region
in the eastern branch in which major faults and magmatism developed after ~7 Ma ( Mana
et al., 2012; Mana et al., 2015). The second zone is the northern Dodoma, which is part of
the Manyara-Dodoma rift segment established in (Macheyeki et al., 2008) towards the northern
Dodoma town. Currently, this zone is seismically active as indicated by the November Mb 5.5
mainshock (Yang and Chen, 2010), presence of numerous neotectonic features such as active
faults (Macheyeki et al., 2008) as well as active deformation as shown by GPS observations
(Saria et al., 2014). The seismic activity considered in this region is associated with the active

NW-—-SE trending Maminzi transverse fault zone.

5.3 Data and Methods

5.3.1 Data

A dense seismic station network is very important to determine earthquake locations and to de-
tect earthquake down to lower magnitude scales in the region where earthquake occurrence and

volcanic manifestation are common phenomena. A few numbers of permanent seismic stations
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are available in the circum-Tanzania Craton to capture regional earthquakes. However, a num-
ber of existing permanent seismic stations are not sufficient to study the detail seismic activity
of the region. Therefore, this study uses broadband seismic data from different sources. Thus,
the source properties of earthquakes in the region are investigated. Three-component waveform
data recorded on local, regional and distant seismic stations were combined from temporary and
permanent seismic stations in and around the study area (Fig. 5.1). Accordingly, earthquake
location and moment tensor inversion were performed using waveform data from various sources.
The first data source was from seismic stations installed between 12 January 2013 and 6 Decem-
ber 2014 in Tanzania. The network comprised STS-2, Gur-alp 3T and 40T, Trillium 120 sensors
with Reftek data loggers from IRIS-PASSCAL instrument pool. We used three-component
seismic data of these temporary seismic stations. The second data source was the perma-
nent AfricaArray networks. In this part we have used three-component seismic data from five
seismic stations. Along with the temporary and permanent AfricaArray seismic stations, three-
component seismic data have been used from eight permanent broadband seismic stations namely

ATD, FURI, LSZ, KMBO, MBAR, TSUM, LODK and KIBK.
5.3.2 Methods

5.3.3 Earthquake location

In this study, we located 10 earthquakes from P- and S-waves arrival times picked from waveform
data while the location of one event is adopted from the National Earthquake Information Center
(NEIC). From the total events, five earthquakes are considered in moment tensor inversion but
six events are aftershocks which are not considered in moment tensor inversion due to small
magnitudes which may difficult to compute inversion.

Four of 10 earthquakes have been reported by different agencies based on global velocity model,
however determination of earthquake parameters such as location and focal mechanism are
highly dependent on velocity model of the study area. Therefore, we relocated four events using

waveform data from local, regional and teleseismic broadband seismic stations using the local
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velocity model. The six aftershocks are located using waveform data from local and regional
broadband seismic stations.

During event location, P-wave onsets were initially identified on the vertical components of the
seismograms and S-wave arrivals were picked from horizontal components of the seismograms.
Event locations were determined using HYPOCENTER (Lienert and Havskov, 1995) program
that is incorporated in the SEISAN software (Ottemdller et al., 2015). We used 1-D velocity
model of Langston et al., 2002 for earthquake location using a minimum of waveform data from
six seismic stations. Events location was analyzed with errors of about 4.3 km and 5.8 km on
average in latitude and longitude respectively. For September 10, 2016 Kagera earthquake, the

NEIC location is adopted and used in the moment tensor inversion.

5.3.4 Local magnitude estimation

Waveform data obtained from seismic stations were used to measure the size of earthquakes. The
local magnitude earthquake was calculated by using empirical relation given below by Richter,

1935: Local magnitude was estimated using the formula developed by Keir et al., (2006),
My, =log(Awa) + 1.96997[09(%) +0.001066(r — 17) + 2, (5.3.1)

where Aw 4 is a maximum horizontal ground amplitudes zero to peak and r is the hypocentral
distance. The instrument responses are removed and convolved with Wood-Anderson instrument
response. We measured a maximum absolute value of the zero-to-peak amplitude from north-
south and east-west horizontal components of seismograms. An average of earthquake magnitude
estimation was carried out from the horizontal components of the seismograms. The results of

the estimated magnitudes for all earthquakes are listed on Table 5.1.

5.3.5 Moment tensor inversion

In seismology, characterizing seismic source process especially determining fault plane solutions

is one of the major research areas of interest. There are several techniques that can be used
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to retrieve fault mechanisms of local and regional earthquakes. Among the techniques, the P-
wave first-motion (polarities) reading is one of the most common and well established techniques
used to compute focal mechanism of earthquake in different studies (Snoke et al., 1984; Snoke,
2003). However, in this study we applied moment tensor inversion that efficiently reduces non-
uniqueness of the polarities solutions, as the source parameters including depth which better
characterizes the earthquake source and uses less number of stations (Delouis and Legrand, 1999;
Kim et al., 2000).

We applied Ichinose et al., (2014) code which is written based on Gilbert, (1971) approach used
to calculate the excitation of the normal modes of the earth due to particular earthquake source.
We used deviatoric moment tensor inversion (5 degrees of freedom) and we assumed that there is
no volume change (no isotropic component). We generated synthetic seismograms and compared
with observed waveform data where interactive inversion is conducted until a reasonable match
is found. In this method, a grid search is conducted until a reasonable waveform fit is achieved
between observed and synthetic seismograms. Due to small errors from origin time and location
of event, the generated synthetic seismograms are shifted relative to the observed for a few
seconds after or before the origin time. Long-period seismic waves were used because long-
period seismic waves are relatively not sensitive to the effects of lateral velocity and density
heterogeneities (Ritsema and Lay, 1995; Larson and Ekstrm, 2006) and stable source parameters
can be obtained.

Moment tensor inversion is computed using 1-D velocity model Langston et al., (2002) with
band-pass filtering in the range of 0.014-0.05 Hz. The solutions scheme for moment tensor
inversion is constrained to allow double couple and compensated linear vector dipoles (CLVD)
components. The solutions for the inversion were computed at 2 km depth increments. We
calculated the percentage of variance reduction, double couple, source mechanism and source
depth versus origin time. We selected our results that have the highest percentage of double
couple and variance reduction, and choose the depth at the best fit between observed and

synthetic seismograms. In some cases, when a good signal-to noise ratio waveform data are
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available only on a few seismic stations, a smaller number of seismic stations is required to
get a reasonable source parameter. In fact moment tensor inversion method could retrieve a
reliable source parameters even using a three component waveform of a single station (Delouis
and Legrand, 1999; Kim et al., 2000).

In the second part of moment tensor inversion, we applied Cesca et al., (2010) code for the
September 10, 2016 Kagera earthquake of magnitude Mw 5.7 to estimate source parameter of
the event. We used a mixed approach inversion both in time and frequency domains. Time traces
and spectra amplitude are fitted at the same time at regional distances. A set of information are
used for a better constraint of the source parameters, including the fit of amplitude spectra and
displacement phases. We generated synthetic seismograms both in time and frequency domain
and fitted synthetic seismograms with the observed seismograms using bandpass filtering of
0.015- 0.04 Hz in both cases. Generally, in the first and second moment tensor inversion methods
applied in this study, our solutions quality were determined by the goodness of the fit of synthetic
to the observed data. The reported Global Centroid Moment Tensor (GCMT) solution for focal
mechanism is used as a priori knowledge to validate our technique. Generally, as we applied
the moment tensor inversion, the value of variance reduction that determines the quality of our
result is higher for larger magnitude earthquake than for the lower magnitude earthquake might

be influenced by signal-to-noise ratio.

5.4 Results and Discussion

In this work, a total of 11 earthquakes (Table 5.1) that occurred in the circum-Tanzania Craton
were analyzed. Four of the 11 earthquakes felt in 2014 (Mw 4.1 to 5.2) that were reported
in the International Agencies are relocated by integrating phase readings from local, regional
and distant waveform data with good signal-to-noise ratios to reduce uncertainties. Of the 11
events, six are aftershocks of the 31%Y October 2014 main shock of magnitude Mw 5.2. The
magnitudes of aftershocks are too small to be reported by neither the NEIC nor the ISC. These

aftershocks are used for interpretation by incorporating with the trend of focal mechanism of the
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Table 5.1: Source parameters for selected five earthquakes felt in 2014 and 2016 which
are considered for the moment tensor inversion and associated aftershocks that occurred
in the circum-Tanzania Craton. The symbol * indicates aftershocks that are obtained in
this study.

