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Zusammenfassung

Einleitung

Die tektonischen Spannungen der Erdkruste sind eine wichtige Informationsquelle, um das
Auftreten von Erdbeben besser zu verstehen und Risiken abschétzen zu kénnen. Um ein
moglichst umfassendes Bild des weltweiten Spannungsfelds zu geben, stellt das ,World
Stress Map Project* (WSM) eine globale Datenbank von horizontalen Spannungsorientie-
rungen zur Verfiigung.

Dazu werden Spannungen aus unterschiedlichen Basisdaten wie Bohrlochmessungen, geo-
logischen Indikatoren und Erdbeben Bruchmechanismen abgeleitet und in ein Qualitéts-
schema eingeordnet, so dass die verschiedenen Daten vergleichbar sind. Der grofite Teil
stammt dabei aus Erdbeben Herdflichenlosungen (45%), die hauptséchlich durch die auto-
matische ,,Centroid Moment Tensor* (CMT) Inversion bestimmt werden. Da eine globale
Herdflachenbestimmung durch die CMT-Methode nur fiir Erdbeben My > 5,5 gegeben
ist (Dziewonski et al., 1987b) und sich seismische Aktivitdt an Kontinentalplattenréndern
konzentriert, sind fiir Regionen mittlerer Seismizitét im zentralen Bereich der Platten (In-
traplattenseismizitit) kaum Herdfldchenlosungen bekannt.

Im Rahmen der WSM untersuche ich in dieser Arbeit das Potential der Herdflichenbestim-
mung schwacher bis mittelstarker Beben (My, <5,5) in Gebieten mittlerer Intraplatten-
seismizitdt am Beispiel des 6stlichen Afrikas. Ich verwende dazu die Methode der Momen-
tentensorinversion langperiodischer Raum- und Oberflichenwellen mit Perioden 7 > 35 s
(Giardini, 1992). Ich zeige in dieser Arbeit, dass die Inversion teleseismischer Seismogram-
me mit Quell-Empfanger Entfernungen von bis zu 3300 km abhéngig von dem invertierten
Frequenzband ist. Um diesem Sachverhalt gerecht zu werden, habe ich eine frequenzab-
héngige Prozedur entwickelt, die zuerst einen geeigneten Datensatz von Wellenformen mit
hohem Signal-Rauschen-Verhéltnis und den optimalen Frequenzbereich bestimmt, um dar-
aus den Momententensor und die Hypozentraltiefe des Bebens zu berechnen.
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Zusammenfassung

Datensatz

Fiir eine Momententensorinversion schwacher bis mittelstarker Erdbeben wird eine genii-
gend grofle Menge von Seismometerdaten aus regionalen bis teleseismischen Entfernungen
benotigt. Im Ostlichen Afrika und den angrenzenden Regionen stehen seit 1994 kontinu-
ierlich aufgezeichnete langperiodische Daten von fiinf Seismometern zur Verfiigung. Seit-
dem hat sich Anzahl der Seismometer kontinuierlich erhcht, so dass seit 1999 bereits 13
permanente Seismometer die Seismizitat registrieren. Zwischen 1994 und 2002 wurden 61
Beben, fiir die keine CMT-Losung vorhanden ist, im Gebiet von 24°S bis 10°N und 20°E
bis 51°E und mit Magnituden my, > 4,5 und Mg >4.5 aus dem Engdahl-Katalog (Engdahl
et al., 1998) ausgewihlt, um zu untersuchen, unter welchen Bedingungen fiir diese Beben
eine Momententensorinversion moglich ist. Um storende lokale Effekte der Seismometer
wie z.B. Bodenunruhe, atmosphérisch bedingtes Rauschen und den Einfluss heterogener
Krustenstrukturen zu minimieren, habe ich in dieser Arbeit eine semi-automatische Proze-
dur zur Momententensorinversion entwickelt, die der Frequenzabhéngigkeit dieser Effekte
gerecht wird und das am wenigsten gestorte Frequenzband fiir eine Inversion bestimmt.

Frequenzabhingige Momententensorinversion

Die aufgezeichneten Seismogramme werden zuerst fiir die Instrumentenantwort des Seismo-
meters korrigiert und dann derart rotiert, dass die beiden Horizontalkomponenten in Rich-
tung des Riickazimuts (in Richtung des Erdbebens) bzw. orthogonal dazu orientiert sind
(Radial- und Transversalkomponente R und 7). Die Vertikalkomponente (Z) bleibt dabei
unverandert. Die Inversion fithre ich nach Giardini (1992) im Frequenzbereich durch und
erlaube Laufzeitkorrekturen, um Krustenheterogenitidten auszugleichen, die von dem ver-
wendeten eindimensionalen Standarderdmodell (PREM, Dziewonski and Anderson, 1981)
nicht erklart werden konnen. Diese Zeitkorrekturen beschrénke ich auf ein Viertel der kleins-
ten invertierten Periode, die fiir die Z- und R-Komponente identisch sein miissen (P- und
Rayleigh-Welle) und fiir die 7T-Komponente (S- und Love-Welle) unabhéngig bestimmt
werden.

Die Inversion wird nun mehrfach durchgefiihrt, um den Datensatz mit dem besten Signal-
Rauschen-Verhéltnis, den optimalen invertierten Frequenzbereich und die Tiefe des Erdbe-
benherds zu bestimmen. Dabei verwende ich eine semi-automatische dreistufige Prozedur:

1) Bestimmung des initialen Datensatzes N;,; fiir ein initiales und reprasentatives Fre-
quenzband Fj,;;. 2) Auswahl des optimalen Datensatzes Ny, in Abhéngigkeit von Fre-
quenzband und Hypozentraltiefe. 3) Frequenzabhéngige Analyse des optimalen Datensatzes
zur Bestimmung des optimalen Frequenzbands F'y;n und der Hypozentraltiefe.

Die wichtigsten Inversionsparameter zur Bestimmung des Datensatzes, des Frequenzbands
und der Hypozentraltiefe sind die Varianzgrenzen, die festlegen, welche Wellenformen ein
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ausreichend hohes Signal-Rauschen-Verhéltnis haben und somit durch einen Momententen-
sor und das PREM-Erdmodell erklart werden konnen. Diese Grenzen habe ich empirisch
derart bestimmt, so dass sowohl eine gute Datenanpassung garantiert ist, als auch eine
moglichst grofle Datenmenge genutzt werden kann. Die minimal invertierbare Datenmenge
habe ich auf sechs Seismometerkomponenten festgelegt, da fiir weniger Wellenforminfor-
mation kein generell stabiles Inversionsergebnis erfolgt.

Ergebnisse der Momententensorinversion

Die frequenzabhéngige Auswertung der 61 ausgewé#hlten Erdbeben resultiert in 38 Mo-
mententensoren. Fiir die iibrigen Beben kann aufgrund einer zu geringen Datenmenge mit
gutem Signal-Rauschen-Verhéltnis (weniger als sechs Komponenten) keine stabile Inversion
durchgefiihrt werden. Fiir die 38 Beben habe ich Momentenmagnituden zwischen My, 4,4
und My, 5,5 errechnet. Sie konzentrieren sich mehrheitlich entlang des ostafrikanischen
Grabens, wihrend ich 13 Ereignisse abseits der Hauptstorungen ausgewertet habe. Die Be-
ben zeigen hauptséichlich Abschiebungsmechanismen, die fiir kontinentale Riftsysteme wie
den ostafrikanischen Graben charakteristisch sind.

Die Anpassung der beobachteten Daten durch die synthetischen Wellenformen, die aus
den Momententensoren berechnet werden, ist generell gut und zeigt kleine Datenvarian-
zen, die dhnlich zu Resultaten aus dem Mittelmeerraum mit geringeren Quell-Empféanger
Entfernungen sind (Bernardi et al., 2004). Die gute Datenanpassung ist zuriickzufiihren auf
die addquate Wahl der Varianzgrenzen und die Beschréinkung der Datenmenge auf sechs
Komponenten, was ein stabiles Inversionsergebnis gewéhrleistet. Fiir die 38 berechneten
Momententensoren steigt dabei die Varianz mit kleiner werdender Magnitude an, da fiir
schwache Beben das Signal in teleseismischen Entfernungen dhnlich grof8 wie die Amplitude
von lokalen Storsignalen werden kann.

Ein weiterer Kontrollparameter fiir eine stabile Inversion ist der Anteil eines einfachen
Scherbruchs (,,double couple”, DC') am Momententensor. Da speziell fiir schwache Beben
solch ein einfacher DC-Bruchmechanismus hiufig angenommen wird, werden nicht- DC' An-
teile auf inkonsistente Daten zuriickgefiihrt (Kuge and Lay, 1994). Um diesen Sachverhalt
zu untersuchen, habe ich eine Eigenvektorzerlegung (SVD) durchgefiihrt, die zeigt, dass
fiir die vorliegenden Momententensoren niedrige DC'-Anteile zwar eine Konsequenz nicht
erkldarter Krustenheterogenititen sein konnen, aber in den meisten Féllen der eigentliche
Scherbruchmechanismus nicht verédndert wird. So zeigt sich fiir die invertierten Mechanis-
men ein Trend von abnehmendem DC'-Anteil fiir kleiner werdende Magnituden als eine
Konsequenz vermehrter Storsignale, die zwar durch einen einfachen Scherbruch nicht er-
klart werden konnen, aber bei der Inversion dennoch die Form des Scherbruchmechanismus’
nicht entscheidend veréndern.

Dariiber hinaus existiert eine Abhéngigkeit des automatisch bestimmten optimalen Fre-
quenzbands zur Magnitude. Wie schon von anderen Autoren beschrieben, zeigen auch
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Zusammenfassung

meine Inversionsergebnisse die Notwendigkeit hohere Frequenzen zu invertieren, wenn fiir
schwichere Erdbeben Momententensoren bestimmt werden sollen (Braunmiller et al., 2002;
Sileny, 2004). Generell steigt die Anzahl der invertierten Seismometerkomponenten von
1994 bis 2002 an, da auch die Anzahl der permanent betriebenen Seismometer kontinuier-
lich erhéht wurde.

Individuelle Ergebnisse der Momententensorinversion

Um die frequenzabhéngige Momententensorinversion zu testen, habe ich den Bruchmecha-
nismus des My, 6,4 Bebens vom 2. Oktober 2000 bestimmt, der auch von verschiedenen
Agenturen (CMT, USGS) berechnet wurde. Dabei zeigt mein Ergebnis einen stabilen Ab-
schiebungsmechanismus fiir einen breiten Frequenzbereich der den beiden anderen Herdfla-
chenlosungen sehr dhnlich ist. Dieses Beben im siidlichen Tanganyika See hat den verschie-
denen Losungen zufolge in einer Tiefe von 36-42 km stattgefunden. Diese ungewohnliche
Seismizitdt unterhalb der Oberkruste wurde schon mehreren Autoren beschrieben (z.B.
Nyblade and Langston, 1995) und wird unterstiitzt von neun weiteren Erdbeben mit Hy-
pozentraltiefen von 33 km und einem in 42 km Tiefe, die ich in dieser Arbeit bestimmt
habe.

Wihrend des Untersuchungszeitraums von 1994 bis 2002 haben sechs Erdbebenfolgen statt-
gefunden, fiir welche ich Herdmechanismen berechnet habe. Darin enthalten sind zwei
Nachbeben des erwidhnten Tanganyika Bebens. Zusétzlich habe ich noch fiir ein weiteres
Nachbeben (24. Oktober 2002) eine Momententensorinversion durchgefiihrt, wiahrend die
vier verbleibenden bearbeiteten Bebenserien keinen vorangegangenes Hauptbeben besitzen.
Innerhalb dieser Erdbebenfolgen habe ich teilweise gemeinsame Nodalflichen gefunden, die
ich somit als Bruchfldche identifizieren konnte.

Eine zusétzlich Besonderheit stellen drei von mir invertierte Herdmechanismen dar, welche
gegen den allgemeinen Trend von Abschiebungen im 6stlichen Afrika Uberschiebungsbe-
ben zeigen. Alle drei liegen am Rand des Untersuchungsgebiets und sind moglicherweise
ein Hinweis auf den Ubergang von der Extension des ostafrikanischen Grabenbruchs zu
Kompressionsgebieten in Richtung der mittelozeanischen Riicken (Coblentz and Sandiford,
1994).

Potential und Beschrinkung der Methode

Um die Methode weltweit anwendbar zu machen, habe ich ein eindimensionales Stan-
darderdmodell zur Berechnung der synthetischen Wellenformen gewihlt (Dziewonski and
Anderson, 1981). Dies beschriankt die verwendbaren seismischen Signale auf langwellige
Anteile, die von kleinskaligen Heterogenititen in der Erdkruste kaum beeinflusst werden
(Larson and Ekstrom, 2001). Allerdings ist der Periodenbereich fiir meine Untersuchung



auch zu langen Perioden hin beschrénkt, da fiir Erdbeben von Magnituden My, <5.5, die
in Entfernungen bis zu 3300 km aufgezeichnet werden, die transienten Signale fiir lange
Perioden in den Amplitudenbereich des seismischen Rauschens fallen. Dies beschréankt den
Periodenbereich, den ich fiir diese Studie verwenden kann auf 7 =35-100 s.

Eine genaue Auflosung der Hypozentraltiefe mit einer Momententensorinversion ist fiir
langperiodische Signale nur begrenzt moglich (Giardini, 1992). Daher habe ich sechs dis-
krete Krustentiefen ausgew#hlt, um die Tiefe des Bebenherds zu bestimmen. Einige Re-
sultate haben nur ein sehr undeutliches Varianzminimum fiir die verschiedenen Herdtiefen
und sind somit weniger verldsslich als die Mehrheit der Ergebnisse, die fiir eine diskrete
Tiefe ein deutliches Varianzminimum aufweisen. Im Allgemeinen zeigt sich, dass die Be-
schriankung der Laufzeitkorrektur auf ein Viertel der kleinsten invertierten Periode und
die Beschrankung der Datenmenge auf mindestens sechs Seismometerkomponenten stabile
Herdflachenlosungen fiir schwache Erdbeben gewéhrleistet.

Eigenvektorzerlegung

Die Eigenvektorzerlegung (SVD) des Momententensors ermdoglicht die Reduzierung des
Einflusses inkonsistenter Signale durch das Entfernen des Eigenvektors héchster Ordnung
(kleinster Eigenwert, Forbriger, 2001). Da besonders fiir die von mir untersuchten schwa-
chen Erdbeben der Einfluss des seismischen Rauschens nicht vernachléssigt werden darf,
habe ich fiir alle 38 Momententensoren die SVD zur Untersuchung der Auswirkungen in-
konsistenter Datenanteile auf die Herdflachenlosung durchgefiihrt. Auffallig ist, dass sich
bei denen um den Eigenvektor hochster Ordnung reduzierten Losungen in der Halfte der
Falle der DC-Anteil des Mechanismus nicht &ndert und somit inkonsistente Datenanteile
entfernt werden. Andererseits erfolgt keine generelle Erhchung des DC-Prozentsatzes wie
er fiir rein statistisch verteiltes Rauschen in den Daten zu erwarten wére. Letztendlich
zeigt die Eigenwertzerlegung besonders fiir Beben mit kleinem DC-Prozentsatz - was als
instabiles Inversionsergebnis gedeutet werden kann (Kuge and Lay, 1994), dass hier das Re-
duzieren des Momententensors kaum zu Verdnderungen des DC-Herdmechanismus fiihrt
und somit die Stabilitdt des Inversionsergebnisses zeigt.

Vollstiandigkeit der Herdflichenl6sungen

Durch die frequenzabhéngige Momententensorinversion kann ich Herdmechanismen von
Erdbeben bis zu My, 4,4 bestimmen und damit schwéchere Beben auswerten, als es bisher
durch die automatische CMT-Bestimmung moglich war (My, > 4,7 im Untersuchungsge-
biet). Eine Analyse der Haufigkeitsverteilung der Herdmechanismen in Abhéngigkeit von
der Magnitude zeigt, dass CMT-Losungen bis etwa My, 5,3 vollstdndig sind. Wie weit
dieses Niveau mit dieser Arbeit abgesenkt wird, kann nur abgeschétzt werden, da der Un-
tersuchungszeitraum von sieben Jahren keine vollstdndige Statistik zulédsst. Ein Vergleich

xi



Zusammenfassung

mit der Verteilung der CMT-Losungen der Jahre 1977-2002 zeigt jedoch eine deutlich
verringerte Magnitudenschwelle fiir Beben meiner Arbeit, wonach ich das Vollsténdigkeits-
niveau auf etwa My, 5,0 senken kann.

Spannungsinversion

Um das Spannungsfeld im 6stlichen Afrika zu bestimmen, invertiere ich Gruppen von Mo-
mententensoren fiir einen gemeinsamen Spannungstensor, der die Verschiebungsrichtungen
auf den Herdflichen am besten erklédrt (Michael, 1987b). Neben den von mir berechneten
Herdflachenlosungen verwende ich 90 CMT-Lésungen und 17 weitere aus verschiedenen
Quellen. Ausgehend von der Zonierung des ,Global Seismic Hazard Assessment Programs®
(GSHAP, Midzi et al., 1999) passe ich die Einteilung des Untersuchungsgebiets an, um
in den einzelnen Zonen eine separate Spannungsinversion durchzufiihren. Dariiber hinaus
untersuche ich weitere Einteilungen, um Zonen mit moglichst konsistenten Ergebnissen zu
erhalten. Eine detaillierte Studie des westlichen Riftzweigs offenbart eine systematische,
orthogonal zum Grabenverlauf ausgerichtete Extension.

Die endgiiltige Einteilung besteht aus zehn Zonen, die eine generelle Ost/West Extension
zeigen. Bis auf die Zone 0Ostlich des Viktoria Sees weisen alle Inversionen eine eindeutige
Richtung der minimalen Horizontalspannung S;, auf. Dabei zeigt sich eine S}, -Rotation von
West-Nordwest /Ost-Stidost im Nordwesten zu Ost-Nordost/West-Siiddwest im Siidosten.

Deformationsraten

Zur Bestimmung der jiahrlichen Offnungsrate des ostafrikanischen Grabens habe ich die Zo-
nierung und Daten aus der Spannungsinversion iibernommen. Bei den seismischen Daten
beschranke ich mich auf die Jahre 1985-2005, da friihere, vereinzelt bestimmte Herdmecha-
nismen kein vollstdndiges Abbild der Seismizitdt geben. Nach Kostrov (1974) summiere ich
die Momententensoren fiir die einzelnen Riftsegmente und berechne daraus die jéhrlichen
Offnungsraten.