Date Lat.(o) | Long.(o) | Strike(o) | Dip(o) | Rake(o) | Depth(km) | Magn.
28-01-2014 | -4.531 35.726 125,357 23,75 | -140,-72 16.0 Mw4.1
21-11-2014 | -4.50 36.039 158,355 32,59 | -104,-81 12.0 Mw4.2
31-10-2014 | -5.464 36.207 145,52 73,78 | -167,-18 16.0 Mw4.8
31-10-2014 | -5.402 35.914 154,153 69,64 | -157,-24 14.0 Mwb.2
31-10-2014* | -5.695 36.565 - - - 6.6 Ml3.2
31-10-2014* | -5.636 36.439 - - - 12.0 MI13.7
31-10-2014* | -5.379 35.811 - - - 8.0 MI13.6
31-10-2014x% | -5.575 35.845 - - - 12.0 MI3.0
31-10-2014* | -6.033 36.544 - - - 6.4 Ml3.4
31-10-2014x% | -5.442 35.837 - - - 5.6 MI3.0
10-09-2016 | -1.23 31.37 32,287 61,66 | -152,-32 20.9 Mwb.7

main shock. One of the 11 events is the 2016 Kagera earthquake of magnitude Mw 5.7 that was
strongly felt around the western shore region of Lake Victoria. There seems to be no aftershocks
with significant magnitude associated with the Kagera earthquake that could be recorded at
regional distances. In this study, except for the aftershocks the source parameters of each event
is computed from the moment tensor inversion. Accordingly, the moment tensor inversion has
revealed reliable source parameters as analyzed from the seismological data.

Ten of the 11 events are located within seismically active border of Tanzania Craton which is
near boundary between Victoria and Somalia plates, and within the eastern branch that as-
sociated to the portion that extends southwards from the North Tanzanian Divergence down
to the Dodoma region (the Manyara—Dodoma rift segment) (Macheyeki et al., 2008). Two of
the events of magnitude Mw 4.1 and 4.2 in the 2014 earthquake sequence considered in this
study occurred in northern Kondoa region in the highly segmented Manyara fault associated
with mainly N—S trending direction. The events of magnitude Mw 4.8 and Mw 5.2 are felt in
the northern Dodoma region with aftershocks distributed around the Maminzi transverse fault
zone that are aligned roughly along NW—SE direction.

The compiled epicenters of earthquakes from International Seismological Center database (Fig.
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5.1) show that the highest seismicity in the western and eastern branches of the East African
Rift System is confined in the rift axis and at rift margins (Nyblade and Langston, 1995; Albaric
et al., 2010; Lindenfeld and Riumpker, 2011). The results show a comprehensive small to large
magnitudes earthquakes. As we compare the two branches of the East African Rift System, the
western branch is featured by higher magnitude earthquakes (Fig. 5.1; Yang and Chen, 2010)
than the eastern branch. Majority of earthquakes in the eastern branch are distributed in the
NTDZ (Nyblade et al., 1996; Foster and Jackson, 1998; Albaric et al., 2010), encompassing the
Eyasi and Manyara rift segments with no much distribution of events in Pangani rift segment.
The portion of Manyara—Dodoma rift segment (Macheyeki et al., 2008) is seismically very ac-
tive. The region has relatively higher magnitudes as compared to northern Tanzania which
has high level of microseismicity. Majority of the earthquakes are distributed along a broad
N-—S trend, mainly between 35° and 36°. The compiled earthquakes show also the alignment
in NNE-trending at the northern Tanzania and the N—S trending in the Kondoa fault system.
Earthquakes distribution is also observed within the Tanzania Craton and near Lake Victoria.

All events analyzed in this study have focal depths varying from 5.6 to 26 km (Table 5.1). We
obtained the maximum depth of 26 km, while a maximum focal depth of 21.4 km was reported
by Mulibo and Nyblade, (2016) for 25/03/2011 event of magnitude MI 4.6 in which the focal
mechanism of the event has been computed using polarity reading in surrounding area.

The resulted focal depths distributions in this study are in agreement with previous studies in
the circum-Tanzania Craton (Nyblade and Langston, 1995; Nyblade et al., 1996; Zhao et al.,
1997; Langston et al., 2002; Brazier et al., 2005; Yang and Chen, 2010; Albaric et al., 2010,
2014; Mulibo and Nyblade, 2016). Several interpretation have been given for the presence of
deep crustal earthquakes depths that reported in East African Rift System (Keir et al., 2009;
Lindenfeld et al., 2012; Albaric et al., 2009, 2014; Weinstein et al., 2017). The presence of
relatively deep crustal earthquakes in the circum-Tanzania Craton of this study is interpreted to
be due the presence of relatively stronger and thicker lithosphere of the Tanzanian surrounding

orogenic belts (Weeraratne et al., 2003; Craig et al., 2011) as compared to other areas in the
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East African Rift System. The earthquakes are even generally deeper in the circum-Tanzania
Craton due to the presence of thicker and stronger lithosphere (Albaric et al., 2009; Albaric et
al., 2010) under the Tanzania Craton than in the northern part of the East African Rift System
in the Main Ethiopian rift and Afar region.

The well constrained moment tensor inversion we calculated in this study provided reliable fo-
cal depths and mechanisms for earthquakes considered. Our focal mechanism is very similar
to the Global Centroid Moment Tensor (GCMT) solution but our focal depths obtained from
moment tensor inversion for 4 earthquakes from 12 to 26 km for the magnitudes Mw 4.1-5.2
is deeper than the ones estimated by the GCMT solutions and ISC catalogue while the depth
estimate of Kagera earthquake in our study is 20.9 km which is shallower than the one obtained
by GCMT. Our results characterize the seismogenic deformation of the area in detail. Moment
tensor inversions have been done for five events using long-period seismic waves which provide
reliable estimates compared to P-wave first motion techniques. Reasonable good waveform fits
are obtained for the observed and synthetic seismograms and a sample of waveform fit between
generated synthetic and observed seismograms from the conducted inversion and the source pa-
rameters results for all events are summarized in Table 5.1. The inversion results are obtained at
maximum percentage of double couple and variance reduction, thus, the source parameters like
focal depth, seismic moment, moment magnitude, and strike, dip and rake angles are extracted
(Figs. 5.2; 5.3; 5.4; 5.5; 5.6; 5.7).

Our results indicate that the upper and deep crustal seismicity in the circum-Tanzania Craton
containing normal faulting oriented N—S and normal faulting with significant strike-slip oriented
NW-SE within cratonic margin and at the plate boundary. The focal mechanisms of earth-
quakes obtained in this study are interpreted in light of the regional tectonics (Fig. 5.1). For
ease of discussion, the studied events are grouped into three: (1) the northern Kondoa region,
which is south of Lake Manyara (Manyara rift segment); (2) the northern Dodoma region, a part
of the Maminzi transverse fault zone. The two regions are associated with the N—S trending

rift portion that extends southwards from the Northern Tanzania Divergence Zone down to the
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Figure 5.2: Percentage of variance reduction, double couple and source mechanism for
2014/10/31 earthquake with origin time 16:50:01.1 as a function of focal depth variations from
2 to 40 km. The optimal origin time shift is -1 s and preferred focal depth is 26 km. The size of
beach ball is proportional with the value of variance reduction (VR) and percentage of double
couple (DC) solution.
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Figure 5.3: Relative misfit versus focal depths of September 10, 2016 Kagera earthquake of
magnitude Mw 5.7 computed from moment tensor inversion. The best solution for focal depth
of the event has been chosen at the smallest misfit.
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Dodoma region (the Manyara-Dodoma rift segment) as described in Macheyeki et al., (2008).
(3) the Kagera region, a part of the western shore of Lake Victoria. The regions are explained

earlier under the tectonic setting part.

5.4.1 The Northern Kondoa region

There are two moderate size earthquakes of magnitudes Mw 4.1 and 4.2 which were felt in
northern Kondoa in 2014 and considered for the moment tensor inversion in this group. The
two events of the northern Kondoa region are interpreted to rupture along the N—S trending
fault system in the Manyara rift segment (Fig. 5.1). For earthquakes in this group, waveform
data are used from five and three broadband (three-component) seismic stations to compute
moment tensor inversion for Mw 4.1 and 4.2 earthquakes, respectively. The inversion result of
an earthquake of magnitude Mw 4.1 is obtained with the highest values of variance reduction
and percentage of double couple results (VR 73.6% and DC 98%), respectively. The respective
values of seismic moment and moment magnitude are 1.56E+22 (dyne*cm) and Mw 4.1. On
the other hand, the inversion result of the event with magnitude Mw 4.2 is obtained with the
highest values of variance reduction and percentage of double couple (VR 83.7% and DC 98.4%),
respectively. The values of seismic moment and moment magnitude are 2.72E+22 (dyne*cm)
and Mw 4.2. Good waveform fits are obtained between observed and synthetic seismograms at
focal depths of 16 and 12 km for earthquakes with magnitudes Mw 4.1 and 4.2, respectively, as
all are shown in Table 5.1.

The focal mechanisms of the two events of magnitude Mw 4.1 and 4.2 show normal faulting
related to the complex tectonic setting of the Northern Tanzania Divergence Zone (NDTZ)
consistent the south of Manyara rift segment. The focal mechanism of the Mw 4.1 earthquake is
possibly consistent with NNW—SSE trending to sub E-W extension of the eastern branch of the
East African Rift System and the focal mechanism of Mw 4.2 earthquake shows normal faulting
slightly with N—S trending under E—W eastern branch of the East African Rift System opening

(Fig. 5.8). The two focal mechanisms which have NNW—SSE and slightly N—S trending are
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consistent to the Kondoa faults at the north of Kondoa town which are assigned in the southern
part of the Lake Manyara in Macheyeki et al., (2008). The focal mechanisms result is in good
agreement with the previous results of Brazier et al., (2005); Macheyeki et al., (2008) in the
eastern branch of the East African rift system. However, focal mechanisms of earthquakes which
have trends in NNE—SSW and NE—SW trends which are consistent with some of the main faults

in the region have been reported (Albaric et al., 2014) but quite far from the current study which

is towards north direction of Kondoa region.
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Figure 5.5: Moment tensor inversion result for waveform fits of the observed (red lines) and
synthetic seismograms (black lines) displacement waveforms for the preferred focal mechanism
deduced at 26 km source depth. The epicentral distance (km) and azimuth (degree) of each
station is written above their trace. Z, R, T indicate vertical, radial and transverse components,

respectively.

5.4.2 Northern Dodoma region

Here we consider two earthquakes with magnitudes Mw 4.8 and 5.2 that were felt in 2014 for

moment tensor inversion. Aftershock distributions are also incorporated for interpretation. Four
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Figure 5.6: Moment tensor inversion in frequency domain for the 2016 Kagera earthquake with
magnitude Mw 5.7 for spectra amplitude fit. The panel is dedicated to spectra comparison
(red color is used for data, black for synthetics). Stations are sorted on the base of epicentral
distances, with station name, distance, azimuth and maximal amplitudes provided on the left
side. Up, RadAway, TraRight of each station is written above the fits of data and synthetics.
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Figure 5.7: Moment tensor inversion in time domain of 2016 Kagera earthquake with magnitude
Mw 5.7 for amplitude and phase fits. The panel is dedicated to waveform comparison (red color
is used for data, black for synthetics). Stations are sorted on the base of epicentral distances,
with station name, distance, azimuth and maximal amplitudes provided on the left side. Up,
RadAway, TraRight of each station is written above the fits of data and synthetics.
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broadband (three-component) seismic stations are used in inversion for each earthquake. The
inversion results for earthquake with magnitude Mw 4.8 are shown as example on Figs. 5.2, 5.4
and 5.5. The reliable source parameters are obtained by plotting the origin time of the event
versus depth, for depths range from 2 to 40 km (Figs. 5.2 and 5.4). The inversion revealed
reliable source parameters at focal depth of 26 km with -1 s time shift. Our results obtained
at the maximum values of variance reduction and percentage of double couple (VR 86.8% and
DC 98%) respectively. The seismic moment and moment magnitude obtained are 2.19 E+23
dynexcm and Mw 4.8. Similarly, inversion was performed for earthquake with magnitude Mw
5.2. The reliable source parameters of the event are obtained in the maximum values of variance
reduction and percentage of double couple (VR 87.2% and DC 98.5%) respectively. The seismic
moment value 7.0 E423 dynexcm and Mw 5.2 are obtained. A good waveform fit is obtained
between observed and synthetic seismograms at depths of 26 and 14 km for earthquakes with
magnitude Mw 4.8 and 5.2 respectively, as results are shown in (Table 5.1).

We interpreted focal mechanisms of the two earthquakes in the region by considering the tectonic
setting of the region associated with the distribution of aftershocks of the 2002 Mb 5.5 and the
2014 Mw 5.2 sequences felt in the northern Dodoma region (Fig. 5.8). The region is currently
tectonically active as indicated by November 2002 Mb 5.5 earthquake (Yang and Chen, 2010) and
the presence of numerous neotectonic features such as the presence of open fractures (Macheyeki
et al., 2008). Current kinematics analysis of GPS observations (Saria et al., 2014) also show that
the region is active. In the region several moderate magnitude earthquakes have been reported.
For example the November 4, 2002, an earthquake of Mb 5.5 struck the northern Dodoma area
(Macheyeki et al., 2008). On the other hand, in 2014 earthquakes of Mw 4.8 and Mw 5.2 followed
by several aftershocks of this study were felt in the region. An earthquake of magnitude Mw 5.2
event struck the Dodoma region on October 315, 2014 which was widely felt in several places,
though damage was minimal. Therefore, this area is located in seismically very active region
but the region has not attracted much attention to seismologists (Macheyeki et al., 2008), hence

the estimation of reliable source parameters and the details interpretation of earthquakes in the
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region are very crucial. The two Mw 4.8 and 5.2 earthquakes are initiated nearly in the same
area with the 2002 Mb 5.5 mainshock (Macheyeki et al., 2008; Yang and Chen, 2010). The main
shocks distribution of this study, in the northern Dodoma region are along a broad alignment
along the NW—SE similar trend with the aftershocks of the November 4, 2002 Mb 5.5 and the
October 31, 2014 Mw 5.2 sequences (Fig. 5.8). The spatial distribution of the aftershocks of
Mb 5.5 and Mw 5.2 have similar alignment along NW—SE.

The fault plane solutions of the 2014 earthquakes with magnitude Mw 4.8 and 5.2 computed
from moment tensor inversion of this study show normal faulting with significant strike-slip or
oblique slip components. The slip directions are oriented in NW—SE and NE—SW depending
on which nodal planes chosen as a fault plane. The NE—SW nodal plane is chosen as auxiliary
plane that has no structural significance on the area, whereas the nodal plane along NW—SE
trend is chosen as fault plane which pursuit with the distribution pattern of aftershocks of the
2002 Mb 5.5 and 2014 Mw 5.2 sequences. The mechanisms interpretation of these two events
emphasis that the study area is dominated by N-S oriented normal faults and NW—SE oriented
strike-slip which is in agreement of the counterclockwise rotation of Victoria microplate relative
to Somalia plate (Calais et al., 2006b; Déprez et al., 2013; Saria et al., 2013, 2014; Stamps
et al., 2008, 2018). Therefore, the mechanisms of these events indicate a complicated stress
pattern with possible sense of dextral strike-slip motion. From the aftershocks distribution and
source mechanisms, we confirm and illustrate that rift faulting and active deformation ongoing
in the northern Dodoma region, probably resulted from the counterclockwise rotation of Victoria

microplate within the circum-Tanzania Craton.