Im Vergleich mit GPS-Studien sind die Werte sehr klein, was hauptséchlich auf zwei Ursa-
chen zuriickzufithren ist. Zum einen ist der Beobachtungszeitraum im Vergleich zu einem
seismischen Zyklus zu kurz und unterschétzt so das kumulative seismische Moment. Fiigt
man das My, 7,0 Beben vom 22. Februar 2006 zur Berechnung hinzu, verdoppelt sich
die gesamte Offnungsrate fiir das 6stliche Afrika auf 0,46 mm/a (7-25% der Vergleichs-
studien). Der Hauptgrund fiir die kleinen Offnungsraten liegt vermutlich in aseismischen
Deformationen, die seismisch nicht messbar sind und auf die ein Grofiteil der Dehnung in
Extensionsgebieten zuriickgefithrt werden kann.
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Diskussion des Spannungsfelds

Fiir die meisten Zonen liefert die Spannungsinversion stabile Resultate, die eine Rota-
tion der minimalen horizontalen Spannung von Nordwesten nach Stidosten anzeigen. Mein
Ergebnis wird ergéinzt durch Bohrlochdaten und geologischen Indikatoren der WSM, die
mit den von mir bestimmten Spannungsrichtungen in teilweise guter Ubereinstimmung
stehen. Als Erklarung fiir die Spannungsrotation schlage ich die Existenz zweier Mikro-
platten zwischen dem westlichen und 6Gstlichen Zweig des ostafrikanischen Grabens vor
(Calais et al., 2006). Wahrend das Spannungsfeld in erster N#herung eine Extension in
Ost/West Richtung aufweist und durch die Wirkung der potentiellen Gravitationsener-
gie des afrikanischen Hochplateaus zustande kommt (Coblentz and Sandiford, 1994), fiihrt
eine gegenliufige Rotation der Mikroplatten (Calais et al., 2006) zu Anderungen des Span-
nungsfelds. Weiterhin interpretiere ich die Seismizitdt am Ostlichen Kontinentalrand als
siidliche Fortsetzung des Ostlichen Grabenzweigs und Reaktivierung der Davie-Ridge, die
urspriinglich eine mesozoische Transformstorung darstellt. Ein Grund dafiir konnten z.B.
Konvektionsstrome unterhalb der Lithosphére sein.

Zusammenfassung

Ich habe in dieser Arbeit gezeigt, dass die frequenzabhéngige Momententensorinversion
ein grofles Potential fiir die Herdflichenbestimmung schwacher bis mittelstarker Erdbeben
bietet. Als Fallbeispiel habe ich fiir das 6stliche Afrika 38 Herdflachenlosungen mit My, 4,4—
5,5 von teleseismischen Daten aus bis zu 3300 km Entfernung berechnet.

Die Momententensorinversion langperiodischer Raum- und Oberflichenwellen unter Ver-
wendung eines eindimensionales Erdmodells und Perioden grofler als 35 s weist eine Fre-
quenzabhéangigkeit fiir die Herdflachenbestimmung von schwachen und mittelstarken Be-
ben auf. Zur Auswertung der Daten habe ich eine frequenzabhéngige Prozedur entwickelt,
die neben einem geeigneten Datensatz von Wellenformen mit hohem Signal-Rauschen-
Verhiltnis den optimalen Frequenzbereich bestimmt, bevor der Momententensor und die
Hypozentraltiefe berechnet werden. Sowohl Datenvarianzen als auch DC-Anteile zeigen
dabei die Verlésslichkeit der Inversionsergebnisse, so dass ich dadurch die Schwelle fiir
Herdmechanismenbestimmung im 6stlichen Afrika auf My ~ 5,0 senken kann.

Die Spannungsinversion von 145 Herdmechanismen zeigt eine vorherrschende Ost/West
Extension im 6stlichen Afrika. Dariiber hinaus ldsst sich eine Rotation der Spannungs-
orientierung erkennen, die mit der Existenz zweier Mikroplatten begriindet wird.

Durch die Verwendung eines globalen Erdmodells ist die frequenzabhéngige Momententen-
sorinversion leicht auf andere Regionen weltweit iibertragbar und kann dazu beitragen die
globale Magnitudenschwelle fiir Herdflachenbestimmungen absenken.
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Abstract

The East African Rift intersects the African continent from North to South for over
3000 km. For this region of intermediate seismicity only limited information about the
tectonic stress regime is available. This is primarily due to a lack of earthquake source
mechanism data, from which stress orientations can be deduced. Focal mechanisms for the
limited number of strong earthquakes are calculated routinely by the Harvard CMT-group
using moment tensor inversion of teleseismic data. However, earthquake magnitudes of the
numerous smaller events are often below the CMT-threshold of My, ~ 5.3 and thus, focal
mechanism solutions are hardly available.

To study these earthquakes I developed a semi-automatic and frequency sensitive mo-
ment tensor inversion, that allows to calculate source mechanisms of light to moderate
magnitude events My, < 5.5. Used data are provided by 13 broadband and long-period
permanent seismometers from the global seismic network with source-receiver distances
up to 3300 km. The frequency sensitive procedure determines a waveform dataset and an
optimum frequency pass-band for which stable moment tensor solutions are obtained. For
the years 1995-2002 I present focal mechanism of 38 earthquakes within a magnitude range
from My, 4.4 to My 5.5, that were not studied previously. The calculated solutions show
predominantly normal faulting mechanisms, that are mainly concentrated on the major
rift branches. The inversions result in generally low data variances and reliable moment
tensor solutions for frequency pass-bands between 10 mHz and 29 mHz (periods 35-100 s).
A study of the double couple (DC') parts reveals a small number of low DC-percentages,
that can be increased by cutting off the highest order eigenvector with a singular value
decomposition (SVD).

An estimation of the seismic deformation for eastern Africa is difficult, since a complete
set of focal mechanisms (this study and CMT'-solutions) is only available for a time period
shorter than one seismic cycle. However, the average opening rate calculated from 1985—
2005 and including the major My, 7.0 event from 2006-02-22 is 0.46 mm/a for the East
African Rift System. Nevertheless, this value is only 7-25% of the GPS-measurements,
probably as a consequence of aseismic deformation.

For a formal stress inversion I combine the 38 newly calculated focal mechanisms with
others determined by moment tensor inversion: 90 mechanisms are taken from the CMT-
catalogue (1977-2005) and 17 additional mechanisms of strong events are given by other
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Abstract

authors between 1964 and 1977. I perform a stress inversion for ten separate areas, that
are adopted from the Global Seismic Hazard Assessment Program (GSHAP) and adapted
to the event distribution used in this study. A special zonation is applied along the west-
ern branch of the Fast African Rift System, that shows minimum horizontal stress ap-
proximately perpendicular to the rift valley orientation and thus the trend of the main
fault. All over eastern Africa I obtain stable stress tensors, that show a general east/west
extension. From northwest to southeast a smooth counter-clockwise rotation from west-
northwest /east-southeast to east-northeast/west-southwest extension is visible.

The supposed stress rotation is partly supported by three averaged stress orientations of the
World Stress Map (WSM) database in the northeastern part of the study region. While
the first-order pattern of east/west extension in eastern Africa can be explained by the
effect of gravitational potential energy differences, a possible reason for the stress change
is probably related to the existence of two microplates. Both of them are located between
the eastern and western rift branch and are supposed to rotate versus each other, involving
a change of stress orientation along their boundaries. For the eastern continental margin
I calculate an extensional stress regime, that could be evidence of the re-activation of the
Davie-Ridge as a spreading centre possibly due to sublithospheric mantle flow.

I presented a frequency sensitive moment tensor inversion, that considers the dependency
of the focal mechanisms on the inverted frequency pass-band. Since I use a one-dimensional
earth model and waveform data of the permanent global seismometer network, the method
is easily transferable to other regions worldwide and thus can improve the understanding
of regional tectonics.

Xvi



Chapter 1

Introduction

The World Stress Map Project (WSM) is a compilation of stress orientations of different
indicators on different scales. Stress information is deduced from earthquake focal me-
chanisms, well bore breakouts, drilling-induced fractures, in-situ measurements (hydraulic
fracturing, overcoring data and borehole slotter), strain relief measurements and young
geological data (Heidbach et al., 2004). The aim of the WSM is to provide standardised
and quality-ranked stress data on a world wide scale and to combine different data resources
on a user-friendly and online available database.

The major part of WSM stress data, however, is deduced from earthquake focal mecha-
nism data (Zoback, 1992a), mainly provided by the routinely determined Harvard centroid
moment tensor (CMT) solutions (Dziewonski et al., 1987a) and moment tensors by other
institutions. Excluding the so-called “possible plate boundary event”-focal mechanisms,
that rather reflect the kinematic behaviour of an existing fault-zone than the intraplate
stress field, the quota of WSM stress orientations deduced from focal mechanisms is 45%
(Heidbach et al., 2005). Nevertheless, the distribution of stress information obviously re-
flects the global seismicity pattern (Fig. 1.1), since the global earthquake distribution is
strongly connected to the plate boundaries. However, focal mechanism determination is
restricted by the regional seismometer coverage. So for regions with only sparse seismome-
ter distribution, focal mechanisms are determined only for higher earthquake magnitudes.
Figure 1.2a shows the magnitude statistics of CMT-solutions determined per year since
1976. Below My, = 5.0-5.5 the number of evaluated seismic events decreases significantly.
Since earthquake magnitude statistics follow the logarithmic Gutenberg-Richter relation,
the number of events My, > 4.5 per year for which no moment tensor solution is calculated
is greater than 2000. Thus the determination of low magnitude earthquake focal mecha-
nisms for intraplate regions of moderate seismicity holds a high potential of new intraplate
stress information that can give important insights into active tectonics (Fan and Wallace,
1991; Brazier et al., 2005) and detailed informations in terms of seismic hazard assessment.

Source-relevant teleseismic recordings with a high signal-to-noise ratio of light to moderate
events (My = 4.0-5.9, magnitude classes see Figure 1.2) are available only for intermediate-
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Figure 1.1: World Stress Map release 2005 (Reinecker et al., 2005). Shown are maxi-
mum horizontal stress orientations for qualities A, B, C. Symbols indicate type of stress
measurement, colours correspond to tectonic regimes for stress indicators deduced from fo-
cal mechanism solutions. Red indicates normal, yellow strike-slip and blue thrust faulting
regimes.

period surface waves (40 s < 7 < 150 s, Arvidsson and Ekstrom, 1998). Reliable data of
these waves are obtained only in a limited frequency band, that is restricted by seismic
noise at the station-site (e.g. Stutzmann et al., 2000), the intrinsic attenuation of the
wave-energy (e.g. Anderson and Hart, 1978) and heterogeneities in the surface wave phase
velocity pattern (Arvidsson and Ekstrom, 1998). Dependent on the earthquake magnitude
and source-receiver distances the inverted frequency band of waveform data has to be
chosen adequately (Braunmiller et al., 2002).

Harvard CMT-solutions are calculated automatically inverting long-period body and sur-
face waves using periods of 7 > 45 s respective 7 > 135 s recorded by different sets of per-
manent stations of the global seismic network in teleseismic distances (Dziewonski et al.,
1987b, compare Table A.2 ¥, and ¥,,). On a global scale the level of completeness for
CMT-solutions is approximately My, ~ 5.5 and slightly lower for regions with a dense
seismometer coverage (Arvidsson and Ekstrom, 1998). To lower this magnitude threshold,
regional station networks have been used to calculate source mechanisms by moment ten-
sor inversion for My < 5.0 (e.g. Pinar et al., 2003; Stich et al., 2003). Commonly, these



studies inverted waveform data with periods ranging from 10 s to 50 s recorded at distances
up to 1000 km. Stich et al. (2003) used waveform data of light to moderate magnitude
earthquakes in Spain recorded in local to regional distances up to 1000 km. They inverted
periods from 20 s to 50 s and 15 s to 35 s for events with My, > 4.0 and My < 4.0,
respectively.

In this work I present a frequency sensitive moment tensor inversion that allows to deter-
mine low magnitude earthquake focal mechanisms using data from regional and teleseismic
seismometers. For each event the procedure automatically selects high quality waveform
data and adjusts the frequency band to the individual setting, i.e. source-receiver locations
and the earthquake magnitude. Intraplate regions where only sparse stress information is
available but intermediate seismicity is present are for example eastern Africa, inner Asia
including the Baikal region, western Australia and eastern South-America (Fig. 1.2b). As
a case study I analyse dependencies of the moment tensor inversion on hypocentral depth
and frequency pass-band for light to moderate magnitude earthquakes (4.5 < My < 5.0)
in eastern Africa using the permanent seismometer network with source-receiver distances
of up to 3300 km.

The so-called East African Rift System (EARS) is a rare example of active continental
rifting. Passing for nearly 3000 km through the continent, the FARS separates the Nu-
bian subplate to the west from the Somalian subplate to the east (Fig. 1.3). Beginning
on the Afar triple junction, it crosses the Ethopian highland and leads to the eastern rift
branch dispersing in northern Tanzania. Grimison and Chen (1988), however, proposed an
extended eastern branch that connects to the Davie Ridge along the continental margin
on the coast of eastern Africa, to explain the seismic activity in the northern Mozambique
Channel. The Aswa fault-zone north of Lake Victoria is a northwest-southeast striking
left-lateral fault system that connects the eastern branch with the northernmost part of
the western branch. The western branch starts in southern Sudan and runs through the rift
valley lakes—including Lake Tanganyika and Lake Malawi—to Mozambique. The charac-
teristics of the southern end of the FARS are highly discussed. Chu and Gordon (1999)
used seafloor spreading rates to determine the Euler pole of rotation between Nubian
and Somalian subplate in the southern Mozambique Channel. Hence, the tectonic regime
changes from extensional north of the pole to compressional south of it. However, there is
no agreement where the system connects to the Southwest Indian ridge (Horner-Johnson
et al., 2005; Lemaux et al., 2002). To determine earthquake source mechanisms this work
focuses on eastern African events that are located on the eastern and western branch of
the rift system (excluding the Afar depression and the Main Ethiopian Rift), the seismic
active region west of it, the Mozambique channel and Madagascar (Fig. 1.4).

Source mechanisms in eastern Africa were examined by several studies using both first mo-
tion analysis (e.g. Fairhead and Girdler, 1971) and waveform inversion. Shudofsky (1985)
used Rayleigh-waveform inversion to calculate source mechanisms for earthquakes with
magnitudes My > 5.0 from the years 1964 to 1977. He obtained 23 focal mechanisms all
over Africa including 18 events located in the study region of this work and thus demon-
strated the viability of this technique in a region of moderate seismicity and sparse data.
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class magnitude
great > 8.0

major 7.0-7.9
strong 6.0-6.9
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light 4.0-4.9

Figure 1.2: a) Number of CMT-solutions per year versus moment magnitude My, since
1976. b) Global seismicity My, > 4.5 (blue dots, Engdahl et al., 1998) since 1996, overlayed
by plate-boundaries after Bird (2003) (red dots, diameter approx. 300 km) and WSM-
data locations (yellow dots). Accumulation of blue symbols indicate intraplate regions
of intermediate seismicity where only sparse stress information available. ¢) Magnitude

classes (USGS).

Since 1977 - the beginning of routine determination of the Havard CMT’s (Dziewonski
et al., 1987b) - 90 focal mechanisms were given in the study region until end 2005 [CMT
catalog, available online]. The level of completeness for CMT-solutions is approximately
My, =~ 5.5 (Arvidsson and Ekstrom, 1998), whereas for eastern Africa the level of complete-
ness is My &~ 5.1, including events as low as My, = 4.7. Thus for strong and most of mod-
erate magnitude events the CMT-solution is given. Foster and Jackson (1998) performed
a P- and SH-waveform inversion to calculate 38 source mechanisms from 1966 to 1997 with
magnitudes My, > 5.1. 24 events were located in eastern Africa, including five mechanisms
before 1977 that were not determined by C'MT-solutions. To examine focal mechanisms of
three small to minor magnitude events on the western branch (My = 2.0-3.3), Ferdinand
and Arvidsson (2002) used data of a mobile station network to perform a body waveform



Figure 1.3: Topographic map of eastern Africa, including the eastern and western branch
of the East African Rift System (FARS) that separates the Nubian and Somalian subplate.
Details see text.
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Figure 1.4: Seismicity of eastern Africa (Engdahl catalogue, Engdahl et al., 1998, 1964—
2004 and ISC-catalogue 2005-2006). Symbol size is scaled by moment magnitude Myy.
Events for which CMT-solutions are determined are coloured yellow. The four largest
earthquakes with My, > 7.0 are labled by their date of occurrence.

inversion. Beside the latter for no other seismic event focal mechanisms were analysed in
eastern Africa by waveform inversion than these also determined by C'MT-solutions since
1977.

Therefore focal mechanism determination in eastern Africa using data from the permanent
seismometer network is restricted to earthquakes My, > 5.0. Since eastern African seis-
micity is mainly focused on the EARS, especially higher magnitude events seldom occur
beside the rift structures. Thus also focal mechanism information concentrates on the rift
itself, whereas lower magnitude events with unknown source mechanisms tend to spread on
regions neighbouring the rift. Figure 1.4 displays the eastern African seismicity since 1964.
Four major events with magnitudes greater than My, = 7.0 occurred in eastern Africa
within the last 100 years. The strongest event took place on the Rukwa-Rift in southern
Tanzania on 13 December 1910 and had a magnitude of Mg = 7.4 (Ambraseys and Adams,



1992) (correlates with My, ~ 7.4 £ .1 (Atkinson and Boore, 1998)). In May 1990 an earth-
quake sequence occurred in the southern Sudan on the Aswa fault-zone (Gaulon et al.,
1992). The main-shock on 20 May was determined by Havard CMT'-solution to My, = 7.1
and the largest aftershock on 24 May likewise to My, = 7.1. Recently a My, = 7.0 event
struck the southernmost part of the western rift branch in Mozambique on 22 February
2006.

Focal mechanisms of strong and moderate magnitude events (5.0 < My, < 7.0) in eastern
Africa are mostly determinated by Harvard CMT-solutions. In this study I will determine
new focal mechanism solutions for earthquakes My, < 5.0 by frequency sensitive moment
tensor inversion and analyse the applicability of the developed procedure. Finally, I will
combine the new mechanisms with CMT-solutions and other datasets to perform stress
inversions for separat regions and discuss the results in terms of eastern African tectonics.
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Chapter 2

Theory of the seismic moment tensor

2.1 Definition of the moment tensor

Consider a continuous, elastic and spherical earth. To describe the processes and con-
sequences of an earthquake occurring, the physical laws have to be evaluated in terms
of internal deformations. The four conservation laws are: conservation of mass, momen-
tum, angular momentum and energy. Adding Newton’s law of gravitational attraction, the
initial equilibrium state of the earth can be described. When an earthquake occurs, the
displacement s (x,t) at a location x is perturbed from its equilibrium position at time ¢
within a medium of density pg. The following discussion of relevant forces and conditions
after Dahlen and Tromp (1998) finally leads to the introduction of the seismic moment
tensor M and the necessary assumptions for a point-source approximation.

The linearised form of the Eulerian momentum equation, including the conservation laws,
is valid for small perturbations of the equilibrium state of the earth (with initial density
po and gravitational potential ¢g):

poﬁfs:va—po (V¢+SV2 (¢0+1/})+29X8t8) (21)

L(s)

The left hand side is the force density of accelerated mass. The four terms on the right
hand side correspond to: 1) the force density of stress perturbation o, 2) the gravitational
force density expressed as the gradient of the gravitational potential perturbation ¢, 3)
the force density resulting from the initial gravitational potential ¢y and the centrifugal
potential ¢ and 4) the Coriolis force caused by the earth’s rotation with uniform angular
velocity (2.