5.4.3 Kagera region

There is only one earthquake considered for the moment tensor inversion in this group. For
this particular event of magnitude Mw 5.7, we used waveform data from four broadband (three-
component) seismic stations for inversion both in time and frequency domains. Reliable source

parameters have been obtained for the 2016 Kagera earthquake of magnitude Mw 5.7 that felt



84

Figure 5.8: Plots of five earthquakes fault plane solutions determined in this study and previous
studies. The red and white beach balls are mechanisms of earthquakes from moment tensor
inversion of this study, black and white beach balls are mechanisms from Brazier et al., (2005);
Mulibo and Nyblade, (2016); Weinstein et al., (2017) and GCMT solutions, while the blue and
white is mechanism of the 2002 Mb 5.5 main shock (Yang and Chen, 2010). The size of beach
ball is proportional to the magnitude of earthquake. Color coded circles show the epicenters of
the four earthquakes that felt in 2014 (red), the 2016 Kagera earthquake (blue) and aftershocks
of Mw 5.2 and Mb 5.5 (black) sequences. The purple dashed lines indicate the boundaries of the
Victoria microplate (Stamps et al., 2008). The blue vectors represent surface motion velocities
in mm/yr (Saria at el., 2014). Blue stars: the two major towns of Tanzania.
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in Kagera region at good spectra amplitude fit between observed and synthetic seismograms.
We obtained good amplitude and phase fits (Figs. 5.6 and 5.7) between observed and synthetic
seismograms. Seismic moment (MO0 4.91E+420 dyne*cm), moment magnitude (Mw 5.7) and focal
depth (20.9 km) have been obtained (Table 5.1). The well-constrained focal source depth of this
event shows a shallow oblique faulting within the thick lithosphere in the eastern branch (Ny-
blade and Langston, 1995; Mulibo and Nyblade, 2009; Yang and Chen, 2010). There were few
instrumentally recorded earthquakes occur in the Kagera region of the circum-Tanzania Craton
which can be possibly due to longer return period of large magnitude earthquakes and lack of
station coverage to capture small magnitude earthquakes. Thus, earthquakes focal depths in the
region have been not well-studied and the detail source parameters reported from the previous
studies not available. Even different focal depths have been reported by several agencies for
this earthquake of magnitude Mw 5.7. Therefore, the reliable source depth result of this study
might be improving various confusing results reported by several agencies and might be used as
an input for future study.

In the surrounding of circum-Tanzania Craton a combination of normal and strike-slip faulting
with sinistral motion have been observed along the boundary between the Victoria and Ru-
vuma microplates (Mulibo and Nyblade, 2016) which are resulted from the clockwise rotation
of the Ruvuma microplate (Calais et al., 2006a, 2008; Stamps et al., 2008; Saria et al., 2013,
2014). On the other hand, focal mechanisms of earthquakes with left and right-lateral strike-slip
were observed from stress inversions (Delvaux and Barth, 2010) in the western branch of East
African Rift System. Therefore, the 2016 earthquake in Kagera region with magnitude Mw
5.7 of this study likely resulted from the counterclockwise rotation of the Victoria microplate
relative to Nubian plate with dominantly normal faulting with strike- slip component (Fig. 5.8).
The focal mechanism result indicates a complicated stress pattern with the two nodal planes
oriented NNE—SSW and WNW-—ESE. The nodal plane oriented along NNE—SSW possibly
chosen as auxiliary plane, whereas striking along WNW—ESE direction with possible dextral

sense of motion is chosen as fault plane which might be consistent to counterclockwise rotation
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of the Victoria microplate (Saria et al., 2013, 2014) and regional tectonic setting of the area.
Thus, focal mechanism of this earthquake shows dominantly normal faulting with strike-slip
component in WNW—ESE trending with the dextral sense of motion. The interpreted fault
orientation for the Kagera earthquake seems to agree with macroseismic information and after-
shock distribution which were recorded by seismic stations deployed immediately after the main
shock (Mulibo, 2019) where macroseismic orientation might be influenced by site effects while
the aftershock distribution is too far to claim association.

Most of the previous studies about the present-day tectonic stress in the Northern Tanzania
Divergence Zone to Dodoma have been studied by using earthquakes focal mechanisms that
are available from different sources (e.g., Harvard Centroid Moment Tensor catalogue; Brazier
et al., 2005). However, the available focal mechanisms of earthquakes in the region are might
be not sufficient to study the details of the tectonic stress of the region. Therefore, the well
estimated results of focal mechanisms of this study might be used as an input for further study.
Furthermore, from the seismicity distribution and moment tensor inversion results, this study
confirms that the tectonically deformed of the circum-Tanzania Craton seems to be seismically
very active. Even though few earthquakes are analyzed, the focal mechanisms and the trend of
aftershocks distribution may indicate the propagation direction of the eastern branch is south-
easterly along the northern boundary of the Ruvuma microplate towards the coast (O’Donnell
et al., 2013; Mulibo and Nyblade, 2016). It's also possible for the southern link between the
eastern and western branches of the EARS to the southeast of the Tanzania Craton along the

Maminzi transverse fault zone, Kilombero and Ruhuhu rifts (Le Gall et al., 2004).



CHAPTER 6

Deep Rupture Process of the 3™ of April, 2017
Botswana Earthquake

6.1 Introduction

The African continent is a tectonic plate with diverse geological domains that include seismically
active and aseismic regions where the seismic activity is mainly characterized by earthquakes
with shallow depths of 0-70 km (Adagunodo et al., 2018). The part of the continent, the East
African Rift System (EARS) has been the site of occurrence of small to large magnitude earth-
quakes for many years (Shudofsky, 1985; Nyblade and Langston, 1995; Nyblade et al., 1996;
Foster and Jackson, 1998; Langston et al., 2002; Weeraratne et al., 2003; Kim et al., 2009; Yang
and Chen, 2010; Albaric et al., 2010, 2014; Ayele et al., 2007, 2016; Isola et al., 2014). In
particular the Botswana region has been the site of several small to moderate earthquakes (Fig.
6.1; Nthaba et al., 2018) with different tectonic settings (Figs. 6.1 and 6.2). The April 3, 2017
Botswana earthquake of magnitude Mw 6.5 has occurred within the Paleoprotozoic Limpopo
Orogenic Belt, a tectonic area involves a collisional suture between the Kaapvaal and Zimbabwe
Cratons (Khoza et al., 2013), which is a region of geologic province with historically low seismic
activity (Stamps et al., 2014).

The April 3, 2017 Botswana earthquake struck central Botswana and the shaking was felt in
different neighboring countries with Modified Mercalli intensities of VI (Midzi et al., 2018) was
estimated. The event is unique and drew attention as its occurrence is quite far from the fre-
quent locations of earthquakes in the EARS over a period of time. Major historical earthquakes

recorded in Botswana are mainly located north of the April 3, 2017 Botswana main shock near
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Okavango Delta Region (ODR) where the young arm of the EARS is developing and thought to

be an incipient rift (Modisi, 2000). Previously, the region has been rocked by the 11¢"

of Septem-
ber and 11** of October 1952 earthquakes with magnitudes are of 6.1 and 6.7 ML (Nthaba et
al., 2018), respectively.

The April 3, 2017 Botswana earthquake has been investigated in many studies using various
methods which ended with different interpretations. The geometric and kinematic characteris-
tics of the causative fault were estimated from the modeling of Sentinel-1 InSAR interferograms
and the best-fit solution for the main shock was represented by a normal fault located at a
depth greater than 20 km and classified the event as a natural intra-plate earthquake (Albano
et al., 2017). Gardonio et al., (2018) proposed a reservoir of elastic stress that can be released
episodically, as a result of deep fluid migration for the event at the depth of 29 4+ 4 km, likely
requires a transient pulse of fluids from a deep source to activate brittle faulting. On the other
hand, Moorkamp et al., (2019) suggested the event may be a sign of future activity, controlled
by the collocation of a weak upper mantle and a weak crustal structure using a result of an
integrated geophysical study. Moreover, Materna et al., (2019) attempted to generate synthetic
waveforms in the time domain from teleseismic broadband waveform, and suggested that the
event appears to have occurred in an ancient zone of weakness.

Earthquake source characterization is challenging due to poor understood earthquake source
investigation in the Botswana region. Studying such a large earthquake of the 3t April, 2017
of Mw 6.5 Botswana earthquake may help to refine estimates of source parameters and expand
our understanding of a reliable hypocentral depth of the event in a region where present-day
deformation is believed to be negligible, which implies unusually deeper hypocentral depth. The
April 3, 2017 Botswana earthquake is relatively deep which has never been observed before in
the earthquake history of the region. An accurate hypocentral depth estimation of an earth-
quake is a critical parameter for understanding the tectonics and evaluating earthquake hazards
of a region in the context of the occurrence of great earthquake. However, hypocentral depth

estimation of an earthquake is usually the most difficult to nail down with great accuracy. Thus,
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techniques used in order to determine earthquakes depths (Maggi et al., 2000) should be im-
proved. Therefore, the main purpose of this effort is to obtain reliable source parameters of
the April 3, 2017 Botswana main shock using a mixed approach moment tensor inversion. The
result of this study will provide a base for earthquake disaster risk reduction research potential
involving assessment for the future damaging earthquake to contribute in the minimization of
loss of human life, property damage, and economic disruption attributable to earthquakes in the

region.

Figure 6.1: Seismicity of the Botswana with (earthquake magnitudes in the range of 0.5 to 6.8)
for the time period 2000 to 2017 compiled from the ISC catalog. The region is dominated by
lower magnitude earthquakes within the range of 0.5 to 3.0 and the southern part of the study
area is seismically active as compared to the other parts of the region. Different color circles
(black, yellow and red) show the epicenters of earthquakes where circle size is proportional to
earthquake magnitude as shown in the legend. The large blue circle is the location of the April
3, 2017 Botswana main shock. The magenta box on the map shows the study area.
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6.2 Geological and tectonic setting

The EARS propagates southward direction through Ethiopia (Beyene and Abdelsalam, 2005)
then forms two main rifts; the eastern and western branches. Furthermore, the third branch of
the EARS which is called the southwestern branch (e.g., Girdler, 1973; Chapman and Pollack,
1974; Ballard et al., 1987; Modisi, 2000; Scholz and Koczynski, 2007; Mosley et al., 2012)
propagates towards southwest direction in Botswana. It’s NE—SW trending faults have similar
orientation with Lake Kariba (Figs. 6.1) and the localized seismic activity led many authors since
the late 1960’s to be considered as the final extension of the EARS. Therefore, the southwestern
branch of the EARS is believed to be as an incipient rifting zone (Modisi, 2000; Scholz and
Koczynski, 2007; Mosley et al., 2012).

The basement of the Botswana geology is dominated by complex tectonic inheritance of early
Archean Cratonic blocks and Belts (Fig. 6.2). The well-known three major Cratons are the
Congo, Zimbabwe and the Kaapvaal Cratons. Thus, the diverse tectonic features of the region
encompasses the Kaapvaal, Zimbabwe and the Congo Cratons (Fadel et al., 2018) with several
mobile belts found in the region; the Limpopo, Magondi, and Damara Belts (Key and Ayres,
2000). The main provinces of the ORZ and the current study area are sandwiched between
the Neoproterozoic Congo Craton to the northwest (Yu et al., 2015), the Kaapvaal Craton in
the south, and Zimbabwe Craton in the east—southeast (Fig. 6.2.; Kinabo et al., 2008; Begg
et al., 2009) respectively. Most of the Botswana region is dominated by the basement rocks
of the Kaapvaal and Zimbabwe Cratons that are extending in the east and southeast with
metamorphic rocks of Archaean age and Limpopo Belt (McCourt et al., 2004). The collision
between the Kaapvaal and Zimbabwe Cratons during late Archean caused dominant planar
surface along the Limpopo Belt (Roering et al., 1992). The Limpopo Paleoproterozoic orogenic
Belt encloses a lithospheric scale suture zone resulted from the collision of these two Cratons.
It's a Neoarchean orogenic belt which has a width of 250 km and 600 km length that located

between, the Zimbabwe Craton to the north and the Kaapvaal Craton to the south (Ranganai
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et al. 2002).

The current study also focuses on the April 3, 2017 Botswana earthquake of Mw 6.5 that has
occured within the Paleoprozoic Limpopo Orogenic Belt (Fig. 6.2). The Cratonic margins
and some intra-cratonic domains boundaries may have a major role in the tectonics of the
region. Boundaries may have localized successive cycles of extension, rifting, and the ongoing
development of the East African Rift. On the other hand, uplift topographic feature of the region
has been affected by African Superswell (Brandt et al., 2012). Thus, the African Superswell is
responsible for the cratonic movement resulted in the formation of southern African tectonic
region with the major axis in Botswana and Zimbabwe (Begg et al., 2009).

The southwestern branch of the EARS and Botswana region are one of the least studied areas in
the African continent as compared to the other parts of regions with diverse tectonic features and
several mobile belts which may the cause of earthquakes in the region. Earthquake distributions
can be found in several parts of the region mainly in the mobile belt area like ODR. The
historical earthquakes of 1952 were occurred within the Okavango Rift Zone at the end of the
southwestern branch of the East African Rift System (Modisi, 2000). A relatively high level of
seismicity distribution within the Okavango Rift Zone suggests rifting in the Bostawana is due
to the extension of the EARS. The initiation and early-stage development of the rift are mostly
due to lithospheric stretching resulted from the relative motion between the Archean Congo and
Kalahari cratons along preexisting ancient orogenic zones (Yu et al., 2016).

Majority of the largest earthquakes in the African continent are concentrated towards the nearest
tectonic plate boundary where the continent is pulling apart due to the EARS. Botswana region
does not show any strong earthquakes in instrumented history, the clustering of small magnitude
events in the Okavango Delta has led to speculation of an incipient rift in the ORZ (Leseane et
al., 2015) which may represent the southwestern continuation of the EARS (Fadel et al., 2018).
However, the April 3, 2017 Botswana main shock shows a resulted earthquake from normal
fault pulling apart roughly in NE-SW direction which is unique from trends of earthquakes focal

mechanims within the East African Rift System.
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Figure 6.2: An overview of the tectonic and geologic map of Botswana and its surroundings.
The epicentral location of the April 3, 2017 Botswana earthquake of Mw 6.5 is shown by red
asterisk. Black lines represent the tectonic boundaries from Fadel et al., (2018) modified after
Singletary et al. (2003) and McCourt et al., (2013). Geologic map of Archean Cratons and
Proterozoic Orogenic Belts in Botswana and surroundings are after Leseane et al., (2015).

6.3 Data and Method

In this study three-component broadband waveform data and instrument response information
were obtained from the Data Management Center of the Incorporated Research Institutions for
Seismology (IRIS DMC) for all of the stations at regional distances which successfully recorded

the April 3, 2017 Botswana earthquake. We selected six broadband seismic stations with high
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quality waveform data (e.g., Fig. 6.3) located at various azimuths and distances from the source.
We applied the approach developed by Cesca et al., (2010) to estimate source parameters of the
April 3, 2017 Botswana earthquake of magnitude Mw 6.5. We used moment tensor inversion in
both frequency and time domains. To illustrate the approach, we used a combined fit of am-
plitude spectra and phases at regional distances. We generated synthetic seismograms in both
time and frequency domain and compared to the observed seismograms. The reliable source
parameters of the event were extracted at the best fits between synthetic and waveform data
using the bandpass filtering range from 0.02 to 0.05 Hz. We calculated our uncertainty with an
error misfit of L2 norm which is equal to sqrt((d—s)**2), where d are data and s are synthetics.
For amplitude spectra inversion, we used regional waveforms and applied bandpass filtering to
waveform data to fit amplitude spectra, instead of the classical one in the time domain. An
amplitude spectra inversion has advantages than in the time domain inversion (Dahm et al.,
1999; Cesca et al., 2006). This technique is less sensitive to a precise trace alignment and phase
shifting owing to mismodeling of the crustal structure (Cesca et al., 2010) and it is very helpful
to serach more precise source depth estimation because in the inversion procedure the fitted
result is only amplitude spectra. In the time domain inversion, we used the same bandpass
filtering range as for the amplitude spectra inversion. Both the amplitude and phase fits of the
seismograms have been considered in this inversion technique. After the inversions, the values of
strike, dip, rake, and hypocentral depth are estimated. Two indicators were identified and con-
sidered in an evaluation of the quality of solutions. The first indicator was the misfit value that
reflects the quality of the solutions. The best solution of the inversion assumed to be the lowest
misfit. The second indicator was relative misfit curves for strike, dip and rake perturbations.
This stability indicator prefers solutions, for which a common perturbation of strike, dip or rake
angles will induce a major variation of the misfit values. An example of the three-component
waveform data recorded on seismic station SOE that were used in the inversion for the April 3,

2017 Botswana earthquake of magnitude Mw 6.5 is plotted in Figure 6.3.
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Figure 6.3: Seismograms of the April 3, 2017 Botswana main shock recorded at SOE seismic
station. a) The raw data for three-component seismograms. b) The three-component seis-
mograms filtered at bandpass filtering range from 0.02 to 0.05 Hz (after instrument response
removed) which are used in inversions. E, N, Z indicate (E-W), (N-S) and vertical components

respectively.