Assuming an infinitesimal and oriented surface element d.S with the normal unit vector n,
the stress tensor o is defined by an infinitesimal and instantaneous surface force dF acting
on the deformed area of the surface element (so-called Cauchy stress in contrast to the

11
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Piola-Kirchhoff stress that is force per undeformed area):
dF =n-odS. (2.2)

Hence, the second order stress tensor o is defined at a point within an arbitrary continuous
medium. The traction vector t however, is stress acting on a plane and can be defined by
Cauchy’s formula:

t=n-o. (2.3)

To guarantee continuity across the internal interfaces of the earth, following boundary
conditions have to be valid: Between interfaces of two solid materials the displacement
vector s must be continuous, i.e. no slip is allowed. On a fluid-solid boundary however,
tangential slip is allowed, since an ideal fluid cannot support shear stress. Generally at all
boundaries, the gravitational potential ¢ as well as tractions t have to be continuous and
thus a free surface condition with no tractions must be valid at the earth’s surface:

t=n-0=0. (2.4)

Since the average frequency of the earth’s rotation is €2 = (sidereal day)_1 =11.6 uHz, the
ratio between displacements due to accelerated mass and Coriolis force in equation 2.1,
regarding frequencies greater than 10 mHz as done in this work, is less than 0.1%. Only
if very long periods of normal modes are studied, these terms are not negligible. Beside
this, also the centrifugal acceleration is small for the studied frequencies, so the centrifugal
potential 1) can be neglected as well and L (s) reduces to:

L(s) =V -0 —p (Vo +sVi¢) (2.5)
and the linearised homogeneous equation of motion can be written as:
po0?s — L (s) = 0. (2.6)

Beside the trivial solution s = 0—a silent earth in its state of equilibrium—equation 2.6
can be solved by solutions of the form:

s(x,t) = ) sg (x) e, (2.7)
k

with the eigenfunctions sy (x) and eigenfrequencies wy, of the normal modes k of the earth,
that satisfy:
L (sy) + powisy = 0. (2.8)

Hence, seismic waves can be described by the summation of normal modes, which are the
free oscillations of the earth. A detailed description of the eigenfunctions sy (x), which are
expressed by spherical harmonics, is given in Dahlen and Tromp (1998). However, when an
earthquake occurs and the earth is ruptured, obviously this solution is not valid any longer.

12



2.1 Definition of the moment tensor

The introduction of an additional internal body force density f leads to the inhomogeneous
equation of motion:

po0?s — L (s) = f. (2.9)
An earthquake is an anelastic process resulting in coseismic slip s and a corresponding
strain tensor e:

1
& = 5 (0isj + 0jsi) - (2.10)

Thus, the failure of material implies the failure of Hook’s law, which is the linear elastic
relation between stress o and strain €. The hypothetic stress modelled by Hook’s law using
the large anelastic strain within the source volume is:

ij = Cijpa€pq (2.11)

and results in a much larger stress than supposed to be present because of the surrounding
stress field. Thus, the stress glut I' is defined by the difference between the physical stress
O we Within the source region and the modelled stress @,,,4¢; that is calculated if Hook’s
law would be valid:
F = O model — O true- (212)

It will be shown in section 6.1 that the symmetry of the stress tensor—and thus the symme-
try of the stress glut tensor I'—follows from the conservation of angular momentum. The
internal forces of the rupture process can be represented by the equivalent force densities
f and t:

f=-V.TI, t=n-T. (2.13)
Since the equivalent force densities represent no external forces, neither a net force nor a
net torque is exerted upon the earth (the explicit derivation is given in Appendix C).

Using the definitions of stress glut and equivalent forces, a solution of the inhomogeneous
equation of motion (eqn. 2.9) will be given. Because of the completeness of the complex
eigenfunctions s, (x) and their conjugate complex s} (x), the solution of equation 2.9 can
be expressed as (considering implicitly the real part of the displacement s (x,t)):

s(x,t) = Z ag (1) sg (x) . (2.14)
k
With the initial conditions, that no motion occurs within the earth volume Vg and on the
earth’s surface Sg before the earthquake occurs:
s(x,t) = 0
os (x,t) = 0, for t <0, (2.15)
equation 2.14 is (Dahlen and Tromp, 1998):

t
S <X> t) = ZWI;QSI;; (X)/ 8t/Ck (tl) <1 _ eiwk(t*tl)) dt’
k —o0o
t

= Z(iwk)_lsk(x)/ Cy (1) e t=1at’, (2.16)

k —00

13
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with
Cp(t) = / f(x,t) s (x)dV + t(x,t)-s; (x)dS
Vi
= [ 19Tt s+ VI () s o)V
Vi
- / tr [r (x, 1) - (Vs)T (x)| dV
Ve
= / tr [T (x,t) - e’ (x)] av (2.17)
Vi
by inserting equation 2.13 and the conjugate complex strain tensor € (x) of mode k.
According to the solution of the equation of motion for displacement s (egs. 2.16 and

2.17), Dahlen and Tromp (1998) showed that the acceleration field a for times ¢ later then
the source duration t; becomes:

a(x,t)=> o, (x,t), t>ty, (2.18)
k

where the complex excitation amplitude of the earth’s free oscillations are:

tf )
Ck = / / tr [T (x,1) - e’ (x)] e7 " dV dt. (2.19)
to Ve

Now the seismic moment tensor M is defined as:

tr
M = / a,T (x,t) dV dt
to Vi

My, My Ms
— [ My My My | (2.20)
Mz M3y Mss

Because of the symmetry of the stress glut I' (see eqn. 2.12), the seismic moment tensor is
an symmetric tensor of second order and describes the moment released by an earthquake
and is given in Nm or dyn-cm. The scalar seismic moment is:

My = \/ZTM%, (2.21)

and the moment magnitude My, is defined as (Hanks and Kanamori, 1979):

2
My, = 3 log My — 10.73, My in dyn-cm. (2.22)

An approximation often used in seismology when the distance to a seismic source is large,
is the assumption of a point-source that radiates the seismic energy. Since in that case

14



2.2 Eigenvector representation of the moment tensor

the excitation amplitudes are independent on the source dimension and source duration,
they can be computed once and reused for the analysis of different sources, that is a
major simplification for automatised moment tensor inversion (Giardini et al., 1993, see
section 2.3). Working with long-period waveforms (period 7 > 35 s), it can be assumed
that the modes being excited are much longer than the source dimensions and the periods
much longer than the source duration (point-source approximation). Hence the first part
of a Taylor series of equation 2.19 around the fiducial origin time ¢, and fiducial hypocentre
X, is:

¢ = tr [M- e’ (xs)] e nts. (2.23)
Considering the next term of the Taylor expansion results in a more complex estimation of
¢ including the first spatial and temporal moments which are used for defining the centroid
time and location (Backus, 1977) of the maximum energy concentration during the source
process. That kind of approach is used within the centroid moment tensor (CMT') inversion
routine (Dziewonski et al., 1987a), while in this work an inversion for centroid time and
location is not performed. However, individual time-shifts for the different traces are
allowed to take account of inadequate estimations of time and source location (Giardini,
1992, section 3.2).

Corresponding to equation 2.23, expansion of equation 2.17 around t, and X, including the
seismic moment tensor M (eqn. 2.20) allows to calculate seismic displacements for long
periods (Dahlen and Tromp, 1998):

s(x,t) =Y tr[M- e (x,)] wy sy (x) (1 — (1)) (2.24)
k

Equation 2.20 can be simplified by replacing the time dependent stress glut and source
volume by constant values for times ¢t > t;. Thus inserting the static stress glut I'y and
the final source volume V; gives:

t
M= [ T,av; T, = / "OT (x.1) dt. (2.25)
Vy to

For the limit of a zero source volume the stress glut equals the moment tensor per volume.
Hence, in case of an isotropic physical stress o ... (eqn. 2.12) within the source volume, the
principle axes of moment tensor M and modelled stress tensor &,,,4.; Would be identical.
Since the moment tensor is defined as a stress difference integrated over the source volume,
it is indirectly linked to the stress field outside the source. It will be shown in sections 6.2
and 7.3, that stress as well as strain can be derived under certain assumptions from the
moment tensor (Gephart and Forsyth, 1984; Kostrov, 1974).

2.2 Eigenvector representation of the moment tensor

The nine elements of the seismic moment tensor represent the nine couples of equivalent
body forces (Fig. 2.1). The off-diagonal elements are assigned to opposite forces that are
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Figure 2.1: The nine force couples of the seismic moment tensor (from Stein and Wyses-
sion (2003)).

offset in direction normal to their orientation and thus apply a net torque. However, be-
cause of the symmetry of the moment tensor, the conservation of angular momentum is
guaranteed. The diagonal elements correspond to force dipoles acting along the coordinate
axes. As all tensors M can be rotated into its system of principal axes . Thus each arbi-
trary isotropic moment tensor can be expressed as three force dipoles that are eigenvectors
of M, using the eigenvalue equation:

Me' = \é' (2.26)
Hence by rotating a moment tensor into its system of eigenvectors, it is expressed by three
force dipoles: the so-called pressure-/P-axis é” = é!, the tension/T-axis eI = &2 and

the null-/B-axis éP = &3 with eigenvalues A\y > \p > Ap, respectively (e.g. Stein and
Wysession, 2003). As the trace of a tensor is an invariant on arbitrary rotations, tr (M)
represents the volumetric part of the earthquake. A moment tensor that describes a volume
change tr (M) > 0 is called isotropic. For tr (M) = 0 no change of volume takes place, and
the moment tensor is denoted deviatoric. Double couple mechanisms are special cases of a
deviatoric moment tensors with A7 = —Ap and A\g = 0.

A pure double couple focal mechanism describes a slip on a planar fault and is the simplest
model for an earthquake. While the moment tensor represents a seismic source by the
equivalent forces, slip on a plane describes a concrete fracture process. Thus moment
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2.2 Eigenvector representation of the moment tensor

Noﬁh

Fault plane

Figure 2.2: Definition of strike ¢, dip ¢ and slip A (from Stein and Wysession (2003)).

tensors can be derived even if the geometrical representation of the source process is more
complex than simple slip. The moment tensor elements according to a double couple
mechanism can be expressed as the product of shear modulus u, the rupture area Ap with

~

fault normal vector n and the slip vector d (Jost and Hermann, 1989):

As a consequence of the symmetry of M, the slip vector d and the normal vector f are
interchangeable in equation 2.27. Thus n and d are often denoted as the normal vectors of
the two nodal planes, since for a given moment tensor it is not possible to determine which
plane is the true fault plane. The nodal plane on which the rupture really occurred can
only be determined by additional information, such as know geological faults, aftershock
distributions and directivity effects. The fault geometry can be deduced from the moment
tensor eigenvectors and vice versa by:

1 . 1 . .
&P — — ﬁ—d), éT:—<ﬁ+d), e —hxd 2.98
\/5( 2 (2.28)

and ) .
n=—(e"+e’), d=—=(e" -&"). (2.29)

V2

The B-axis is oriented parallel to the line of intersection of the two nodal planes, whereas
P- and T-axis bisect the orientation of the plane normals. For a seismic event the P- and T-
axis give the resulting directions of compressional and dilatational quadrants, respectively,
but generally not the initial orientation of stress. This is due to pre-existing faults, that can
be re-activated by various oriented stress tensors, and the fact that newly created rupture
mostly occurs at 25°-30° rather than 45° from orientation of maximum principle stress
(section 6.1).
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Figure 2.2 shows the angles describing a simple slip on a planar fault that is represented
by a double couple moment tensor. The fault geometry is defined by the strike ¢ of the
fault measured clockwise against north, the dip ¢ from the horizontal surface and the slip
A as the counter-clockwise angle between horizontal and slip vector d. Using the normal
vectors of fault and auxiliary plane gives:

tan¢p = 2
ns
1 — 2
tany = vVoTm
n1
d
tan\ = —— (2.30)

dsny — d2n3'

The introduction and discussion of a pure double couple mechanisms enables the decom-
position of an general moment tensor M to separate isotropic, deviatoric and pure double
couple components (DC'). With

1
M, = gtr(M) -1, (2.31)
M decomposes in an isotropic and a deviatoric component:
M = M,,, + Mye,. (2.32)

Since tr (Mge,) = 0 and the set of principle axes do not change for the deviatoric moment
tensor My, it can be separated into two DC-mechanisms or a DC and a CLVD (Compen-
sated Linear Vector Dipole). For this purpose the deviatoric moment tensor is rotated in
its system of eigenvectors, so the eigenvalues become the diagonal elements, as off-diagonal
elements are zero:

A 0 0

Mdev - 0 )\2 0 ; |)‘1| > |/\2| > |)‘3|
0 0 Xs
A0 0 0 0 0

0O 0 0 0 0 X

maj;?Dc minor DC
2t 00 -2 0 0
= 0 -2t o |+ 0 -2 0 |. (2.33)
0 0 0 0 0 X
pe I R

The double couple percentage p contained in an arbitrary moment tensor arises from the
ratio of the smallest to the largest eigenvalue or the moments of minor to major DC
(eqn. 2.21):

_ MO,min
B MO,maj .

A
p=(1-2¢)-100%; €= |=>

=15 (2.34)
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) 1 00 . 1 0 O
s(000) | @ =(23¢) | O
. 0 0O . 00 O
w(rer) ™ si2) Q@
) 010 ) 0 01
s(itd) M a(itd) QO
. 1 0 0 . 1 0 O
a(i10) @) s(008) @
) 1 0 O . 1 0 0
#(312)| @ | =(332)] o
. -2 0 0 . -2 0 0
+(111) O 1+(3li)| @

Figure 2.3: Standard moment tensors and their beachball representation (from Dahlen
and Tromp (1998)). Row 1: isotropic moment tensor (pure explosion and implosion);
Rows 2-4: pure DC. Row 2: strike slip (left-lateral N-S and NW-SE); Row 3: vertical
dip-slip (strike E-W and N-S); Row 4: thrust (strike E-W and N-S); Rows 5-6: CLVD’s.

Hence, for a pure CLVD applies p =0% (¢ =0.5) and for a pure DC: p =100% (e =0)
(Giardini, 1984). Since the most stable part of the moment tensor is the DC-component,
a high DC-percentage p is often used as an indicator for a stable inversion result (Bernardi
et al., 2004). Kuge and Lay (1994) showed that the poor resolution of M,, = M,, and
M,, = M., present in surface wave moment tensor inversion can lead to artificial non-DC'
parts and thus a high DC-percentage p. Other reasons for a high DC-percentage p that
do not imply an unstable inversion can be found in inaccurate source locations or crustal
heterogeneities (Zhang and Lay, 1990; Henry et al., 2002).

Moment tensors are graphically represented by so-called beachballs. They show compres-
sional areas (blackened or coloured, containing the P-axis) and dilatational areas (no fill,
containing the T-axis) projected on a lower hemisphere stereographic map. In case of a
double couple mechanism the nodal planes, that correspond to the orientations of fault and
auxiliary plane, divide the earth in quadrants of compression and dilatation. Figure 2.3
gives an overview of some characteristic examples.
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2.3 Inversion of the moment tensor

If the earth’s structure is known and long-period waveform data is available, the seismic
moment tensor M and thus the focal mechanism of an earthquake can be calculated by
inversion. Since generally more independent data than model-parameters are available, the
inversion problem is over-determined. After Kennett (1976) equation 2.24 can be written
as:

s = Gm, (2.35)

with the model vector m = (my, ma, mg, mg, ms, mG)T that consists of the six independent
elements of the symmetric moment tensor:

my MMy Mg
M=| my my mg |. (2.36)
ms Mg M3

The data vector s contains the frequency amplitudes and phase informations for every
waveform included. Since the isotropic component of the moment tensor M is not well
resolvable for shallow events (Kawakatsu, 1996; Dziewonski et al., 1981), M is constrained
to be deviatoric by setting tr(M) = 0 (Bernardi et al., 2004; Giardini, 1992) that reduces
the moment tensor to five independent elements.

The Green’s function G consists of the excitation amplitudes (eqn. 2.23) that—in approxi-
mation of a point source—can be calculated beforehand using the one-dimensional earth
model PREM (Dziewonski and Anderson, 1981). During inversion in the frequency domain
the excitation amplitudes can be accessed without renewed calculation, since they are only
dependent on azimuth, distance and degree k of the normal modes.

Since G is not symmetric and hence equation 2.37 describes an overdetermined problem,
it is necessary to calculate the generalised inverse of the Green’s function G to solve
equation 2.35 for the model vector m

— (GTG) ' Gs. (2.37)

The misfit between input data s (w) and synthetic data s’ (w) calculated by the obtained
moment tensor is given by the variance

[Re(s) — Re

()] + () I &) 239

(s)” +Im(s)

g =

To investigate the resolvability of the moment tensor in this work a different inversion
approach is used additionally. The singular value decomposition (SVD) separates the
moment tensor into its eigenvectors. A detailed description of the SVD can be found at
Parker (1994). Thus the matrix G decomposes into three parts:

G =U,A, V] (2.39)
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2.3 Inversion of the moment tensor

Matrix V,, contains the non-zero model-eigenvectors v; and matrix U, the non-zero data-
eigenvectors u;. A, is a diagonal matrix including the eigenvalues \;. After Kawakatsu
(1996) the moment tensor trace elements can be written by a nearly independent set of
model parameters:

(m1+m2+m3)/3
my = (=2mq+mg+mg3)/3
(ma +m3) /2

. r_ r
my = My; My=ms; Mg=msg, (2.40)

to explicitely discriminate between isotropic and deviatoric parts. Thus this formulation
can be used to exclude the isotropic part from the inversion and the deviatoric model vector
my., can be written as :

mge, = (mb, mh, miy, mp, mg)" . (2.41)

Since the data vector consists of spectral amplitudes for all seismic stations used, it has
many more elements than the model vector containing only the five independent elements
of the deviatoric moment tensor. Thus the inversion problem is overdetermined and can
be inverted by:

u;s’

A

5
Mge, = VpAZ:lUZS = Z V; )\Z > )\i+1. (242)
i=1
Model eigenvectors with small eigenvalues do not decrease the data misfit significantly
and rather model inconsistent noise (Forbriger, 2001). Thus it is worthwhile to consider
a moment tensor solution only composed by the [ model eigenvectors with the largest
eigenvalues:

! /
u;s
Meytl = ;:1 Vi )\Z . (243)
In section 5.4 the consequences of reducing the model vector by one model eigenvector will

be discussed. It will be shown that in some cases the double couple percentage p (eqn. 2.34)
can be increased for [ = 4 while the included double couple pattern is conserved.
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Chapter 3

Frequency sensitive moment tensor
inversion

3.1 Seismic data

Recordings of broadband and long-period seismometers in regional to teleseismic distances
are used to investigate source mechanisms of earthquakes My, < 5.0 in eastern Africa.
Generally, the seismometer distribution is sparse and source-receiver distances are up to
3300 km. Therefore, the analysis had to be restricted to times for that sufficient data is
available.

The first permanent digital long-period seismic sensors in Africa were already installed
1975-1985 (SUR, RER, ATD and others not maintained any longer), but since 1993 the
number of stations increased to the today’s amount (Table 3.1). Thus moment tensor inver-
sion of light to moderate sized earthquakes in eastern Africa is restricted to time periods,
sufficient data are available for. In this work only earthquakes that occurred later than
1994 are considered, when five permanent recording seismometers were operating in eastern
Africa and neighbouring regions. Until 1999 the number of permanent stations increased
to 13, thus a good azimuthal distribution with respect to eastern Africa is provided, with
only two minor gaps in the west and south-southeast (Fig. 3.1).