6.4 Results

After conducting the moment tensor inversion for the April 3, 2017 Botswana earthquake, the
hypocentral depth, which is of 38.4 km, has been estimated with an error misfit of 0.296 (L2
norm misfit sense). The moment magnitude of Mw 6.5 was estimated for the event which is
consistent with the magnitude estimated by the Global CMT Mw 6.5 solution. The extensional
normal fault plane solution is obtained from the inversion in both frequency and time domains.
A good waveform fit is obtained for the observed and synthetic seismograms in both inversion

techniques (Figs. 6.4 and 6.5). The extracted source parameters are shown in Figs. 6.6; 6.7.
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Figure 6.4: Regional waveform fits of the April 3, 2017 Botswana main shock using moment
tensor inversion in the time domain. The panel is dedicated to waveform comparison (the red
color is for data, black is for synthetics). Stations are sorted according to epicentral distances,
with station name, distance, azimuth and maximal amplitudes provided on the left side.
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Figure 6.5: Spectra amplitude fits of the April 3, 2017 Botswana main shock using moment
tensor inversion in frequency domain. The panel is dedicated to spectra comparison (the red
color is for data, black is for synthetics). Stations are sorted based on epicentral distances, with
station name, distance, azimuth and maximal amplitudes provided on the left side.
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6.5 Discussion

The over all distribution of aftershocks (Fig. 6.8) of the April 3, 2017 Botswana earthquake
roughly show NW—SE trending, consistent with the trend of the focal mechanism of the main
shock (purely normal faulting) with extension. The southward propagation of the EARS extends
to the southwest into Botswana where it forms a southwestern branch (Modisi, 2000) towards
the ORZ and weakness zones initiate strain, when coupled with favorable plate kinematics can

lead to continental break-up.
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Figure 6.6: The relative misfits (illustrate how our misfit increases when we perturb one single
parameter) versus Strike, Dip and Rake angles for the fault plane solution estimated using
moment tensor inversion and obtained at a hypocentral depth of 38.4 km. The bold black dots
represent the values at which the three angles are selected from the minimum variance.
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Figure 6.7: Relative misfits versus hypocentral depths of the April 3, 2017 Botswana earthquake
of magnitude Mw 6.5 computed from the moment tensor inversions. The best solution has been
chosen at smallest misfit for the hypocentral depth (38.4 km).

Thus, the ORZ contains a rift related faults and a zone of extensional faults (Kinabo, 2007) that
might be responsible for seismicity of the region. On the other hand, the low velocity anomaly
observed at the upper mantle beneath the EARS (Adams et al., 2012) seems to affect the crust

through weak low velocity zones at the Okavango Rift Zone and the border of the Kaapvaal
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Craton.

Therefore, we believe that the extension of the East African Rift System until the border of the
Kaapvaal Craton (Yu et al., 2016) might be the cause for the occurrence of the large April 3,
2017 Botswana earthquake of magnitude 6.5 Mw with its NE—SW extensional focal mechanism.
The well-constrained hypocentral depth of the event is estimated to be at 38.4 km, near the
lower crust and the upper mantle boundary. The source is reflecting relatively a deep hypocentral
depth that is rare in the occurrence of earthquakes in the EARS. In a previous study Moorkamp
et al., (2019) suggests the crustal and mantle weak zones control seismicity of the 2017 Botswana
earthquake sequence using the result of geophysical evidence. The Okavango Rift Zone is at the
developmental stage of continental rifts in which the pre-existing rift structures are strongly
controlling the linking rift basins (Ring, 1994). Therefore, a relatively deep hypocentral depth
of this study may suggest the reactivation of pre-existing NW—SE trending geological structure
or from the early rift faults within the stress region during rift initiation beneath the area.

On the other hand, most of large magnitude earthquakes occur at plate boundaries where
a stress and strain concentration is believed to pose a significant threat to human lives and
infrastructure. However, quite a low value of maximum intensity values of VI (according to
the Modified Mercalli Intensity scale) was estimated, but the epicentral region is expected in a
national park which is sparsely populated (Midzi et al., 2018). But here, we present a striking
feature of the event is its deep depth that suggests the event may be a sign of future activity.
Therefore, we believe that the hypocentaral deep is from a weak upper mantle and weak lower
crust that might be a reason for low intensity value. Our suggestion may supports a hypothesis
of the fluid leaks from the upper mantle have triggered the event (Gardonio et al., 2018), as the
lower crust thickness of the area is around 35 km thick (Tedla et al., 2011; Youssof et al., 2013).
The Mw 6.5 Botswana earthquake is one of the largest instrumentally recorded events within
the Botswana territory, though the event caused little to no damage, but its effect was felt over

a wide area, might be due to the deep hypocentral source of the event.
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Figure 6.8: Focal mechanism of the April 3, 2017 Botswana main shock (black and white color
beach ball) and its aftershocks distribution. The white dot represents the location of main shock
and magenta dots represent the epicenter location of aftershocks. The blue triangles represent
the seismic stations used and the blue star is the location of historical earthquakes of the 11"
of September and 11*" of October 1952 earthquakes with magnitudes of 6.1 and 6.7 ML. The
red and white beach ball is the focal mechanism for 2017 Botswana main shock from GCMT
solution while pink and white are for some earthquakes from GCMT solutions. Broken red lines
represent the fault system of the Okavango Rift Zone (ORZ) and Southwestern Branch, ODR
represents Okavango Delta Region modified from Kinabo, (2007). Heavy black lines represent
plate boundaries modified from Bird, (2003). Inset map shows the study area.



CHAPTER 7

Conclusions and Recommendation

The current study focuses on the recent seismicity for the period 2013 to 2016 and rupture
process of some selected earthquakes across the different tectonics regimes of the EARS. The
seismically and volcanically active area of the EARS drew an interest on several researchers to
conduct research on the current understanding of the seismic activity of the region. Currently,
the region is a characterized by earthquake sequences and demonstrated by several seismic crisis
from time to time. The region is located in seismically active areas and a site of a few large
magnitude earthquakes, the systematic way of detecting the occurrence of earthquakes down to
lower magnitude and determination of source parameters of regional earthquakes are generally
poorly understand due to sparsely distributed seismic networks and owing to lack of the proper
techniques used in the region. In addition, a gap in the International database suggests a need
for a further investigation to show a clear seismicity picture of the region.

Therefore, in this dissertation we combined earthquakes waveform data from permanent seismic
networks, AfricaArray networks, local permanent seismic networks (Ethiopian Seismic Network)
and some temporary seismic networks deployed in the region to improve our current understand-
ing of seismic activity and the source parameters of earthquakes in the region. We analyzed
earthquake location from phase picking of P-and S-wave arrival times recorded on three or more
seismic stations with a reasonable error. In this investigation different works have been organized
in different chapters and concepts, mainly the results of chapter four to chapter six. Chapter
four is submitted for publication and under review, chapter five is already published and chapter

six is accepted after revision.
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In this investigation three different works have been conducted. In the first part of the the-
sis, we have tried to investigate the recent seismicity of the EARS (Afar, main Ethiopian rift,
Southern-Sudan, western and eastern branches) for the period of 2013 to 2016. Spatial and
temporal distribution of earthquakes in the EARS has been investigated for the years 2013 to
2016. The part of the EARS which is considered in this study have small to moderate magni-
tudes earthquakes MI 1.3 to 6.2. Seismicity of the region is concentrated along active spreading
rift segments and active faults. A relatively high level of seismicity has been obtained in this
study compared to the International Seismological Centre catalogue database for the same time
period which implies the region is seismically more active than we thought. This might be due
to the recently expanded network and good monitoring system used in this study. Results of
this study could be handy in an attempt to achieve a better picture of seismicity of the EARS
and probably has a positive contribution towards hazard mitigation of the region for the future
works.

In addition to the rift floor, the rift margins and the surroundings plateaus are found to be
seismically active. It has been observed that certain rift segments are characterized with higher
seismic activity. For example the western and eastern branches of the East African Rift Sys-
tem are experiencing the most seismic activity of the EARS for the time period considered.
The spatial earthquakes distribution in the time window considered has revealed that the main
Ethiopian rift is structurally connected to the eastern branch of the East African Rift System
but southwards of the Northern Tanzania Divergence Zone, it is difficult to suggest the direction
of propagation of the eastern branch. In addition, the spatial earthquakes distribution seems to
mark the structural connection of the southern-Sudan with western branch of the EARS.