The locations of seismometers in eastern Africa and neighbouring regions that are used in
this study are listed in Table 3.1. Waveform data of all stations are available online in
SEED-format via the IRIS-datacenter Washington (http://www.iris.edu/SeismiQuery/)
or using the BREQ)_FAST e-mail client.

To gather the set of earthquakes that shall be studied, events are taken from the Engdahl
catalogue of relocated earthquakes (Engdahl et al., 1998). Events must have occurred in the
time period from 1994 to 2002 and the study region is limited in latitude from 24°S to 10°N
and in longitude from 20°E to 51°E. Only events are considered for that no Harvard CMT-
solution was determined previously (e.g. Ekstrom et al., 2005) and that have a magnitude
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Chapter 3. Frequency sensitive moment tensor inversion

Table 3.1: Permanent seismic stations in eastern Africa and neighbouring regions used
for the moment tensor inversion.

name  network lat lon rec. since altitude
yr-mo-day [m]

ATD! G 11.53 42.85 1985-03-09 610

BGCA GT 5.18 18.42 1994-07-21 676

BOSA GT -28.61 25.26 1993-02-26 1280

FURI? U 890 38.69 1994-12-12 2545

KMBO? GE,IU -1.13  37.25 1995-01-05 1960
LBTB GT -25.02  25.60 1993-04-17 1128

LSZ IU -15.28 28.19 1994-08-05 1184
MBAR IT -0.60 30.74 1999-09-22 1390
MSEY IT -4.67 5548 1995-05-15 475
MSKU IU -1.66 13.61 1999-02-27 312

NAT GE,IU -1.27 36.80 1995-01-05 1692
RER! G -21.16  55.75 1982-07-25 834

SUR IT -32.38  20.81 1975-12-12 1770

TSUM IU -19.20 17.58 1994-08-19 1240

Network codes as follows: G: GEOSCOPE, GE: GEOFON,
GT: GTSN/GSN (USAF/USGS), II: GSN (IRIS/IDA), IU: GSN
(IRIS/USGS).

of my > 4.5 or Mg > 4.5. By these restrictions 61 events are extracted from the catalogue
with magnitudes ranging from m;,= 3.5 to 5.5 (Table A.3). The events are distributed
over the East African Rift System and adjacent areas (Fig. 3.1). The routine Harvard-
CMT source mechanism determination is complete down to My ~ 5.5 on a global scale
(Arvidsson and Ekstrom, 1998) and down to My, ~ 5.3 for eastern Africa (see section 5.5).
Thus the extracted dataset includes 12 events reported to have magnitudes m;, > 5.0 for
that no CMT-solution was calculated. All events have standard errors in position less
than 18 km (9.3 km on average), except one event (2001-01-31, event 30) for which no
location error is given for (Engdahl, personal communication). A location error of 18 km
would result in a traveltime residual of 6 s assuming a low Rayleigh-wave group-velocity of
3 km/s. Nevertheless, uncertainties of this size are not critical for moment tensor inversion,
since traveltime residuals are compensated up to a quarter of the minimal inverted period
(see section 3.2).

LAGD replaced by ATD 1990-12-08
2AAE replaced by FURI 1997-09-01
3NAT replaced by KMBO 1995-09-17
4PCR replaced by RER 1986-02-10
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3.1 Seismic data

20° 40° 60°

Figure 3.1: Seismic station distribution (red triangles) in eastern Africa and neighbouring
regions. The box defines the study region including seismicity from 1994 to 2002 with
my > 4.5 (blue dots, Engdahl et al., 1998). Plotted focal mechanisms are taken from
Harvard CMT-solutions (e.g. Dziewonski et al., 2003).

For general applicability the one-dimensional velocity model PREM (Dziewonski and An-
derson, 1981) is used to calculate the synthetic waveforms for the moment tensor inversion.
However, this restricts the inversion to long-period waves, that are less influenced by struc-
tural heterogeneities than short periods (Larson and Ekstrom, 2001). Sileny (2004) showed
that periods 7 > 35 s are sufficient for the determination of moment tensors for light to
moderate sized events using a one-dimensional earth model. Beside this short-period limit,
the usable waveform data are also limited for long-period waves. Low magnitude earth-
quakes provide amplitudes higher than the seismic noise level only at waves of rather short
periods, when recorded at teleseismic distances. Thus for the moment tensor determination
in regions of only intermediate seismicity and sparse seismometer coverage, source-relevant
data of long-period waves (7 > 100 s) disappear within the seismic noise. These two limits
restrict the data used in this study to periods 7 = 35-100 s (f = 10-29 mHz).

Waveform quality differs with source-receiver distance, earthquake magnitude, local noise
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Figure 3.2: Seismograms of the seismic event on 31 January 2001 (event 30). Data are
corrected for the instrument response and band-pass filtered between 10 mHz and 29 mHz.
Station names on the vertical axis indicate source-receiver distance A. Seismometer com-
ponents are plotted in columns: vertical component Z on the left, radial R and transverse
T component in the middle and on the right, respectively. Displayed amplitudes are not
scaled.

conditions and temporally effects as weather phenomena or human activity. Another effect
in seismic source studies is that long-period amplitudes azimuthally depend on the radiation
of the source mechanism (section 2.1). Thus regarding low magnitude earthquakes, signal
amplitudes for similar source-receiver distance but different azimuthal direction either can
be just below or just above the noise level.

To show the different restrictions of using waveform data for moment tensor inversion, Fig-
ure 3.2 displays the waveform components recorded for the earthquake on 31 January 2001
(event 30). Data are corrected for the instrument response and band-pass filtered from
10 mHz to 29 mHz (4th order butterworth filter, Stammler, 1993). Most prominent are
the two very noisy horizontal components of station KMBO that are most reasonable due
to local effects, since they often record noisy data and as a consequence are used for the
calculation of two earthquake source mechanisms only. BOSA(T'), that in general provides
high quality data (section 5.3), obviously is biased by an instrumental effect, since the
other two components, Z and R, show a transient earthquake signal. Thus BOSA(T) as
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3.2 Frequency sensitive processing

well as KMBO(R,T') cannot be used for the moment tensor inversion. All other waveforms
provide moderate to high signal-to-noise ratios. As mentioned above long-period wave-
form amplitudes can vary strongly in dependence of the source mechanism. Comparing
BGCA(R) and BGCA(T), the Love-wave train recorded on the transverse component has
a higher amplitude than the Rayleigh-wave on the radial component (Fig. 3.2). Also as a
consequence of the source radiation pattern the highest amplitude of vertical components
is given by FURI and not by KMBO which is the station nearest to the source.

Waveform data can be biased severely by local effects such as atmospheric phenomena,
heterogeneities in velocity structure or just a general high noise level (section 5.3) and
often different kinds of noise sources coincide. Thus, to perform a stable earthquake source
study, first of all a reliable waveform dataset has to be compiled. In this work this is done
automatically by inverting the source-relevant long-period part of each waveform trace at
first solely to determine waveform traces with a high signal-to-noise ratio.

3.2 Frequency sensitive processing

A damped least squares moment tensor inversion in the frequency-domain is used to match
the spectral amplitude pattern radiated by light to intermediate sized earthquakes that were
recorded in regional and teleseismic source-receiver distances (Giardini, 1992; Bernardi
et al., 2004). After correcting waveform traces for the station response, the original seis-
mometer system of vertical component Z with the horizontal components North N and
East Fis rotated in the ZRT system. Hereby the horizontal radial component R is rotated
in direction of theoretical backazimuth and the horizontal transverse component 7T perpen-
dicular to it. The deconvolution of the instrument response, the rotation of the horizontal
components and the band-pass filtering was realised using SeismicHandler (Stammler,
1993). Then a Fourier transform is applied for a time window of 900 s (15 min.) beginning
200 s before the theoretical P-wave arrival and thus containing body waves and the main
part of the surface wave train for source-receiver distances of up to 3300 km. Re-alignment
of individual waveform components Z, R and T in the time-domain is allowed to take ac-
count of traveltime delays present at intermediate periods (Giardini, 1992; Arvidsson and
Ekstrom, 1998). In this work identical time-shifts At for the radial and vertical compo-
nent (Z,R) are applied to fit Rayleigh- and P-waves, as an individual time-adjustment is
allowed for the transverse component T containing the horizontally polarised Love- and
S-waves. So the moment tensor inversion is performed for different time-shifts to find the
best waveform fit. The re-alignments are restricted to a quarter of the smallest inverted
period 7™™" to prevent polarity changing phase-shifts:

At < 7 = 1 .
4 4fmax

(3.1)

Thus for the maximum frequency f™* = 29 mHz used in this work, the maximum time-
shift allowed is At= (4-29mHz)"" = 8.8 s. Time-shifts of this order does increase the
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Figure 3.3: STEP 1 and STEP 2 of the processing scheme of the frequency sensitive moment
tensor inversion applied for each earthquake. Details see text.
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Figure 3.4: STEP 3 of the processing scheme of the frequency sensitive moment tensor
inversion applied for each earthquake. Details see text.
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waveform fit but do not significantly change the final focal mechanism (Arvidsson and
Ekstrom, 1998).

The inversion has a limited depth resolution since long and intermediate period surface
waves excitation functions do not vary much with source depth (Giardini, 1992). Hence
discrete crustal hypocentral depths are used (6, 10, 14, 18, 25, 33 and for some events 42 km)
(Bernardi et al., 2004). Synthetics are generated by normal mode summation (Woodhouse,
1988) for the one-dimensional PREM earth model (Dziewonski and Anderson, 1981), that
makes the inversion routine easily transferable to regions worldwide.

In this study a frequency sensitive moment tensor inversion is performed to account for
the difficulties of source mechanism analysis of light to intermediate sized earthquakes
recorded in regional to teleseismic distances. The semi-automatic data processing fol-
lows a strict scheme and includes three steps: STEP 1) Determination of an initial dataset
Nini (for an initial and representative frequency range Fj,;;); STEP2) Extraction of the
final data set Nyi,q in dependence on hypocentral depth and inverted frequency range;
STEP 3) Frequency sensitive analysis for the final dataset to determine the final frequency
range [nq and the optimum hypocentral depth dginq. Figures 3.3 and 3.4 illustrate the
processing schematically: colour and shape of the boxes indicate their function and con-
tent. The resulting parameters and the moment tensor inversion itself (MTI, blue colour)
are symbolised by hexagonal shape. Rectangular shapes mark waveform datasets N, as
rounded boxes symbolise frequency or hypocentral depth. Red colour stands for definitions
or changes of parameters, and yellow boxes indicate conditions. The available number of
seismic stations for each event ¢ is n, and in general six discrete hypocentral depths d; are
regarded (additionally d; = 42 km for special events).

(STEP 1) Because of large source-receiver distances, low earthquake magnitude, site depen-
dent seismic noise and crustal heterogeneities along the travel paths of the recorded waves,
some waveforms are not usable for the moment tensor inversion (section 3.1). Thus at
first, each available single seismometer component is reviewed by moment tensor inversion
whether its waveform could be explained by an arbitrary source mechanism and the one-
dimensional earth model. The inversion is performed for a sliding 8 mHz wide frequency
band F between 8 mHz and 29 mHz with a mid-frequency f and a constant hypocentral
depth dy given by Engdahl et al. (1998). For each frequency band the variance o (eqn. 2.38)
between observed and synthetic waveforms is calculated in the frequency domain, to esti-
mate whether the one-dimensional earth model is sufficient to explain the recorded seismic
waves. The same initial inversion is performed for a combination of Z- and R-components
that record the P- and the Rayleigh-waves and for the set of all components (Z,R,T) of a
seismometer. Variance limits have been defined to separate explainable data and such bi-
ased by noise and effects of crustal complexity. For the single component inversion ¢ < 0.5
has to be fulfilled, whereas for the inversion of (Z,R) and (Z,R,T) ¢ < 0.75 must be valid.
These variance limits are determined empirically to receive a robust initial dataset, inclu-
ding a high amount of source-relevant waveform information (compare section 5.3). Thus
for each frequency range Fy an initial dataset Ny, (F) is determined that only includes
waveforms that fulfil the variance criteria.
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3.2 Frequency sensitive processing

Finally, the frequency independent initial dataset N;,; is taken for the frequency range
F with the highest number of components ¥ [Ny (F)]. The initial frequency range Fjp;:
then is assigned by extending F; to frequencies with a similarly high amount of explainable
data. To practically demonstrate the described processing steps, they will be discussed on
the basis of an example in section 4.2.

(STEP 2) Next the subset Npjng = Nini is reduced to the set of waveforms that could
be explained by a common moment tensor: One by one the waveform explained worst
is excluded from the subset Ngijnu (Fr,d;) and the inversion is performed again until the
waveform components C* = {Z, R, T'} for all stations i have an individual variance o [C¥] <
0.75. This step is repeated for a sliding frequency band F; within the frequency range Fj,;
in combination with discrete crustal source depths d;. The iterative procedure reduces
Ntinal (F,d;) to an individual dataset for each depth-frequency combination.

To include a high number of waveforms ¥ [Nyina (Fy, d;)] with a low variance o in the final
dataset Nyinq, for this part of the procedure the normalised variance oy, is introduced.
It is used for the determination of the optimum dataset Ny (Fr, d;):

Onorm = 30/ (X [Nfina (Fy,d;)] — 3) — min. (3.2)

Hence variances for inversions of six waveforms remains unchanged, whereas o > 7,1, for
more than six inverted waveforms. Equation 3.2 is derived empirically and proves to be a
convenient criteria for automatically determining N, with a high number of waveform
traces and a sufficient variance level. To avoid the choice of a focal mechanism solution
that varies strongly from the mechanisms of adjacent inverted frequencies, only solutions
for depth-frequency combinations are chosen that are similar to the inversion results for
frequency pass-bands shifted by 1 mHz in positive or negative direction. To define similarity
of two focal mechanisms the average difference in orientation of the principal axes of two
moment tensor |A Az| <30° is used. After Bernardi et al. (2004) |A Az| is defined by the
sum of angular differences < (e“ — eb) between the principal axes of two focal mechanisms
a and b expressed as p = e, b = ey and t = e3 (eqn. 2.28):

1 1 .
|A Ax| = 3 Z:Axi =3 22:4 (ef —€) (3.3)

This step of the so far automatic procedure is controlled manually. If the algorithm proposes
a depth-frequency pair that still is isolated in the depth-frequency space, a focal mechanism
solution with a low variance .., in a stable depth-frequency region is chosen instead.

(STEP 3) This last step of the procedure is divided in two parts. (A) At first the final
frequency range Fi,q is determined and (B) thereafter the hypocentral depth dy;,q. of the
earthquake is estimated.

(A) As the previous steps are necessary to obtain the waveform dataset, now the frequency
sensitive inversion is performed for the final dataset Ny;,q;. The inversion for the deviatoric
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moment tensor is applied for the discrete source depths and the frequency range Fj,;; by
sliding frequency bands. The depth-frequency pair with the lowest variance o is selected
and the band-width extended to the widest range of similar focal mechanisms (|A Az| < 30°)
with individual variances o [C¥] < 0.9. Hence the minimum variance frequency range F'ina
of stable source mechanisms is obtained.

(B) At last the inversion of the fixed dataset Ny, and frequency band Fl,g for the
discrete source depths determines the hypocentral depth d i, with the lowest variance o
(Fig. 4.5). Here p, the percentage of double couple (eqn. 2.34), is considered as a controlling
parameter for the estimation of hypocentral depth, since very low values of p are a hint of
unstable inversion results (section 5.1). So if the minimum variance solution has p < 30%,
the hypocentral depth d;nq is chosen for which the inversion results in both, low variance
o and rather high p. This is not the general case, so this manual adaption is only necessary
for events number 16, 23 and 26 (see Appendix B for details).
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Moment tensor solutions

4.1 Inversion results

Using the frequency sensitive moment tensor inversion described in the previous section,
38 reliable moment tensors are calculated out of 61 events investigated (Table A.3). For
the remaining earthquakes no focal mechanism is given in this study, since for these events
Nyina is determined to contain less than six consistent waveform components and thus the
quantity of data is not sufficient for an inversion (processing STEP 2, see section 3.2). The
obtained 38 source mechanisms are determined for earthquakes with moment magnitudes
that range from My 4.4 to My, 5.5 (median My, = 4.8). Although earthquakes since 1994
are considered, the earliest event for that a focal mechanism is determined took place on
1995-04-27. The two events that occurred in 1994 were recorded by two, respectively three
seismometers only and thus not enough data are provided for the inversion. The individual
focal mechanism solutions are shown in mapview in Figure 4.1, and quantitative inversion
results of all events are given in Table A.1. As expected the majority of analysed events
concentrates along the East African Rift System, but 13 moment tensors are determined
for earthquakes in neighbouring regions. Individual earthquakes will be discussed in the
context of the regional tectonics in section 5.2. In Appendix B detailed results for each
inversion are presented. For each event three figures are shown: the frequency sensitive
inversion of Ny (STEP 3A of the processing), the depth-variance analysis for Ny, and
Fina (STEP 3B) and the final inversion with synthetics displayed for each waveform com-
ponent included in the final dataset Ny, (compare Fig. 3.3, 3.4). Figures are listed
chronologically as in Table A.1 and geographical earthquake locations are given following
the seismo-tectonic Flinn-Engdahl-regionalisation scheme (Flinn et al., 1974).
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20° 40°

Figure 4.1: Result of the frequency sensitive moment tensor inversion showing the 38
determined focal mechanisms (double couple part). Beach balls are scaled by moment
magnitude My,. Numbering see Table A.1.
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Figure 4.2: Vertical waveform components recorded of the 2000-01-04 earthquake
(event 20). Data are corrected for the instrument response and sorted by source-receiver
distance A. Theoretical P- and S-wave onsets are marked by vertical lines.

4.2 The 4 January 2000 My, 4.8 earthquake

A representative earthquake to explain the inversion result plots and to demonstrate the
three steps of the processing scheme is event number 20 that occurred on 4 January 2000
on the southernmost part of the East African Rift in Mozambique.

The event has been recorded by six of the 13 seismometers in and around eastern Africa
with source-receiver distances between 2000-3100 km (section 3.1). Waveforms of the
vertical seismometer components are shown in Figure 4.2. During STEP 1 of the processing
scheme the individual waveform components are inverted solely to analyse whether they
are explainable by an arbitrary source mechanism at all. Whereas stations SUR, TSUM
and BGCA provide a good signal-to-noise ratio for all seismometer components and thus
the inversion results in variances below the limits defined in section 3.2 (¢ < 0.5 for single
waveform components and ¢ < 0.75 for inversions of (Z,R) and (Z,R,T), respectively), the
horizontal components of station FURI show high variances when inverted for an individual
moment tensor. Station ATD, is located in the Afar region that is 28°= 3100 km north

35



Chapter 4. Moment tensor solutions
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Figure 4.3: Histogram of the individual moment tensor inversion for single waveform com-
ponents of event 20 (STEP 1 of processing scheme). Heights of bars indicate the number of
waveform components 3 [N, (Fy)] that fulfil the variance criteria. Displayed frequencies
correspond to the mid-frequencies of inverted 8 mHz wide frequency bands.

of the earthquake source and provides only a low signal-to-noise ratio due to the large
source-receiver distance. In spite of its relative vicinity, station RER also shows a high
noise level that is observed for other events as well (see section 5.3).