The local and regional seismic networks used in this study revealed threshold magnitude com-
pleteness of Mc 3.0 for the region which is the minimum value that has never been observed
previously for such large area. Thus, this value indicates that completeness of the catalog for

the time period 2013 to 2016 is more refined than the previous studies for such large area of
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the EARS. The frequency-magnitude distribution of earthquakes during this study period pro-
vided an average b- and a -values of ~1.01 and ~6.5, respectively. The relatively lower b-
value obtained during the study period may suggest relatively high stress with tectonic origin
of earthquakes occurrence dominating the region.

The seismic energy mapping of the region has provided the peaks seismic energy release at Afar,
eastern and western branches of the East African Rift System. In addition, the spatial distri-
bution of energy mapping has revealed that the MER is structurally connected to the eastern
branch of the EARS which is consistent to earthquakes distribution within the region. For
the time period considered in this study, the hypocentral depth of earthquakes is shallower in
the Afar and MER than the eastern and western branches of the EARS. This may due to the
presence of the thicker seismological lithosphere at the southern part of the EARS (eastern and
western branches) than the northern parts of EARS such as the main Ethiopian rift and the
Afar region.

In the second part of this thesis, we have investigated the complex tectonic deformation of the
circum-Tanzania Craton by analyzing the earthquakes that occurred within the region. The
source parameters for the selected earthquakes have been investigated using moment tensor
inversion. The study was mainly focused on ongoing active tectonic deformation in the circum-
Tanzania Craton of the EARS namely, northern Kondoa, northern Dodoma and Kagera regions.
The regions are demonstrated by the seismic crisis of Mb 5.5 and Mw 5.2 in northern Dodoma in
2002 and in 2014, and the seismic crisis of Mw 5.7 in Kagera region in 2016. The regions are lo-
cated in seismically very active areas and a site of a few large magnitude earthquakes. The source
parameters (depths, focal mechanisms), the current deformation associated to earthquakes and
the current deformation in relationship with dynamic change of Victoria plate rotation are gen-
erally poorly understood owing to the lack of the proper techniques such as moment tensor
inversion. Even the source parameters of earthquakes in the regions were widely obtained from
P-wave first motion polarities which are often highly non-unique. Here, we investigated the de-

tails of the source parameters of the selected 2014 and 2016 earthquake sequences of the study
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region using moment tensor inversion.

The selected fault plane solution has been generally in agreement with the Global Centroid Mo-
ment Tensor (GCMT) solution but our depth estimates range from 12 to 26 km for the northern
Kondoa and the northern Dodoma regions earthquakes which are deeper and shallower for
Kagera earthquake with depth of 20.9 km. The relatively deep focal depth of this study is might
be implying relatively larger effective elastic thickness compared to the northern part of the East
African Rift System in the Afar region. The relatively deeper earthquakes might be due to the
presence of relatively stronger and thicker cratonic lithosphere in the circum-Tanzania Craton.
Different focal mechanisms have been obtained in the region: normal faulting and normal fault-
ing with significant strike-slip component. From a summary of fault plane solutions pure normal
faulting of earthquakes have been obtained in the northern Kondoa region, whereas normal fault-
ing with significant strike-slip motion have been observed in the northern Dodoma and Kagera
regions. The resulted normal focal mechanisms indicate the E-W extension of the eastern branch
of the EARS. The presences of normal faulting with significant strike-slip focal mechanisms are
performing a complex tectonic interpretation of the region. From the aftershocks distribution
and source mechanisms, we confirm and illustrate that active deformation is ongoing in the
northern Dodoma region, might be resulted from the counterclockwise rotation of Victoria mi-
croplate. The estimated reliable focal depth of earthquake in Kagera region might be improve
various confusing results reported by several agencies for this event and it may help as an in-
put for future study. Furthermore, the implication of the inversion results that involve focal
mechanisms of normal faults (in northern Kondoa) and normal faults with significant strike-slip
components (in northen Dodoma and Kagera region) deformation seems to be influenced by the
extensional stress regime of the EARS and the counterclockwise rotation of the Victorian plate
respectively. The results of this part may increase the number of the focal mechanisms used to
estimate recent stress field (Delvaux and Barth, 2010) and give impending proper interpretation

for the complex tectonic deformation in the circum-Tanzania Craton.
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Finally, the upper and lower crustal deformation associated to large size earthquakes in the re-
gion could cause a serious loss of life and damage on property as urbanization and some projects
are growing and high population size is concentrated near by the seismically active areas of
Dodoma and Kondoa towns. Therefore, special attention should be given by government of the
country to minimize the loss of life and damage of property.

In the last part of the thesis, we have investigated the rupture processes of the April 3, 2017
Botswana main shock. To analyze the earthquake, we applied time and frequency domain
moment tensor inversion techniques from regional waveform data to determine reliable source
parameters of the April 3, 2017 Mw 6.5 Botswana earthquake. The moment magnitude of Mw
6.5 is estimated using the broad bandpass frequency range of 0.02 to 0.05 Hz in contrast to the
GCMT solution a relatively narrow frequency range of 0.02 to 0.025 Hz. Our fault plane solution
shows normal faulting on NW—SE trending fault and NE—SW extension direction. Thus, the
propagation of the southwestern branch of EARS towards Botswana may be the main cause for
the occurrence of this rare event as its mechanism shows extension.

The well-constrained hypocentral depth of this event is estimated to be 38.4 km, which is rela-
tively deeper than the previous results. The relatively deep hypocentral depth, which is close to
Moho depth, may suggest the reactivation of a deep weak pre- existing fault or from the early
rift faults within the stress region during a rift initiation beneath the area. Accordingly, we
suggested that due to a relatively deep hypocentral depth of the event, relatively a low maxi-
mum intensity value of VI (according to the Modified Mercalli Intensity scale) is estimated. The
result of the inversion for the focal mechanism of the event is in agreement with the GCMT
solution with extensional consistent to the majority of the focal mechanism in the East African
Rift System.

An examination of the source parameters of the event relies relatively differences between this
study and the globally reported one (IPGP and GCMT). For instant, the hypocentral depth
of the event leads to approximately 8.4 km difference. The difference of this order can be at-

tributed to a combination of several factors. Therefore, the approaches used to compute the
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source parameters, a different velocity model and different frequency bands are the key factors
for the differences. However, we are confident that the final source parameters obtained in this
study are robustly determined.

As a general recommendation, the structural connection between the main Ethiopian rift and
the eastern branch of the EARS has been investigated from this study, however additional in-
vestigation is needed by deploying some of broadband seismic stations in northern Kenya for a
better understanding of the seismicity distribution around Lake Turkana in future. This may
improve a clear structural connection between the main Ethiopian rift either with the eastern
branch or with western branch of the EARS. In addition, revisiting the regional database to
improve earthquake catalogue in EARS is very important from time to time. Furthermore, to
boost current monitoring and archiving capacity of national seismic networks in EARS, atten-

tion should be given by governments of the regions.
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Appendix

7.1 Appendix A: Full moment tensor inversion results

Table 6.1: Earthquakes source parameters obtained from full moment tensor inversion in both

time and frequency domains which are computed in this study. Results of focal mechanisms are

shown on Figure 2.1 under chapter two of this thesis. Date, time and locations are taken from

the International Seismological Centre (ISC) catalog.
Date - Date of the event (year/month/day)
Or. Time - Event origin time in GMT (Hour:Minute:Second)

Lat. - Latitude of the earthquake epicenter in degree

Long. - Longitude of the earthquake epicenter in degree

Str.- Strike angle in degrees

Di.- Dip angle in degrees

Ra.- Rake angle in degrees
Dep.- Depth in km

Mw- Moment magnitude

MO- Scalar moment

Date Or.Time | Lat. | Long. Str. Dip. Ra. Dep. | Mw MO
2013/07/03 | 19:21:46 | 1.57 | 30.88 | 259,359 | 74,58 | -33,-161 | 29.1 | 5.7 | 4.67TE+17
2015/08/07 | 01:25:02 | -2.02 | 28.71 | 46,200 | 41,52 | -70,-07 | 10.5 | 5.7 | 5.38E+17
2016/02/04 | 12:43:57 | -1.57 | 28.4 | 86,273 | 67,23 | -93,-84 | 6.9 | 4.9 | 2.87TE+16
2016/07/13 | 03:01:14 | -5.5 | 35.96 | 38,158 | 55,54 | -45,-135 | 4.8 | 5.1 | 6.28E+16
2017/01/27 | 16:29:20 | 7.61 | 38.79 | 56,148 | 62,85 | -6,-152 | 9.7 | 5.0 | 4.81E+16
2017/02/24 | 00:32:18 | -8.31 | 29.86 | 83,236 | 31,62 | -67,-163 | 33.9 | 5.9 | 8.24E+17

7.2 Appendix B: Global Centroid Moment Tensor (GCMT)
results

Table 6.2: Earthquakes source parameters compiled from GCMT across the EARS. Results of

focal mechanisms are shown on Figure 2.1 of this thesis. Date and locations are taken from the

135




International Seismological Centre (ISC) catalog.