Figure 4.3 displays the statistics of STEP 1 of the processing. For the studied frequency
range from 8 mHz to 29 mHz, the number of waveforms X [Ny, (F)] that can be well
explained by an arbitrary moment tensor is highest for the 8 mHz wide frequency bands
with mid-frequencies f= 20-24 mHz. Equally to higher and to lower frequencies the
number of well explained waveforms decreases. Hence within STEP 1 of the processing N,
is determined to the dataset including the maximum number of ten waveform components:
SUR(Z,R,T), TSUM(Z,R,T), BGCA(Z,R,T) and FURI(Z). The frequency range for which
Y [Ninit (F)] is maximum (f = 20-24 mHz), is extended to pass-bands for that the number
of waveforms is still high. Thus the initial frequency range that is used for STEP2 is
Finig = 12-29 mHz (f = 16-25 mHz).

Figure 4.4a shows the beginning status of processing STEP 2 by inverting the automatically
chosen waveforms N;,;; for a common moment tensor. The inversion for sliding frequency
pass-bands and discrete source depths results in a broad depth-frequency region of similar
normal faulting mechanisms. The obviously high variance level, however, is caused by
traces that cannot be explained by a common source process. When inverted solely they
are explained by an individual moment tensor. But since these data do not agree with
the data of other traces, large variances are produced when all waveform components are
inverted together for a common moment tensor. Hence, during processing STEP 1 non-
source effects, such as crustal heterogeneities, are mapped into the moment tensor when
these traces are inverted. Excluding these waveforms from the inversion in STEP 2 reduces
the dataset to a consistent waveform data base. Since for each depth-frequency pair this
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Figure 4.4: Frequency sensitive moment tensor inversion for 8 mHz wide pass-bands and
discrete hypocentral depths for event 20. a) Inversion of the initial dataset N;,; (STEP2).
b) Inversion of the final dataset Ny (STEP3A) with d* and Fy;,, framed by the dashed
line; the right column gives the inversion results for Ny, and the full frequency range
from 10-29 mHz.

dataset reduction is performed separately, the number of included waveform components
differs. In this example the minimum value for the normalised variance ¢, is given
for the frequency pass-band f= 16-24 mHz and the final dataset Ny, contains eight
waveform traces: SUR(Z,R,T), TSUM(Z,R), BGCA(R,T) and FURI(Z).

The frequency sensitive inversion of Ny;,q for discrete source depths (STEP3A) is given
in Figure 4.4b. Like for STEP 2 the inversion is performed for the frequency range Fj,;; =
12-29 mHz and shows similar focal mechanisms compared to the inversion of the initial
dataset N, (Fig. 4.4a) but at a lower variance level. The depth-frequency combination
with lowest variance is found at f* = 20 mHz for a source depth d* = 25 km with a variance
o = 0.60. Though the focal mechanism remains stable for a wide range of frequency, the
variance ¢ decreases to both sides of the evaluated frequency range. Since |A Azx|<30°
for f* and f= 19 mHz and variances of all waveforms included are below 0.9, the final
frequency band is extended to Fyjng = 15-24 mHz.

To analyse the frequency dependence of the inversion, for each event the dataset Nyina
is inverted for the full frequency band from 10 mHz to 29 mHz (Fig. 4.4b, right column)
to see whether a frequency sensitive inversion is necessary. Compared to the stable, low
variance depth-frequency region inverted for the narrow frequency bands, variances o are
high and focal mechanisms are partly rotated (section 5.3).

To estimate the optimum hypocentral depth, finally the moment tensor inversion for the
frequency range Fi,q is performed for varying source depths (STEP 3B). The minimum
variance o results for a hypocentral depth at 25 km with similarly low variances for shal-
lower depths, while deeper origins can be excluded (Fig. 4.5). Hence the mechanism is
stable over varying source depths, but the hypocentral depths are constraint only little.
The double couple percentage is above 70% for all source depths and gives a further indi-
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Figure 4.5: Variance o of focal mechanism solutions in dependence on hypocentral depth
for event 20. Inverted frequency range is F'ing = 15-24 mHz for the dataset Nyi,q. Blue
colour indicates the percentage of double couple p. The red cross marks the depth de-
termination of the Engdahl catalogue with standard deviation (red lines, Engdahl et al.,

1998).

cation for a reliable solution (see sections 5.1 and 5.4). In Figure 4.6 the detailed inversion
result for the optimum source depth of 25 km is presented. Finally, eight waveform traces of
four seismic stations with source-receiver distances between 2000 km and 3000 km are used
to determine the moment tensor. The solution shows a normal faulting mechanism, stri-
king in north/south orientation. The nodal planes dip with 26° and 65°, respectively. The
mechanism agrees with Harvard C'M7T-solutions determined previously for Mozambique
(compare Fig. 3.1). The seismic moment is determined to 1.67 - 10! Nm that corresponds
to My, = 4.8. Surface wave-trains on both radial and transverse components are fitted very
well in phase in amplitude. The summarised results of event 20 are shown in Appendix B.
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4.2 The 4 January 2000 My, 4.8 earthquake

MOZAMBIQUE

Date: 4. 1.0 Time: 0:25: 9.4 Lat:-16.10 Long: 36.10 Depth: 25

Plane (strike/dip/slip) NP1: 194/ 26/ -70 NP2: 353/ 65/ -99

Frequence range (Hz): .0150-.0240 Variance: 0.596 Mw: 4.8
70.2% double couple
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257° ‘1992ka‘n |
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Figure 4.6: Final solution of the moment tensor inversion of event 20 calculated for the
frequency range Fli,q. Triangles around the focal mechanism indicate station azimuth.
The inverted waveform traces Nyi,q on the vertical, radial and transversal component
(Z,R,T) are plotted as black solid lines, synthetics as red dashed lines (including a 5%
cosine taper on both sides). Station name and time-shift At is given above each trace,
azimuth and epicentral distance below. Amplitudes are plotted normalised to the maximum

of each station.
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Chapter 5

Discussion

5.1 Statistical overview

Different parameters can give insights into the individual moment tensors inversions. Be-
side fixed input parameters as earthquake location and time, the inversion results depend on
variable parameters studied in this work. These are determined by the semi-automatic pro-
cedure described in section 3.2: the waveform dataset, frequency pass-band and hypocen-
tral depth. By studying their relation to output parameters as earthquake magnitude,
data variance o (eqn. 2.38) and percentage of double couple p (eqn. 2.34), reliability and
quality of the moment tensor inversion results can be estimated. In the first section of this
chapter dependencies on these variables will be studied and afterwards special features will
be discussed.

The misfit between observed and calculated data in the frequency domain is given by
the variance o (eqn. 2.38), that is the parameter the moment tensor inversion minimises
for. The average variance for the 38 moment tensor inversions is o= 0.41 £ .12 with
0.17< 0 <0.71 normalised to the observed frequency amplitudes. Thus the determined
solutions provide a good fit between observed and synthetic seismograms (Bernardi et al.,
2004, compare Figures in Appendix B). For the main part of the results variance o increases
with decreasing earthquake magnitude (Fig. 5.1a), since for weak events the amplitude of
the seismic signals can be as low as the seismic noise level, hence biasing the transient wave
signal. Comparison of the variance-magnitude relation with the study of Bernardi et al.
(2004), who used the same basic inversion code from Giardini (1992) but a different data
processing, shows a very similar trade-off. Since they focused on the Mediterranean area
using European permanent seismometers, for their study source-receiver distances were
mostly around 1500 km. In this study source-receiver distances are on average 2000 km
with maximum distances up to 3300 km. Although source-receiver distances are larger and
seismic station coverage is less dense in Africa than in Europe, the variances in this study
are as low as those obtained by Bernardi et al. (2004). The generally low level of o resulting
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Figure 5.1: Statistical summary of the 38 moment tensor inversions showing the depen-
dencies of the different parameters. Moment magnitude My, vs. a) variance o, b) double
couple percentage p, c¢) high-pass frequency f}%ﬁl and d) number of waveforms X (N fina)
vs. date of occurrence.

from the presented frequency sensitive inversion is obtained by systematically excluding
waveform components with variances higher than 0.75 by STEP 2 of the semi-automatic
processing (Fig. 3.3). In combination with the frequency sensitive analysis this allows
the determination of source mechanisms for magnitudes as low as My, 4.4 and thereby
the decrement of the magnitude threshold of moment tensor inversion for eastern Africa,
previously defined by Harvard C'MT-solutions (section 5.5).

Non-double couple parts of a moment tensor can be caused by various effects (Frohlich,
1994). Beside physical reasons such as complex source geometries consisting of two or
more subevents on non-parallel faults (Frohlich, 1995), non- DC-components can be due to
mismodelled seismic noise and crustal heterogeneities (Kuge and Lay, 1994; Henry et al.,
2002). Source mechanisms of low magnitude earthquakes are generally thought to have
rather simple source geometries, that can be described by a pure double couple mechanism.
However, complex rupture mechanisms of low magnitude events are reported as well (Ide,
2001). Thus one must be aware of large non- DC-parts, that can be a hint for mismodelled
random noise or crustal heterogeneities mapped systematically into the source process,
when inverting low magnitude events for the moment tensor, using little data and a one-
dimensional velocity model. Since in this work and most other inversion routines p is not
a parameter that is optimised during inversion, it has not a high value per se.

In this study the DC-percentage p (eqn. 2.34) of inverted moment tensors shows a general
increasing trend for increasing magnitude My, (Fig. 5.1b). Especially inversions of earth-
quakes My, < 4.6 have small DC-parts with average p (My < 4.6) = 61% compared to the
over-all average of p= 69%. In contrary, higher magnitude events My, > 4.9 show higher
DC-parts, except of two events with rather low p but high magnitudes (events 2 and 8),
discussed in section 5.4. Obviously the low magnitude moment tensors constrained by little
or noisy data tend to have relatively low DC-percentages, supporting the results published
by Kuge and Lay (1994). However, Jost and Hermann (1989) showed by synthetic tests
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5.2 Individual moment tensor solutions

that increasing the level of random noise decreases the percentage of double-couple p of
a moment tensor, but that the DC-part (and hence the shape of the focal mechanism) is
affected only little. In this work waveform traces with low signal-to-noise ratio as well as
traces inconsistent with other waveform data are excluded by the automatic choice of the
final dataset Nyinq. So most of the traces affected by high random seismic noise, are ex-
cluded during STEP 1, while STEP 2 reduces the dataset to traces not affected by structural
heterogeneities.

In section 5.4 will be shown by singular value decomposition that both, random seismic
noise and inconsistent data resulting from crustal heterogeneities may be present in the
data, but that the double couple parts are hardly affected.

Figure 5.1c shows the relation between inverted frequency band and moment magnitude
Myy. 1t shows that the high-pass frequency fﬁﬁzl of Fting is lower for higher magnitudes.
Similar to the relation obtained by Sileny (2004), moment tensors for My, 5.2 events can be
inverted from frequencies as low as 13 mHz (7 < 77 s), while for low magnitude earthquakes
My, < 4.5 only higher frequencies f}%ﬁl > 18 mHz (7 < 56 s) are usable. As described by
previous works, there is a clear trade-off between earthquake magnitude and the frequency
range providing a sufficient signal-to-noise ratio (Braunmiller et al., 2002). However, some
earthquakes do not follow this trend, probably since the combination of low signal-to-noise
ratio and unexplained crustal heterogeneities overlay the theoretical frequency dependence
(Katka and Weidner, 1979).

The average number of inverted waveform traces per earthquake ¥ (Nfinat) is nine and
ranges from the predefined minimum of six to a maximum of 19 waveforms for event
number 15 (My 5.0). Since 1995 data availability has been improved, and thus moment
tensors of events recorded at later times are generally determined by more waveforms than
earlier ones (Fig. 5.1d). Thus, for events that occurred in the first years of the study period
often only six to eight waveform components provide consistent data.

Inverting less than six waveforms, the small amount of data can be fitted by various me-
chanisms, for structural heterogeneities could wrongly be mapped into the source process
(Kim and Kraeva, 1999; Rao et al., 2002). This can lead to rotated beach balls when
the frequency band is varied little, with small depth-frequency regions of stable focal me-
chanisms. Thus only earthquakes that provide a good signal-to-noise ratio for a sufficient
amount of data are analysed. Since inversions for only six to eight waveforms do not result
systematically in high variances the limit of ¥ (Nyi,q) > 6 is an adequate restriction.

5.2 Individual moment tensor solutions

5.2.1 The 2 October 2000 My 6.4 earthquake

During the period of investigation one strong My, 6.4 earthquake occurred on the western
branch of the East African Rift at the southern end of Lake Tanganyika (8.0°S/30.8°E)
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Figure 5.2: Moment tensor inversion for the 2000-10-02 earthquake. On the lower right:
frequency sensitive inversion of the final dataset Ny (STEP3A). Upper right: depth-
variance analysis for Ny;,, and the final frequency band Fnq (STEP 3B). Left side: final
result of the moment tensor inversion. Detailed description see Figures 4.4-4.6.
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on 2 October 2000, 02:25:33.3 UTC (Engdahl catalogue of relocated earthquakes, Engdahl
et al., 1998). Routinely, the moment tensor of the event was determined by Harvard-CMT
(Dziewonski et al., 2003) and the United States Geological Survey (USGS, available online
via http://neic.usgs.gov/neis/sopar). As a test of the frequency sensitive procedure, the
moment tensor for this event is calculated to compare the inversion result to published
focal mechanisms. The event is determined to have a normal faulting mechanism, striking
north-northwest /south-southeast (Fig. 5.2). 17 waveform components are chosen automati-
cally to invert for the moment tensor (Nyginq, STEP 2). The depth-frequency dependencies
calculated in STEP 3A of the inversion procedure (section 3.2) show a clear picture of stable
focal mechanism results over almost the whole range of frequencies (Fig. 5.2). Only on the
high-frequency edge for hypocentral depths of 33 km and 42 km, low variance mechanisms
are calculated that are rotated relative to the lower frequency inversions. This effect is
observed for other events as well and will be discussed in section 5.3. The final inversion
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5.2 Individual moment tensor solutions

Table 5.1: Focal mechanism solutions for the 2000-10-02 Lake Tanganyika event.

Ref hr:min:s Lat Lon D My Str  Dip Ra Xg > p
CMT 02:25:38.4 -7.8 30.6 40 6.4 346 58 -93 59 144 934
USGS 02:25:31.3 -8.0 30.7 36 6.4 342 57  -112 26 - 970

this study!  02:25:33.3 -8.0 30.8 42 6.4 352 54 -83 8 17 75.6

Columns as follows: reference, rupture time, latitude, longitude, depth [km],
moment magnitude, strike, dip, rake, number of stations g, number of wave-
form traces inverted Y, percentage of double couple p.

results in a focal mechanism that has one nodal plane striking 352°, dipping 54° with a
slip of -83°. The minimum variance source depth is 42 km, that is also the depth with
maximum double couple percentage p = 75.6%. To shallower depths variance increases
and p decreases.

The obtained moment tensor differs only slightly from the solutions given by Harvard-
CMT (Dziewonski et al., 2003, see Table 5.1 and Fig. 5.3) and the determination of the
USGS (Sipkin et al., 2002). The centroid time given by the CMT-solution is 5 s later
and the calculated centroid location is approximately 30 km northeast of the hypocentre
relocated by Engdahl. This relatively large deviation must be seen in the context of the
fault dimensions of an My, 6.4 event that are e.g. 40 cm slip on a 10 km wide and 40 km
long rupture area. In contrary a My, 4.4 event, two scales of magnitude lower, has an
energy release smaller by a factor of about one thousand and thus the fault dimensions are
e.g. 4 cm slip on a fault 1 kmx4 km (accordingly 13 emx3 kmx13 km for My, 5.4).

Hence, the possible difference between centroid location and hypocentre is restricted to
the fault dimensions and be compensated by time-shifts At (compare section 3.2). Long
wave periods for a My, 6.4 earthquake are above the seismic noise level even at teleseismic
distances. So for the 2000-10-02 earthquake the finally inverted frequency band Flfine =
4-16 mHz is very low and the allowed time-shift At < 16 s is relatively high.

For light and intermediate magnitude events studied in this work frequencies are higher
and maximum time-shifts At are clearly shorter. But since the position of the centroid is
restricted to a rupture area of only a few kilometres length, the deviation to the source
location determined by body-waves can be compensated as well.

It can be summarised that the limitation of At defined in equation 3.1 accounts for differ-
ences of centroid location and hypocentre and at the same time prevent from large, phase
changing time-shifts. Moreover the presented procedure is able to reproduce known focal
mechanism solutions of strong earthquakes, and it is appropriate to apply the method to
low and intermediate magnitude events.

'Rupture time and epicentre coordinates are taken from the Engdahl catalogue (Engdahl et al., 1998).
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Figure 5.3: Hypocentral depths of focal mechanism solutions in the Lake Tanganyika
region. Colour indicates source depth and diameter scales with magnitude. The numbered
focal mechanisms with black lined nodal planes are determined in this work (1994-2002);
Harvard CMT-solutions have grey lined nodal planes (1977-2005). The two focal mecha-
nisms of the My, 6.4 event on 2000-10-02 calculated in this work and by Harvard-CMT are
displayed enlarged.
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5.2.2 Seismicity beneath the upper crust

The relatively great hypocentral depth of the 2000-10-02 earthquake (d finq = 42 km) esti-
mated in this work agrees with the centroid-depths provided by CMT (40 km) and USGS
(36 km). This is also supported by body-waveform modelling using frequencies 7 ~ 5-10 s
(41 km depth, Ruff, 2004). Since the seismogenic zone of continental settings is discussed
to be between 15 km and 25 km depth (e.g. Stein and Wysession, 2003), the 2 October
2000 event violates the hypothesis that non-subduction seismicity is restricted to the upper
crust. Previous works already observed seismic activity beneath the upper crust for various
eastern African earthquakes (e.g. Foster and Jackson, 1998; Fairhead and Girdler, 1971;
Shudofsky, 1985), indicating that in eastern Africa the seismic active zone reaches into the
lower crust (Nyblade and Langston, 1995). In this work for ten events hypocentres are
estimated to be as deep as 33 km or even 42 km (event number 33). Figure 5.3 shows
focal mechanism solutions for the Lake Tanganyika region determined in this work and by
Harvard-CMT in dependence of their source depths. All along the Lake Tanganyika deep
sources are observed and especially on the southern Lake Tanganyika three events sources
deeper than 40 km: the 2000-10-02 My, 6.4 event discussed in the previous paragraph,
event number 33 calculated in this work and an additional CMT-solution at 8.2°S/32.0°E
(2002-02-20, My 5.5, Table A.2). Ruff (2004) proposes three possible explanations for
deep events in eastern Africa: 1) The temperature at 40 km depth is lower than expected
by the normal crustal geotherm and the lower crust can still behave brittle. 2) The events
take place just below the Moho, since the mantle material can break at much higher tem-
peratures, or 3) earthquakes are possible at high crustal temperatures as well.