136

Date - Date of the event (year/month/day), Lat.- Latitude of the earthquake epicenter in degree,

Long. - Longitude of the earthquake epicenter in degree, Str.- Strike angle in degrees, Di.- Dip

angle in degrees, Ra.- Rake angle in degrees, Dep.- Depth in km, Mw- Moment magnitude

Date Lat. Long. Str. Dip. Ra. Dep. | Mw
2003/06/14 | -5.71 35.97 | 184,340 | 66,26 | -80,-112 | 15.0 | 5.0
2007/07/26 | -2.79 35.7 88,233 | 51,45 | -66,-116 | 17.0 | 5.2
2010/04/08 | -4.18 | 35.193 | 263,355 | 60,88 | -2,-150 | 25.3 | 5.1
2010/06/13 | -0.15 34.51 29,238 | 72,21 | -100,-62 | 12.0 | 5.0
2010/08/03 | -9.5 | 39.0649 | 142,313 | 49,41 | -84,-96 | 10.0 | 5.3
2010/10/14 | -10.35 | 42.84 97,290 | 44,47 | -99,-84 | 53.2 | 5.2
2010/10/23 | 4.82 36.08 23,203 | 55,35 | -90,-90 | 21.0 | 5.0
2010/11/14 | 12.02 | 43.93 93,292 | 48,44 | -103,-76 | 12.0 | 5.1
2010/12/19 | 7.49 37.80 22,166 | 47,49 | -64,-115 | 12.5 | 5.2
2011/03/15 | 1.89 31.02 54,240 | 34,56 | -95,-87 | 22.5 | 5.0
2011/03/19 | 6.81 38.62 17,223 | 51,42 | -108,-70 | 12.0 | 5.0
2011/06/12 | 13.58 41.8 127,280 | 39,54 | -69,-106 | 12.0 | 5.4
2011/08/08 | 9.93 43.21 8,278 | 69,90 | -180,-21 | 24.5 | 5.0
2011/09/08 | -16.16 | 42.20 | 191,291 | 70,64 | -27,-158 | 25.9 | 5.2
2011/09/09 | -12.18 | 44.77 | 164,327 | 51,31 | -76,-107 | 27.1 | 5.0
2011/12/03 | 4.75 36.73 5,242 | 51,56 | -134,-50 | 12.0 | 5.1
2012/01/22 | 3.66 | 36.091 | 12,170 | 51,41 | -76,-106 | 12.0 | 5.1
2012/12/24 | -3.8 28.04 | 195,355 | 55,37 | -78,-107 | 234 | 5.0
2013/07/02 | 1.70 30.83 30,260 | 50,53 | -128,-54 | 23.3 | 5.0
2013/12/01 | -0.89 26.92 75,326 | 55,65 | -148,-40 | 26.0 | 5.0
2014/11/11 | -4.84 29.15 16,154 | 38,60 | -55,-114 | 19.3 | 5.0
2014/12/31 | -9.73 33.79 | 195,246 | 46,48 | -68,-111 | 12.0 | 5.2
2015/05/30 | 11.97 | 43.15 | 110,251 | 40,57 | -58,-114 | 18.8 | 5.0
2015/07/15 | -15.58 | 41.15 14,109 | 67,79 | -12,-156 | 28.9 | 5.1
2015/08/07 | -2.11 28.76 50,204 | 50,43 | -72,-110 | 31.1 | 5.5
2015/09/08 | -6.99 39.87 | 171,326 | 29,64 | -67,-102 | 20.0 | 5.0
2016/04/12 | -10.64 | 41.45 19,156 | 54,45 | -62,-123 | 23.0 | 5.1
2016/09/22 | -21.29 | 33.38 | 181,339 | 54,38 | -76,-108 | 12.0 | 5.6
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7.3 Appendix C: Waveform modelling and depth phase
analysis results

Table 6.3: Earthquakes source parameters from waveform modelling and depth phase analysis
taken from literature. Results of focal mechanisms are shown on Figure 2.1 of this thesis. The
final column refers to works in which the modelling and depth phase anaysis results are pub-
lished on: Craig et al., 2011; Bra., Brazier et al., 2005; Fo.,Ja., Foster and Jackson, 1998; Ja.,Bl.,
Jackson and Blenkinsop, 1993; Se.,Sa, Seno and Saito, 1994; Shu., Shudofsky, 1985; Ya.,Ch.,
Yang and Chen, 2010;

Date - Date of the event (year/month/day), Or. Time - Event origin time in GMT (Hour:Minute)
Lat. - Latitude of the earthquake epicenter in degree, Long. - Longitude of the earthquake epi-
center in degree, Str.- Strike angle in degrees, Di.- Dip angle in degrees, Ra.- Rake in degrees,

Dep.- Depth in km, Mw- Moment magnitude, Lit.- Literature.

Date Or.Time | Lat. | Long. | Str. | Dip. | Ra. | Dep. | Mw Lit.
1996,/03/29 09:15 11.93 | 41.21 | 32.05 | 74.0 | -20.0 | 9.0 6.2 | Fo.,Ja.
1969/04/05 02:18 11.95 | 41.33 | 320.0 | 66.0 | -51.0 5.0 6.2 | Fo.,Ja.
1976,/09/19 14:59 -11.05 | 32.90 | 349.0 | 42.0 | -123.0 | 29.0 | 5.6 | Fo.,Ja.
1977/12/01 23:20 -4.76 | 34.98 | 168.0 | 56.0 | -51.0 | 12.0 | 54 Shu.
1982/12/13 09:12 14.68 | 44.23 | 272.0 | 67.0 | -139.0 | 6.0 5.8 | Se.,Sa.
983/09/30 18:58 11.78 | 43.40 | 58.0 | 87.0 | -160.0 | 5.0 5.6 | Fo.,Ja.
1984/08/25 20:37 -8.76 | 32.63 | 81.0 | 65.0 | -123.0 | 26.0 | 5.3 | Fo.,Ja.
1987/10/25 16:46 549 | 36.83 | 177.0 | 57.0 | -127.0 | 14.0 | 6.1 | Fo.,Ja.
1989/002/09 23:48 -8.6 | 29.82 | 172.0 | 37.0 | -105.0 | 25.0 | 5.2 | Ya.,Ch.
1989/03/10 21:49 -13.71 | 34.49 | 154.0 | 34.0 | -92.0 | 32.0 | 6.1 | Ja.,BlL
1989/08/20 11:16 11.74 | 41.95 | 302.0 | 46.0 | -76.0 5.0 6.4 Cra.
1990/07/27 20:41 5.07 | 32.18 | 335.0 | 52.0 | -120.0 | 35.0 | 4.8 | Ya.,Ch.
1994/04/24 02:57 11.57 | 43.0 | 127.0 | 36.0 | -71.0 | 4.0 5.5 Cra.
1994/04/24 09:52 -9.05 | 30.47 | 340.0 | 61.0 | -100.0 | 32.0 | 5.1 | Ya.,Ch.
1995/07/22 13:31 -13.98 | 34.84 | 315.0 | 50.0 | -105.0 | 44.0 | 4.9 | Ya.,Ch.
1995/08/10 00:41 -15.57 | 41.53 | 308.0 | 34.0 | -120.0 | 20.0 | 5.2 Cra.
2005/09/24 19:24 12.44 | 40.54 | 296.0 | 83.0 | -144.0 | 5.0 5.6 Cra.
2006/02/22 22:19 -21.3 | 33.61 | 160.0 | 72.0 | -71.0 | 9.0 5.6 Cra.
1994/09/30 01:36 -5.92 | 29.89 | 335.0 | 36.0 | -01.0 | 11.0 | 4.5 Bra.
1994/11/16 01:08 -9.42 | 33.51 | 301.0 | 64.0 | -11.0 | 33.51 | 4.5 Bra.