5.2.3 Aftershocks and earthquake sequences

During the study period of this work six earthquake sequences occurred. Two of them
can be clearly identified as series of main- and aftershocks, while the events of the other
four earthquake sequences do not show any dominant initial rupture. Location and date
of these series are given in Table A.3 and started on 1996-12-20, 1999-05-07, 2000-03-02,
2000-10-02, 2002-01-17 and 2002-10-24, respectively.

The Lake Tanganyika My, 6.4 earthquake on 2000-10-02 (paragraph 5.2.1) was followed
by an aftershock series. Four aftershocks were reported by the International Seismological
Centre (ISC) with two events m;, 4.3 and my, 4.2 on the same day. Only the two later and
stronger ones were reported in the Engdahl catalogue that occurred nearly four and five
days after the mainshock with magnitudes of My, 4.8 and My, 4.7, respectively, and are
analysed in this work (Fig. 5.3, events number 25 and 26). Their relative location is within
20 km to the centroid location and assuming an location error of some kilometres, princi-
pally both aftershocks can be located on the main rupture area (compare paragraph 5.2.1).
Both aftershocks have source depths shallower than the mainshock location. Event 25 has
a well defined variance minimum at 25 km depth that agrees with the Engdahl reloca-
tion. In contrary, depth resolution of the second aftershock is low, since variances for four
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out of six solutions lie within a narrow corridor of Ao = 0.02 (event #26, Appendix B,
p. 124). Thus the finally chosen source depth is 25 km, because of the high double couple
percentage and the vicinity to the hypocentral depth determined in the Engdahl catalogue.
The three focal mechanism solutions have one nodal plane in common, striking within 23°
roughly north-northwest /south-southeast. Since this approximately is the orientation of
the East African Rift System (FARS) which coincides with the orientation of the Lake
Tanganyika, it is likely that the common nodal plane of main- and aftershocks was the
actual fault plane. The mainshock and the first aftershock, both show normal faulting
on the assumed east-southeastern dipping fault plane. However, event 26 is a left lateral
oblique slip mechanism and probably a consequence of reducing residual local stresses of
the mainshock that released around 350 times the energy of the My, 4.7 aftershock.

The other aftershock analysed occurred on 2002-10-24 (My, 5.2, event 38) only one hour
after the My, 6.2 mainshock. Additionally, the Engdahl catalogue contains two more
events for that the inversion procedure determined less than six usable waveforms (15C":
six aftershocks my, > 3.5). The events are located north of Lake Tanganyika and the moment
tensor of the mainshock was routinely determined by Harvard-CMT (Ekstrom et al., 2005,
Fig. 5.3). If location and inversion uncertainties are neglected, both events have one nodal
plane in common that coincides with the orientation of the main fault system and strikes
north-northeast /south-southwest and dips with 40°-50°. As the 2000-10-02 event, the
mainshock is a normal faulting mechanism at 15 km depth, while the aftershock shows a
right lateral strike-slip mechanism with a minor dip component at a low resolved depth at
33 km (event #38, Appendix B, p. 130).

The same region was the location of an earthquake sequence in January 2002 with no main
shock present (ISC': 18 events my > 3.8, 2002-01-17 and 2002-01-22). Five events were
strong enough to be inverted for the moment tensor. Focal mechanisms of the later three
events were determined by Harvard-CMT (Ekstrom et al., 2005), the first two in this work
(events 36 and 37). These two and the last event (CMT-solution) show similarly nor-
mal faulting mechanisms striking with north-northeastern orientation with a steep dipping
nodal plane of 70°-80° in common. The second and third event, however, show also normal
faulting but nodal planes striking with rotated orientations. Nevertheless, the preferred
orientation is north-northeast, parallel to the EARS.

A very similar combination of earthquakes occurred in March 2000 only 80 km southwest
beneath the western rift shoulder. Three events were reported by both ISC' and Engdahl
catalogue and none was calculated by Harvard- CMT. Events number 22-24 occurred within
two days and while the last two events had one steep nodal plane in common (My, 4.7,
My, 4.6) striking northeast, the first event is a normal faulting mechanism oriented north-
east /southwest but without a similar nodal plane.

Events number 16 and 17 occurred 12 hours after each other on 1999-05-07 and were
localised beneath the eastern shoulder of the southern Lake Tanganyika. They show a
very similar normal faulting mechanism with a dipping component. Strike of the nearly
identical fault planes is 305° and 294°, dipping 48° and 52°, respectively. The magnitude of
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the first event is My, 4.8, while the larger one occurred thereafter with My, 5.2. Since the
fault planes are particularly similar a triggering of rupture events seems to be probable.

The only earthquake series that was recorded between 1994-2002 on the eastern rift branch
started on 1996-12-20. Four events were reported by ISC, two of which are also contained in
the Engdahl catalogue and for the smaller My, 5.1 event a CMT-solution was calculated.
The larger shock of My, 5.5 that occurred 29 hours later, is determined in this work.
Actually, both mechanisms show a similar mostly right lateral strike-slip mechanism with
some dip-slip component with similarly striking nodal planes; however, the dipping angles
differ strongly. Both solutions have been determined by nine waveforms and the automatic,
frequency sensitive inversion procedure chooses a frequency band Flfjnq = 10-22 mHz nearly
identical to the CMT default value (7 > 45 s, f < 22.2 mHz). The very low double couple
percentage pus = 32.2% of event 8 and the moderate one of the CMT-solution p.,; = 66.2%
could be a hint for mismodelled portions in the focal mechanisms. However, in section 5.4 it
will be shown that p4s can be increased significantly by the SVD-cut-off inversion without
changing the double couple part severely.

5.2.4 Thrust faulting events

The major part of the analysed earthquake sources are normal faulting mechanisms that
are distributed over the whole study region and agree with the general extensional regime
in eastern Africa (Coblentz and Sandiford, 1994). Beside this, oblique dip-slip ruptures
are observed in the rift itself (e.g. event number 30). This supports the idea of rift-
related pull-apart basin as proposed by Skobelev (2004). Coblentz and Sandiford (1994)
showed by modelling gravitational potential energy that compressional areas originated in
the mid-ocean ridges surround Africa. Hence the thrust faulting events in the Mozambique
Channel (event number 21) and the Indian Ocean (event number 6) could be understood as
an expression of the potential gravitational energy. In western Africa thrust mechanisms
have been described by Ayele (2002) and Suleiman et al. (1993), thus event number 18
(Angola) could be interpreted as an indicator for transition from extensional tectonics in
the east to a compressional regime in the west of Africa.

5.3 Potential and restrictions of the frequency
sensitive moment tensor inversion

The frequency sensitive moment tensor inversion is performed to determine focal mecha-
nism solutions in regions, where intermediate seismicity is present but only sparse seismic
data are available. In this study the one-dimensional velocity model PREM (Dziewonski
and Anderson, 1981) is used for normal mode summation, to analyse the global applicabi-
lity of the developed procedure. Dziewonski and Anderson (1981) used around 1000 normal
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Figure 5.4: Cumulative number of waveform components used for moment tensor inver-
sion. Bars represent seismic stations. Stations on the right side were not operating the
whole study period from 1995-2002 (KMBO: 7 years, MSKU: 4 years, MBAR: 3 years,
NALI 1 year, others: 8 years). Blue colour indicates vertical Z component, yellow and black
the horizontal components R and T, respectively.

mode periods and 500 summed travel time observations to calculate the one-dimensional
PREM velocity model. These average velocities cannot account for regional features and
thus some waveform information cannot be explained. However, Rayleigh- and Love-waves
of periods 7 = 35 s are sensitive down to depths of ~70 km and ~35 km, respectively
(Dahlen and Tromp, 1998) and thus an individual one-dimensional velocity model for east-
ern Africa would probably explain shorter period waveform data slightly better. In this
study 7 > 35 s proved to be sufficient for determining stable moment tensor inversions, as
shown before by Sileny (2004).

The restriction of seismic data to periods 7 = 35-100 s (compare section 3.1) limits the
number of waveform components that was used for moment tensor inversion (Fig. 5.4).
Larson and Ekstrom (2001) showed that both, Love- and Rayleigh-waves, are affected by
crustal and lithospheric structure, depending on their period. Thus the velocity of surface
waves depends on whether they travel through continental or oceanic lithosphere. For
eastern Africa and the Indian Ocean, the Love-wave velocity difference is between 10-20%
at periods of 7= 40 s (f = 25 mHz) in the uppermost 30 km of the earth. Thus if low
frequency data are not sufficient for the inversion of very low magnitude events, surface-
wave velocity models can be used as additional improvements to explain high frequency
waves (Ekstrom et al., 1997). These ocean-land velocity perturbations are probably one
reason why the oceanic island stations RER (located east of Madagascar on the island of
Réunion) and MSEY (Seychelles) provide only few usable data, since the one-dimensional
earth model does not consider velocity heterogeneities. The other reason is the relatively
high seismic noise level that biases the data of oceanic stations (compare Fig. 4.2, Barruol
and Ismail, 2001). Here the dominant noise factors are atmospheric perturbations, that
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5.3 Potential and restrictions of the frequency sensitive moment tensor inversion

change the atmospheric pressure and thus induce seismic energy (Sorrells, 1971; Sorrells
et al., 1971). The effects of oceanic storms, however, affect only short periods 7 < 10 s.
For these periods seismometers located within continents show a higher signal-to-noise
ratio than those performed near the coastline or on oceanic islands. In contrast to conti-
nental stations far away from the oceans, here Rayleigh-waves excited by oceanic storms
are hardly attenuated. So the coastal station ATD does provide long-period data with a
high signal-to-noise ratio (vertical component), while the short-period waves are affected
by oceanic disturbances. The very low signal quality of its horizontal components, how-
ever, was described previously and agrees with a generally higher noise level for horizontal
components at periods 7 > 40 s (Stutzmann et al., 2000). The stations that recorded
the highest amount of data used in this work are LBTB, BOSA and BGCA. Especially
their horizontal components provide excellent data, that can be included in the waveform
datasets nearly as often as their vertical components.

To study the sensibility of the inversion result on hypocentral depth, data are inverted
for the whole range of crustal source depths (STEP3B). This reveals that some inversion
results of this work have minor resolved hypocentral depths as reported before for long-
period inversions (Giardini, 1992). Whereas some solutions show oscillating variance with
varying depth (events numbers 3, 8, 23, 26), others have a clear variance minimum for a
certain depth dy;e, but with variances nearly as low as at neighbouring discrete depths
(events numbers 5, 13, 15, 18, 19, 22, 27, 28, 29, 34). Both scenarios allow a depth
estimation, however, but with decreased reliability. The remaining inversion results show
rather clear variance minima for one source depth. Sometimes the source depth agrees very
well with the hypocentre location given by the Engdahl catalogue (events 14, 15, 17, 18,
25, 27, 33, 35). For 27 of the inverted events an explicit hypocentral depth was calculated
with an average error of 3.4 km, others are fixed at a depth of 15 km (Engdahl, personal
communication, see Appendix B). These were calculated by the use of the depth phases
pP, sP, PcP and pwP (reflection on the ocean’s surface), that have a high sensitivity for
the hypocentral depth (Engdahl et al., 1998). In paragraph 5.2.1 it has been shown that
the hypocentral depth determined by body waves does not need to be identical with the
centroid depth. Nevertheless it is an appropriate starting value for STEP 1 as initial depth
dinit- Finally, most of the events could be clearly attached to the crust. Some unusual deep
events, however, are discussed in paragraph 5.2.2.

Normal mechanisms with one nodal plane nearly vertically dipping are determined for a
few events. The tectonics behind these mechanism are poorly understood, but similar focal
mechanisms has been determined by Harvard-CMT (e.g. 2002-01-21, 2002-01-22, compare
Fig. 5.3, 2°S/29°E). The inversion results of these events are stable and varying slightly
depth or frequency does not change the double couple pattern significantly.

The depth-frequency plots of STEP 3A show rotated mechanisms or at least high variances
for high frequencies compared to the region of stable focal mechanisms for lower frequencies.
This occurs mostly for events that are calculated for relatively low frequency pass-bands
(events 08, 15, 17, 20, 28, 31, 35, 37, see figures in Appendix B and 2000-10-02, Fig. 5.2).
However, this is not the case for moment tensors inverted of these high frequency waves.
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The reason for that behaviour is the restriction of At to a quarter of the minimum inverted
period (eqn. 3.1). Thus inverting lower frequencies (longer periods), higher time-shifts are
allowed that are necessary to compensate traveltime residuals especially for larger events
(see paragraph 5.2.1). Beside low signal-to-noise ratios, this is an additional explanation
why inversions of the full frequency band (including high frequencies up to 29 mHz) tend
to have low variances. Here the low frequency part may be dominating the inversion result,
while the allowed time-shift At is calculated by the maximum frequency used.

Generally the time-shift At is an important parameter, since it improves the capability
of the inversion to compensate travel time residuals that cannot be explained by a one-
dimensional earth model. It is demonstrated in paragraph 5.2.1 that the limitation of At
(eqn. 3.1) is adequate to take account of deviations in source location on the one hand and
does not allow phase changing time-shifts on the other hand.

Since only teleseismic waveform data can be used to determine low magnitude source
mechanisms in eastern Africa, for several events only little data are available. At least
three to five permanent recording seismometers in distances less than 3300 km around the
study area are inverted for each seismic moment tensor. Inverting less than six waveform
components does not result in stable mechanisms, but leads to strong dependencies of the
actual dataset, since inversions with only little data do not constrain the moment tensor
for the one-dimensional earth model given.

Beside the limitation of time-shift (eqn. 3.1) and the restriction for the number of waveform
components X [Ny (Fr)] > 6, the variance limits are the main criteria when composing
the final dataset Ny;nq for the inversion. The choice of o < 0.5 for single inverted waveform
components and o < 0.75 for (Z,R ) and (Z,R,T see section 3.2) is an adequate setting for
this work, since hereby only inversions are allowed that provide a stable focal mechanism
for a minimum of data.

The variance criteria are defined by empirical means to obtain stable inversion results. Since
the choice of seismic data depends on the distribution of seismometers and magnitude range
studies, these parameters have to be adapted when the procedure is transferred to other
regions of the earth.

5.4 Singular value decomposition

The singular value decomposition (SVD) separates the moment tensor into its model eigen-
vectors (section 2.3). Since biased input data are mapped on the eigenvector with the lowest
eigenvalue (Forbriger, 2001), it is worthwhile to study the decomposition for the case of
low magnitude earthquakes and low amount of data, where biased data are present due
to seismic noise and mismodelled structural heterogeneities. This will give insights in the
stability of the solutions and the meaning of the double-couple percentage.

Figure 5.5 shows the SVD for the deviatoric moment tensors analysed in this work. Beside
the five single eigenvectors and according eigenvalues, the result of the SVD-inversion is
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shown—composed of all five eigenvectors (mge,) and the cut-off solution composed of only
the four eigenvectors with largest eigenvalues (mg, 4), respectively (egs. 2.42, 2.43). To
study the pure consequences of reducing the inversion result by one eigenvector, the SVD-
inversion is performed without any damping. Thus my., is not exactly identical with the
final solutions of the (damped) frequency sensitive moment tensor inversion presented in
Appendix A and B.

A good example, that a high variance does not consequently result in a high DC-percentage,
is the moment tensor of event number 8 that occurred on 1996-12-21 and is inverted
from nine waveforms. Although the variance is quite low and the low level of f{ =
10 mHz indicates rather well explainable waveforms (o = 0.31) probably unbiased by
crustal heterogeneities, the DC-percentage p (mge,) = 32.2% is quite low. When inverted
by SVD and cut off by the highest order eigenvector, however, the double couple can be

increased to p (Mg 4) = 59.3%.

The moment tensors that are cut off by the highest order eigenvector often have a very
similar shape of focal mechanism compared to the full solutions. So 19 of the 38 focal
mechanisms show only minor changes in the double couple part (|A Az| <35°). This cor-
relates with very low differences between the variances o (mgy4) — 0 (Mg, ) that are 0.02
on average for these 19 solutions and 0.05 for all moment tensor inversions. This shows
that the highest order eigenvector in most of the cases does not add relevant contributions
to the moment tensor. On the other hand, these contributions can result from inconsistent
data or random noise that both can result in decreased double couple percentages p (Kuge
and Lay, 1994; Henry et al., 2002). Thus it could be concluded that the biased data mostly
is of random nature, since the shape of the double couple mechanism is not changed by
reducing noise when the highest order eigenvector is removed (Jost and Hermann, 1989).
However, the expected increase of double couple percentage p (M, 4) relative to p (mge,)
occurs for 14 of 38 solutions. Additionally, inconsistencies may exist even in the lower
order model-eigenvectors, that cannot be removed, since they contain a relevant amount of
consistent data. So finally both sorts of biased data, random seismic noise and mismodelled
structural heterogeneities, may be present to a minor degree in the used waveform data.

Figure 5.5: Singular value decomposition SVD of the 38 moment tensors calculated (next
two pages). Waveform dataset, frequency pass-band and hypocentral depth are taken as
described in Appendix A and B. First five columns show the model-eigenvectors of the
SVD from low order to high order, according eigenvalues are written above. The next
column gives the summation of all eigenvectors (mge,) and the very right column the
cut-off solution composed of the four lowest order eigenvectors (m, 4). Variance o and
double couple percentage p are written above the last two columns. Degrees in brackets are
angular differences |A Ax| between mg., and m., 4. Blue colour indicates the percentage
of double couple p.
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Figure 5.6: Number of determined moment tensors per magnitude. Bars represent num-
ber of events for magnitudes x < My < x + 0.3. Open bars symbolise CMT'-solutions for
1977-2002 (26 years, right scale). Grey bars are CMT-solutions for the study period 1994—
2002 (9 years) and black bars are the moment tensors obtained in this work (left scale).
For comparability vertical axes are scaled by the length of the time period: 9/26 = 0.345.

Still, by the empirical choice of the variance limits defined to exclude noisy and inconsistent
waveforms (section 3.2), most of the biased data are removed from the final dataset and
they are a good compromise between high signal-to-noise ratio and a sufficient amount
of data that is necessary for moment tensor inversion. Finally, in particular the focal
mechanisms with p < 60% show a stable mechanism against removing the highest order
eigenvector. Only for events 2 and 25 the shape of the mechanism changes severely. Low
double couple percentages are, however, also present on CMT-solutions and beyond this
can be an effect of source complexity (Ide, 2001).

5.5 Magnitude threshold for eastern Africa

The presented frequency sensitive moment tensor inversion is able to determine source
mechanisms for magnitudes as low as My 4.4 (event 34, 2001-09-18), while for eastern
Africa the lowest magnitude for that a CMT-solution is provided is My 4.7 (Fig. 5.6).
The level of completeness for C'MT-solutions is approximately My, 5.5 on a global scale
(Arvidsson and Ekstrom, 1998). However, the magnitude for eastern Africa is lowered by
this study and can be only estimated by statistical methods.

Following the Gutenberg-Richter relation there is an approximately tenfold increase in the
number of earthquakes per magnitude (Gutenberg and Richter, 1954):

log N =a —bM, (5.1)
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5.5 Magnitude threshold for eastern Africa

Figure 5.7: Moment magnitude My, of the inversion results versus body-wave magnitude
my, given by the Engdahl catalogue of relocated earthquakes (Engdahl et al., 1998) (black
dots). Blue squares indicate eastern African events during 1994-2002 for that no focal
mechanism could be determined. For given m, the corresponding My is calculated by the
linear trend (black line) of the inverted events.

assuming b= 1. After Midzi et al. (1999) the b-value for eastern Africa is b= 0.93. Thus for
an increase of My, = 0.3 the number of events should increase by a factor of 10(0-3093) = 1.9,
Figure 5.6 shows the magnitude statistics of determined moment tensors for eastern Africa
from 1994-2002 studied in this work. Since equation 5.1 is only true for long time periods,
the number of CMT-solutions from 1977-2002 is plotted in the background to illustrate
the general trend. For this purpose the number of events is scaled by the number of years.
However, for the regarded time periods the Gutenberg-Richter relation does not apply
for the two major events that occurred in 1990, since in the last 100 years four events
My, > 7.0 took place (see chapter 1, Fig. 1.4). Especially with respect to the fact that
the events both had a magnitude My, 7.1, the corresponding bar of My, = 7.1-7.4 in the
diagram is relatively high. The hight of the My, = 6.2-6.5 bar is also an statistical effect
due to the short time period of CMT-determination, even though the corresponding eight
events are neither temporally nor spatially correlated. Nevertheless, a linear trend can be
seen from My = 5.3-6.2 for all CMT-solutions. Below this limit, routine moment tensor
inversion is not complete. The combined solutions from CMT and this study, however,
give a continuation of the trend to magnitudes My, > 5.0. Thus the presented frequency
sensitive moment tensor inversion is complete to approximately My, 5.0 for eastern Africa.

This value is supported by the comparison of the moment magnitudes of the 38 events
inverted and the remaining earthquakes out of the original dataset of 61 events (Fig. 5.7,
Table A.3). Since magnitudes in the Engdahl catalogue are given as body-wave magnitudes
my only, they must be correlated to moment magnitudes My, to estimate the level of
completeness of moment tensor inversion performed in this work. Generally there is a
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scattered relation between my, and My, (Murphy and McLaughlin, 1998; Sipkin, 2003;
Rezapour, 2003). Nevertheless, linear relations have been deviated that are valid only for
magnitudes My > 5.0 (e.g. Giardini, 1988; Rezapour, 2003), since low moment magnitude
information is hardly available as shown in this study. Murphy and McLaughlin (1998)
provide a my-My, relation connecting my 5.1 to My, 5.4. Compared to this study their
result cannot be verified. The linear trend plotted in Figure 5.7 rather connects m; 5.1 to
My 5.0. After 1996 for all events with My, > 4.9 a moment tensor inversion is performed
in this study. However, the m;,- My, relation presented is highly scattered and thus it can
be stated that a body-wave magnitude m; 4.9 can be related to a range of My, = 4.7-5.2.
So the level of completeness for moment tensor inversion is decreased to at least my 4.9
(moment magnitude My, =~ 5.0 as discussed above).
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Stress and strain
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Chapter 6

Theory of the stress tensor

6.1 Properties of the stress tensor

The stress tensor o was defined in section 2.1 as force per deformed area (eqn. 2.2). The
tractions t = n - o, which result from stress on an arbitrary plane, can be separated in
a component normal (v) and tangential (7) to the plane. The absolute scalar values of
these vectors are the so-called normal stress |v| and shear stress ||, respectively and are
calculated by (Ranalli, 1995):

lv| = (no)n |T| = (no) t, (6.1)

with t lying in the plane defined by the orthogonal unit vectors n and t.

An important property of the stress tensor is its symmetry. As shown in section 2.1 it is
the reason for the symmetry of the moment tensor, which leads to the essential ambiguity
of the moment tensor, that fault plane and auxiliary plane can not be discriminated. Hence
the vital step of deriving the symmetry of the stress tensor will be discussed in detail.

One of the four conservation laws is the conservation of angular momentum. It states
that the change of angular momentum must be equal to external body and surface forces.
To evaluate the consequences of this law, the net torque of the external forces has to be
calculated. When the earth is at a state of static equilibrium, the only relevant body force
density is the gravitational body-force density g and the surface force density is given by
the traction vector t. The calculation of the net torque N for a continuous volume V'
applied by a lever arm x mainly follows the formalism of Dahlen and Tromp (1998):

N = /xxng+/x><tdS
1% S

- /VXngV—/VV(axx)dV. (6.2)
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Since the external forces must be equal to the angular momentum, it must be valid:

/[po(xxﬁfs)}d\/:/[xxg—V-(axx)]dV. (6.3)
1%

v

And the integrand terms has to vanish:
po(xx0fs) —xxg+V-(oxx)=0. (6.4)

To solve equation 6.4, the lever arm x is separated. This is easily done for the first two
terms and shown in appendix C for the third term (eqn. C.6). It follows:

x X (podfs — Vo —g) — Ao = 0. (6.5)

The term within the parentheses is the momentum equation that is a zero-vector because
of the conservation of momentum. Thus, the wedge operator (A) applied on the stress field
must be a zero-vector as well and the stress tensor o must be symmetric (eqn. C.9):

No = €10, =0 = (o) =o. (6.6)

Like any tensor, the stress tensor can be separated in an isotropic and a deviatoric part
(compare M in equations 2.31, 2.32):

1
Oy = O — gtr (o) 1. (6.7)
—_——

Tiso
This allows to discriminate between the isotropic state of stress with equal normal stresses
acting on each surface defined by the coordinate system, and the remaining deviatoric
stresses. Below a depths of a few kilometres it is often assumed that all normal stresses are
equal to the pressure of the overburden (lithostatic state of stress, Stein and Wysession,
2003) and the deviatoric stresses vanish. Thus, tectonic forces, which e.g. cause fracture of
material, change only the deviatoric stress.

Another important transformation is the rotation of a tensor in its system of principal axes.
Applying the eigenvalue equation (eqn. 2.26) the eigenvalues of the stress tensor o1, 09, 03
called principal stresses and the according eigenvectors &' can be calculated. Since within
the earth most stresses are compressive, in geosciences sign-convention links compression to
positive stress, the eigenvalues are mostly ordered as o; > 09 > 3. By the three principal
axes a coordinate system is defined for which no shear stresses act on the normal planes of
the coordinate axes:

[} 0 0
o= 0 oo 0 |]. (6.8)
0 0 03

To understand how stress can be derived form moment tensors, the relation between maxi-
mum shear stress and focal mechanisms as the geometrical representations of moment
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tensors will be discussed. For this purpose the plane with normal n on that the maximum
shear stress occurs is calculated, since this would be the plane a newly generated frac-
ture would occur. By rotating the coordinate system in the system of the principle axes
(eqn. 6.8), using Cauchy’s formula (eqn. 2.3) and the definition of shear and normal stress
(eqn. 6.1), the squared magnitude of the shear stress 72 is (Stein and Wysession, 2003):

o= 2_ .2

= (0'177,1)2 —+ (0'27712)2 —+ (0'377,3)2 — (aln% —+ 0'277,3 —+ 0'377%)2 . (69)

Since n? = n?+n3+n3 = 1, the shear stress is only a function of two independent principle
axes. To find the maximum shear stress, the derivatives of || (ny,ny) with respect to ny
and ny must be zero. Some elementary algebra results in the trivial solutions for the three
basic vectors, that obviously are the minima solutions with |7| = 0—no shear stress on the
normal planes. Beside this six relative maxima solutions for 72 and n exist:

T ik = i (£ (o; — O'k))Q ; ni=ni=—; n?=0. (6.10)
Because of o7 > 0y > 03, the absolute maximum shear stress is (Stein and Wysession,
2003):
B +1,0,1)" (6.11)
‘T|—2(0'1 0'3), n—\/§< , U, . .
These two planes include the intermediate principal stress axis oo and bisect the direction of
maximum and minimum principal stress o and o3, respectively. Thus, for a homogeneous
medium newly generated fractures should occur on these axes of maximum shear stress.
If that was true, the seismic moment tensor per volume would represent the stress tensor,
since both would have the same system of principle axes with respect to the possible fault
planes (eqn. 2.28). However, laboratory experiments show that fraction occurs preferably
at 25°-30°, rather than 45°, from the direction of the maximum principal stress direction.
The reason for that behaviour is that equation 6.1 does not take account of internal friction.
The more precise fracture criterion is the Coulomb-Mohr criterion:

|T| =710 — pv; pt = —tan 26. (6.12)

It states for which shear stress |7| fracture on a newly built fault occurs relative to the
normal stress |v| for a medium with cohesive strength 7y and the coefficient of internal
friction p. At this the shear and normal stress are given on a plane with normal vector
at an angle 0 to o;. Since rocks typically have p = 0.75, it follows that § = 63° and thus
fractures occurs on a plane 27° to the ;- and o9-plane, agreeing with rock deformation
experiments (Stein and Wysession, 2003).

So far, only newly generated fractures have been regarded. McKenzie (1969) showed that
for the case of re-activated faults the uncertainty of stress estimation from focal mechanisms
is even higher. Thus, in dependence on internal friction and fault orientation, the direction
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of maximum horizontal stress may be located anywhere in the dilatational quadrant of the
focal mechanism.

From the rheological point of view, the generation of new fractures would occur at an angle
6 = 45° only in a source volume with no internal friction and only then the principle axes
of stress tensor and moment tensor would be identical. The same conclusion was made
in section 2.1: Only in case of an isotropic physical stress oy (see eqn. 2.12) within the
source volume, the stress glut I would reduce to the modelled stress o ,,04¢; calculated by
Hook’s law.

Nevertheless, single focal mechanisms can be used as stress indicators within certain error
bounds, dependent on the difference between 6 and 45°. However, a better estimation of
the predominating stress field can be achieved when a set of mechanisms is available for
a region with a homogeneous first order stress field. The necessary procedure of stress
inversion will be discussed in the next chapter.

6.2 Formal stress inversion

Even though earthquakes are a result of present shear stress (eqn. 6.12), stress orientations
deduced from single focal mechanisms are a poor proxy for the existing stress field (sec-
tion 6.1). Thus without further assumptions, principal stress and moment tensor axes are
not interchangeable. Nevertheless, if several focal mechanism solutions are available, the
inversion of the stress field is possible (Gephart and Forsyth, 1984).

Different algorithms of stress inversion from focal mechanisms have been developed by var-
ious authors (e.g. Angelier, 1979; Gephart and Forsyth, 1984; Michael, 1984; Reches, 1987;
Rivera and Cisternas, 1990; Angelier, 2002) that all are based on following assumptions for
the study region:

(a) The stress field is uniform and spatially and temporary invariant.

(b) The direction of earthquake slip d occur in direction of maximum shear stress 7
(Wallace-Bott hypothesis, Bott, 1959).

While the first point is respected by binning seismic events in distinct tectonic regions
(section 7.2) the second is expressed by:

T N
F=—=d, (6.13)
kd

while 7 can be written using equations 2.3, 6.1:

T =o0n — [(on)n|n. (6.14)
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6.2 Formal stress inversion

However, some authors negate stress estimation from focal mechanism data (Twiss and
Unruh, 1998). They argue that during fracture, the strain release violates the assumption
of parallel slip and maximum shear stress direction, so stress inversion would not be possible
for earthquake data.

Nevertheless, stress inversion is an established and widely used method to extract stress
informations implied in earthquake source mechanisms. A major difference between stress
inversion techniques is the handling of the focal mechanism ambiguity concerning the fault
plane. Since stress inversion was at first used for slickenside field data, some algorithms
need the fault plane to be determined a priori. In most cases this is not possible, since
further information would be needed to determine which nodal plane was the fault plane.
Angelier (2002) provided a method, that automatically chooses which auxiliary plane is
the true fault plane by maximising the sum of the scalar product of slip vector and shear
stress vector (T - d, that is the orthogonal projection of shear stress on the slip vector).

Another method to decide for one of the nodal planes is to perform the inversion as if
all nodal planes were independent data, primary and to remove the worse fitted auxiliary
planes in a second step. The final inversion then includes the planes that are best fitted by a
uniform stress field (Gephart and Forsyth, 1984). This approach is applied in this work and
as long as no further information is available, it is a good estimation of fault planes for a set
of earthquakes. For this dataset the deviation between data slip vectors and calculated ones
is obtained using the stress inversion routine developed by Michael (1984). Thus the average
angle between the calculated shear stress 7 and the slip vector d of the best fitted nodal
plane is denoted by 3. To take account of the focal plane ambiguity a statistical approach
is applied, that inverts different combinations of fault planes, to see which stress tensor is
most likely. The composition of each dataset is twofold. At first a bootstrap routine is
performed that pick n mechanisms at random from the original n events. Each dataset
than will have some mechanisms repeated 2 or more times (Michael, 1987b). Thereafter the
fault plane is chosen randomly from the two auxiliary planes (Michael, 1987a). Since this
strategy does not decide for one fault plane and dependence on individual focal mechanism
solutions is decreased, this method seems appropriate. Additionally, confidence limits of the
principle stress axes can be displayed by plotting the inversion results of all bootstrapped
datasets on a stereonet (see section 7.2).

The difference of the inversion routine provided by Michael (1984) with respect to other
methods is the linearisation of the inversion problem, that massively reduces the computing
time and does not need any starting model, that is necessary for non-linear inversions. Thus
the time-consuming bootstrap-resampling is performable in short times.

Because of equation 6.14, 7 is linear with respect to the stress tensor o; thus |7| is not. To
linearise the inversion, it is assumed that similar magnitudes of shear stress are present on
each inverted fault. If only relative shear stresses magnitudes are regarded, the optimum
shear stress magnitude can be set a priori to one, so the inversion additionally minimises
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for:

(J7] = 1)* = min. (6.15)

Hence, the inversion minimises for both, difference between slip direction and direction of
maximum shear stress on one hand and difference between the shear stress magnitudes on
the other. Combining equations 6.13 and 6.14 with the magnitude constraint (eqn. 6.15), a
transformation matrix A can be achieved. As in moment tensor inversion (eqn. 2.41) only
the deviatoric part of the stress tensor, expressed by the vector pges, is calculated with
033 = —011 — 092. The equation to be inverted than is:

~

d = Apucv; Pdev = (011,012,013, 022, 023)T- (6.16)

Here the data vector d has a length of 3m, when m slip vectors are included in the dataset
and accordingly A is a 3m x 5 matrix. If however, slip vectors are too similar, data are not
independent and the inversion is under-determined and cannot be solved uniquely (Michael,
1984).
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Chapter 7

Stress and strain calculation

7.1 Focal mechanism solutions of eastern Africa

The source mechanisms determined in the first part of this work are used to invert for
the regional stress field in eastern Africa. These 38 calculated focal mechanisms for the
years 1994-2002 (Table A.1) are combined with other mechanisms determined by moment
tensor inversion. Obviously, the greatest number is taken from the Harvard-CMT cata-
logue that provides 90 focal mechanisms from 1977 until 2005 within the study region
(24°S-10°N, 20°W-51°W, Table A.4). Beside the source mechanisms of the presented
study, for no additional earthquake My, > 3.5 a moment tensor inversion was determined
since 1977. Only Ferdinand and Arvidsson (2002) calculated moment tensors for three
small events My, 2.0-3.3. However, 17 additional mechanisms of strong events are given
by four publications from 1964-1977 (Table A.4). First, Shudofsky (1985) presented the
focal mechanism solutions of these 17 events in eastern Africa, inverting globally recorded
Rayleigh-waveforms for the seismic moment tensor. Later studies re-evaluated seven of
these events using body-waveform inversion of frequencies 7 ~ 10 s and layered crustal
models: Foster and Jackson (1998) determined focal mechanisms for several large African
earthquakes, five of which are included in the stress inversion of this work. Two additional
focal mechanisms are taken from the studies of Grimison and Chen (1988) and Nyblade
and Langston (1995).

Figure 7.1 shows the 145 focal mechanisms within the region of interest. Most seismicity is
located on or near the East African Rift System (FARS). Neighbouring areas with known
source mechanisms are the Davie Ridge on the eastern continental margin and the region
west of the FARS. Some events on Madagascar and one further north in the Indian Ocean
complete the dataset. The dominating mechanism is normal faulting roughly oriented
north/south, but several strike-slip mechanisms and single thrust mechanisms are observed
as well (paragraph 5.2.4). Along the FARS fault orientation predominantly is parallel to
the rift structure, suggesting that a majority of earthquakes occurred on re-activated faults.
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20° 40°

Figure 7.1: Stress inversion for all 145 events and GSHAP-zonation of eastern Africa.
Light grey focal mechanisms indicate CMT-solutions (1977-2005), dark grey mechanisms
are taken from literature (before 1977, references see text) and black beach balls are the
solutions of this work (1994-2002). The upper left stereonet (a lower hemisphere stereo-
graphic projection as the beach ball) shows the directions of maximum principle stress o
(black dots) and of minimum principle stress o3 (grey dots) for the bootstrap analysis.
The upper right rose diagram shows the corresponding orientations of minimum horizontal
stress Sp,. Radius scales with number of bootstrapped inversions. Additionally shown are
the eight areas defined by GSHAP (Midzi et al., 1999).
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7.2 Zonation of eastern Africa and stress inversion

Stress inversion requires a uniform and invariant stress field within the study region (chap-
ter 6.2). To estimate the first-order stress pattern for entire eastern Africa, primary the
stress inversion is performed for all 145 events, including both nodal planes of all focal
mechanisms. Thereafter the worse fitted plane (maximum () is excluded and the inver-
sion performed again for the optimum set of nodal planes. Finally, confidence limits are
estimated by a bootstrap analysis (Michael, 1987a).

Figure 7.1 shows the result of the stress inversion for whole eastern Africa. Since in eastern
Africa predominantly extensional regimes are present, the orientation of minimum hori-
zontal stress S, is plotted, which in case of normal faulting regimes is parallel to the
orientation of minimum principle stress o3. The inversion results in a west-northwest /east-
southeast oriented minimum horizontal stress for eastern Africa, for a pure extensional
regime. Hence, the direction of maximum principle stress o; is nearly vertical, while the
eigenvector of minimum principle stress o3 is parallel to S,. The bootstrap analysis reveals
a very small region of confidence for the direction of o7, indicating an extensional regime
all over eastern Africa. However, the direction of o3 is little constrained and thus for the
optimum set of nodal planes the misfit angle 3 = 26° 4 34° is rather high.

Since for the inversion of entire Africa focal mechanism data are inconsistent and thus the
misfit angle is rather high, the region is divided into sub-areas, to study regional changes in
stress orientation. For this purpose the zonation of the Global Seismic Hazard Assessment
Program (GSHAP) is applied as a first attempt. These worldwide zonations take into
account the recent and historic seismicity and hence define areas with a common seismic
risk (Giardini, 1999; Griinthal et al., 1999). Hereby, eastern Africa is divided into 21 areas
from the Afar-region in the north to southern South Africa, eight of which are located
in the study region (Midzi et al., 1999, Fig. 7.1). In an automatised procedure the focal
mechanism solutions are then binned into the several areas by an point-in-polygon routine
(Franklin, 2003). By this means, datasets of focal mechanism solutions are defined, for
that the stress inversion can be performed.

The northern part of the western rift branch hence is covered by one single area. In terms
of seismic hazard assessment the region is uniform (Midzi et al., 1999), but as it contains
54 events and thus more than a third of the data, it is worthwhile to study it in detail. To
investigate stress variations along the western rift, separate stress inversions are performed
for sub-areas defined by a shifted box of 3° in latitude. Seven steps result in areas that
contain between 12 and 20 focal mechanisms. The inversion results are shown in Figure 7.2
and reveal a rotating direction of o3 along the rift from east-northeast/west-southwest in
the southern part of Lake Tanganyika to west-northwest/east-southeast in the northern
part of the western rift branch. Angles of misfit vary between § = 10° and 3 = 20°, while
confidence regions given by the bootstrap analysis are small to medium sized. Nevertheless,
the estimation of the first-order stress reveals a rotating trend along the rift. Hence, for all
seven sub-areas the axis of minimum principal stress is always approximately perpendicular
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Table 7.1: Stress inversion results for eastern Africa. See Figure 7.3 and 7.4 for definition
of boundaries of inverted areas.

location area S, [°] nr B[] AB[°] |T| Alr|
Ethiopian Rift 1 114 7 105 126 094 0.19
Aswa fault-zone 2 176 7 125 9.7 095 0.13
Western branch (NW) 3 113 15 129 13.9 090 0.25
Western branch (W) 4 117 17 10.6 13.3 090 0.25
)
6

Lake Tanganyika 87 22 184 21.5 0.89 0.19
Lake Malawi 69 14 16.9 26.6 0.86 0.22

Western Kenya Ta 2 8 259 229 0.76 0.27
Kenya Rift 7b 8 7 3.3 3.3 098 0.16
Ta+b 7 - 15 40.7 30.9 0.63 0.28
Zambia 8a 118 12 7.9 5.3 096 0.16
Southern Congo 8b 124 6 6.2 5.8 0.96 0.19
8a+b 8 122 18 8.5 6.4 096 0.16
Davie Ridge 9a 76 20 23.6 27.0 0.78 0.28
Madagascar 9b 79 7 119 6.7 0.93 0.22
9a+b 9 83 27 25.6 33.2 0.77 0.26

Columns as follows: location of area, number of area (see Fig. 7.3 and 7.4 for bound-
aries), direction of minimal horizontal compressional stress Sj, clockwise from north,
number of inverted focal mechanisms, average misfit angle 5 and standard deviation
AB, normalised shear stress amplitude |7| and standard deviation A|r|.

to the main fault and rift valley orientation.

For the other areas defined by the GSHAP-zonation it is obvious that some focal mecha-
nisms are not binned into areas at all. Especially groups of events on Madagascar, the
continental margin and the Main Ethiopian Rift lie outside the defined areas. As a conse-
quence the GSHAP-classification is adapted to the dataset of 145 focal mechanisms. This
re-organisation covers all focal mechanism solutions, except of the three separate events in
the west (events 18 and 32 of this work plus a CMT-solution) and the event in the Indian
ocean (event 6). These events are located several hundreds of kilometres away from the
nearest mechanism and are probably indicators of a changing tectonic regime towards the
mid oceanic ridges (paragraph 5.2.2).

Several zonations have been tested to study dependencies and reliability of the stress inver-
sion. Two variants are shown that are based on the GSHAP-classification and improved
for the purposes of this work. The presented divisions differ only for the region of Southern
Congo and Zambia (area 8), the eastern rift itself (area 7) and the continental margin
(area 9). For the first variant, areas 8 and 9 are split in two parts, whereas area 7 is united
(Fig. 7.3). The second one is the final zonation for stress inversion in eastern Africa (areas 8,
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Figure 7.2: Stress inversion of focal mechanisms within sub-areas arranged along the
western rift branch. Coloured boxes border sub-areas of inverted focal mechanisms. Great
stereonet projections show directions of principal stresses (black: oy, coloured: o3), small
rose diagrams above show the minimum horizontal stress Sj. Colours correspond to in-
verted sets of focal mechanisms.

9 united; area 7 separated, Fig. 7.4). The quantitative results of the stress inversions for
the distinct areas are summarised in Table 7.1.

Both zonal devisions have those areas in common that are located along the western rift
branch and north of it. The two areas 1 and 2 only include seven focal mechanisms each.
For this small amount of data the inversion consequently results in a low misfit angle
B = 11° £ 13° (area 1) and 3 = 13° 4+ 10° (area 2, see Table 7.1) Additionally, both
inversions show small confidence regions for the direction of minimum principle stress o
and thus a stable orientation of minimum horizontal stress Sj, (Fig. 7.4). However, oy
cannot be fixed for both of the areas that is caused by the appearance of both, normal
and strike-slip mechanisms. Areas 1 and 2 have a minimum distance of 300 km and show
a strong difference in Sj, that is northwest/southeast for area 1 and roughly north/south
for area 2. Area 2 is located on the Aswa fault-zone and covers the main- and aftershocks
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Figure 7.3: Stress inversion for first zonation variant. Colours correspond to inverted sets
of focal mechanisms. See Figures 7.1 and 7.2 for details.

of the 1990 Sudan earthquake until 1991 (chapter 1). Area 1, however, covers the Main
Ethiopian Rift with frequent seismicity. As for the western rift branch, here S}, is oriented
perpendicular to the fault.

Further south the western branch of the FARS follows, that was already described above.
Here three sub-areas are chosen to obtain an increased number of events per area and a
uniform stress field at the same time. S}, is oriented roughly 90° to the rift valley and
the direction of o7 is quite stable while direction of o3 varies little. The southern part of
the western rift along Lake Malawi (area 6) is seismically less active than the northern
segments. Thus 14 events with a north/south extent of ~1500 km on or near the main
fault are inverted. Although related to the rift, the focal mechanisms do not result in a
clear stress orientation (3 = 17° £27°). However, mean Sj, is oriented northeast/southwest
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and is mainly governed by the focal mechanism solutions at Lake Malawi in the rift valley.
Hence S}, is still perpendicular to the FARS, that here roughly runs north-northwest /south-
southeast. The two southernmost focal mechanisms are located in Mozambique in an
area of principally high seismic activity (Hartnady, 1990), where also the recent My, 7.0
earthquake on 2006-02-22 took place (chapter 1). South of ~22°S seismicity decreases
rapidly (Fairhead and Stuart, 1982).

The following areas are inverted for a separated and a united variant each. Area 7 is
located along the Kenya Rift on the eastern branch and further west towards Lake Vic-
toria. It shows a very scattered stress inversion result (Fig. 7.3, 3 = 41° + 31°) with
a vertical direction of oy, but no constraint for the os-axis. Dividing the area along a
north/south trending line west of the rift, results in a better constraint stress orientation
but still large regions of confidence for western Kenya (area 7a, Fig. 7.4) with S, roughly
oriented north/south. In contrast, the Kenya Rift (area 7b) includes very consistent focal
mechanisms that can be explained by an east/west oriented direction of o3, perpendicular
to the rift trend (8 = 3° & 3°). The maximum principle stress direction, however, shows
no clear focus.

The two great areas neighbouring the FARS to the west and east are represented by areas 8
and 9. Because of their large extent but relatively low seismicity, it is worthwhile to study
if within those areas regional stress variations exist. Figure 7.3 shows one possibility
of devision into two separate areas. The smaller areas 8b and 9b are spatially distinct
regions including six and seven focal mechanisms, respectively and consequently result in
a low [-value. Nevertheless, the bootstrap analysis shows very large confidence regions for
directions of both, minimum and maximum principle stress. Thus for Madagascar and the
area south of Lake Tanganyika no reliable stress inversion can be performed, either due
to insufficient data or because of a non-uniform stress field. The lager areas 8a and 9a,
however, show different results. The eastern continental margin, including the Davie-Ridge
within the Mozambique channel (area 9a), contains 20 focal mechanisms. The inversion of
these data results in Sj, oriented east-northeast/west-southwest that is ~90° to the trend of
the continental margin and the Davie-Ridge. The difference between direction of calculated
shear stresses and the according slip vectors, however, is rather large with 3 = 24° + 27°.
The bootstrap analysis reveals an extensional regime with a slightly varying direction of
o3. The oppositional result is given for area 8a with a low 3 = 8° + 5°, good constrained
direction of o3 and relatively clear vertical direction of o;. Thus for the high plateau of
Zambia (area 8a) Sy, orientation differs from Sj, at the rift areas in the north and west
(areas 5 and 6). Since both datasets 8b and 9b are too small for a reliable stress inversion
and because of their similar trends with respect to areas 8a and 9a, 8a/8b and 9a/9b are
joint together (Fig. 7.4). The stress inversion of focal mechanisms of both areas results
in reliable deviatoric stress tensors with medium confidence regions for oy and o3. While
area 9 has a high misfit angle, area 8 shows a very good fit in spite of the large area.

The final stress inversion reveals a clear trend of rotating stress pattern from northwest to
southeast. While the northwestern segments of the FARS (areas 1, 3, 4) and the region
south of it on the high plateau of Zambia and southern Congo (area 8) have extensional
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Figure 7.4: Stress inversion for final zonation. Colours correspond to inverted sets of
focal mechanisms. See Figures 7.1 and 7.2 for details.
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regimes with west-northwest /east-southeast direction of minimum horizontal stress Sy, the
eastern rift branch (area 7b), the southernmost rift segment along Lake Malawi (area 6)
and the continental margin including Madagascar (area 9) reveal a direction of S, east-
northeast/west-southwest. Only the distinct areas along the Aswa fault-zone (area 2) and
area Ta between the eastern rift branch and Lake Victoria show a different stress orientation
of S, oriented north/south.

7.3 Strain rates

The knowledge of earthquake source mechanisms allows to calculate cumulative seismic
strain rates for the studied time period. Therefore, the newly determined focal mechanisms
of this study are combined with the C'MT-solutions in eastern Africa, in order to calculate
extension rates for the zonation defined in section 7.2.

Recent studies are based on data of the Global Positioning System (GPS) to estimate
extension rates of the East African Rift System (EARS). Thus, the pole of rotation was
determined between the Nubian and Somalian subplate to be south of Africa, near the
Southwest Indian Ridge (Fernandes et al., 2004). Opening rates were calculated to be
east/west oriented with 7 mm/a for the Ethiopian Rift and 2 mm/a in southeastern Africa.
Marine geophysical data was used by Chu and Gordon (1999) who put the pole of rotation
offshore near the coast of southern Mozambique. They proposed a zone of convergence
(2 mm/a) for the aseismic region south of that pole and up to 6 mm/a extension on the
FEARS. Compared to the oceanic spreading centres, the continental EARS is a diffuse zone
of extension. Hence Kreemer et al. (2003) referred an extension rate of 1.6 mm/a to all
eastern Africa by compiling different datasets within the scope of the Global Strain Rate
Map Project. However, Calais et al. (2006) combined GPS- and CMT-data to separate
the opening of the two branches. With a total rate of 56 mm/a they obtained the major
part of opening for the western rift branch (2-5 mm/a) and the minor part for the eastern
rift branch (1-3.5 mm/a).

Kostrov (1974) showed that if all deformation is seismic, the average seismic strain rate
tensor € can be calculated by summing all moment tensors MF¥ that occurred in a volume
V' within a time period ¢:
g M (7.1)
Y 2uVt :
After Jackson and McKenzie (1988) the eigenvalue A, corresponding to the tension-axis
e’ of 3", M*, is taken to calculate the strain rate ér perpendicular to an extending rift:

CuVit

(7.2)

€r
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Table 7.2: Average extension rates for the rift segments of the East African Rift System
(1985-2005).

location area | L [km] | Ar [10'¥Nm] vp [mm/a]
this study references

Ethiopian Rift 1 420 4.1 0.26
Western branch (NW) | 3 420 2.6 0.17
Western branch (W) 4 330 2.6 0.21 034 | 251
Lake Tanganyika 5 540 24.7 1.2 ’
Lake Malawi 6 1300 3.8 0.08
Kenya Rift b 300 0.5 0.04 1
Davie Ridge 9a 1500 5.3 | 0.09 }0'08 135
total 4810 43.6 [ 0.24 1.62,2-73, <64

Columns as follows: location of rift segment, number of area (see Fig. 7.3 and 7.4
for boundaries), length of rift-segment L, eigenvalue A7 of the tension-axis of the
summed moment tensor Y, M* and average extension rate vy in direction of
opening. Reference values are taken from: ! Calais et al. (2006), 2 Kreemer et al.
(2003), 3 Fernandes et al. (2004), 4 Chu and Gordon (1999).

Thus the extension rate vy can then be determined by:

Ar

— 7.
2uLdt’ (7.3)

UT:éT'U}:

for the volume V = Lwd with the width w, the length of the rift segment L and the
seismogenic depth d.

Opening rates are calculated by equation 7.3 for those areas defined in section 7.2 that
are directly located on the rift branches. A shear modulus of p = 3 - 10'° % is used
(Stein and Wysession, 2003) and an average seismogenic depth of d = 30 km is assumed.
Included data are CMT-solutions and focal mechanisms determined in this work as used
in chapter 7 for a time period of ¢ = 21 a (1985-2005, Table A.1 and A.4). Additional
mechanisms before 1985 as used for stress inversion were not included, since they only

cover single events that cannot provide a complete dataset for this time period.

Table 7.2 summarises the results of the calculations. Averaged for the western rift branch
(areas 3-6) the rate is vy = 0.34 mm/a and for the eastern branch including Kenya Rift
and Davie Ridge vy = 0.08 mm/a (areas 7b and 9a). This agrees with the trend calculated
by Calais et al. (2006), that also shows smaller rates vr on the eastern than on the western
rift branch but with higher absolute values. All but one extension rate are below 1 mm/a
and thus clearly lower than determined by other methods. Only the Lake Tanganyika area
produced a higher rate of vy = 1.2 mm/a. This is mainly due the 2005-12-05 My, 6.8
earthquake (Table A.4) with a seismic moment of mg = 20 - 10'® Nm, that is 81% of the
cumulative amount for area 5 and illustrates the influence of large events on the estimation
of extension rates.
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Hence, one reason for the low extension rates is the short time period that does not represent
one seismic cycle. For a more reliable determination of homogeneous deformation, the
seismicity over at least one seismic cycle must be averaged including major events My, >
7.0, that in eastern Africa occur on average twice or three times per one hundred years
(compare Fig. 5.6). Actually, such an earthquake occurred on 2006-02-22 in Mozambique
on the southern end of the active EARS with a magnitude of My, 7.0 (mg = 42-10'® Nm).
Included in the estimation of the total seismic strain for eastern Africa, this would result
in a nearly doubled extension rate of vy = 0.46 mm/a (compare Table 7.2). This value
is a little overestimated, since only 21 years are considered, but nevertheless it gives an
idea of the total amount of seismic extension. A negligible reason for low extension rates is
the incompleteness of the focal mechanism dataset for small magnitudes, since the seismic
moment mg decreases by a factor of 101 per magnitude (eqn. 2.22), while the number of
events increases only with a factor of 10 (eqn. 5.1).

Beside the incompleteness of the seismic cycle, the principal explanation for the underesti-
mated extension rates is most likely aseismic deformation in terms of silent earthquakes or
fault creeping, that cannot be detected by the global seismic network directly. Especially
for the characteristic continental rifting of the eastern branch, aseismic deformation domi-
nates the extension, due to a thinned crust and increased high flow of 100-150 mW /m?
that is accompanied by recent volcanics (Sobolev and Rundquist, 1999).
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Chapter 8

Discussion of the eastern African
stress field

The final stress inversion is performed in ten separate areas (section 7.2, Fig. 7.4) and
reveals a general trend of east/west extension. Moreover, from northwest to southeast
a smooth rotation from west-northwest/east-southeast to east-northeast/west-southwest
extension is visible.

The quality of the moment tensor inversion depends mainly on the number of independent
data. However, some areas defined for the stress analysis contain only a low number of
earthquake source mechanisms because of their distinct location (areas 1 and 2) or because
of the subdivision of a larger area that shows systematically changing stress orientations
(area 7b). These small datasets are consistent and stress inversions consequently result in
very low misfit angles 3 between calculated direction of maximum shear stress and data
slip vector (see Table 7.1). Nevertheless, the inversion results can give a rough estimation
of the local first-order stress pattern. Especially the obtained stress orientation for area 2
(located at the Aswa fault-zone) is an interesting piece of information, since the area
is distinct from others and clearly shows a north-south oriented Sj. Since all included
mechanisms result from the Sudan 1990-05-20 My, 7.1 earthquake and its aftershocks, the
local stress pattern of this area differs from the general east/west trend of Sj,. Whereas
the mainshock was a pure left-lateral strike-slip mechanism striking northwest/southeast
(Gaulon et al., 1992), all additional events included in area 2 show normal faulting with
nodal planes roughly striking east/west. The orientation of T-axes does not differ between
main- and aftershocks and thus no indication for a change of stress orientation is observed.
However, the changing mechanism may be an indicator for pull-apart structures aside of
the main Aswa fault-zone. The area in western Kenya between the eastern rift branch
and Lake Victoria (area 7a) is worst resolved by stress inversion. Even though the amount
of data is small (eight focal mechanisms), 3 is very high and hence the reliability of the
inverted stress field of area 7a is rather low.

A higher amount of data and a good fit of slip vectors are given for the inversions of areas
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World Stress Map Rel. 2005

Heideber ¢ Humanites

Figure 8.1: a) Orientation of maximum horizontal stress Sy of the WSM-database for
stress indicators other than focal mechanism solutions (Reinecker et al., 2005). Coloured
symbols are related to stress regimes. Details about regime, quality and type of data see
legend. b) Orientation of maximum horizontal stress Sy from stress inversion in this work
(Fig. 7.4) and averaged WSM-data. Results of the stress inversions are plotted in the centre
of the inverted areas (lines with circle). Only other information than focal mechanism data
of the WSM-database are averaged for selected locations with at least three data points
inside a radius of 350 km (lines without circle).

3-6 and 8, that result in a reliable state of stress all along the western rift branch and the
region west of it. As shown in the section 7.2, S}, is oriented mostly 90° to the main fault
and thus supports the assumption of a perpendicularly opening rift with no or only a small
portion of oblique opening (Tiercelin et al., 1988). The inversion of the 18 widespread focal
mechanisms in Zambia and southern Congo (area 8) shows a very low misfit angle and thus
reveals a uniform stress field without the presence of dominant rift structures.

Area 9 (eastern continental margin) contains 27 focal mechanisms distributed over an area
of around 2000 km length and thus a high S-value is the consequence of the stress inversion.
However, the combination of areas 9a and 9b (Davie Ridge and Madagascar) is justified
by the only slightly increased misfit angle 3 compared to the inversion of area 9a solely
(Table 7.1). Hence the combined inversion shows a clear extensional regime. The Davie
Ridge, which is located north of the Mozambique channel (Fig. 1.3) has an asymmetric
shape with a steep flank in the west and a shallow side to the east and acts as a separation
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between a thick sedimentary layer towards Mozambique and thinner sediments to the
east (Lort et al., 1979). It developed during the Mesozoic opening of the Mozambique
Channel as a transform fault (Schandelmeier et al., 2004), and even though it shows no
morphological expression of a rift today, the dominating normal regime can be seen as a
diffuse southward extension of the eastern rift branch (Mougenot et al., 1986; Grimison
and Chen, 1988; Chu and Gordon, 1999).

The East African Rift System (FARS) divides the Nubian and Somalian subplate and
can be seen as a plate boundary. After McKenzie (1969) pre-existing fault planes, which
are present at plate boundaries, are planes of weakness that can be re-activated by various
stress orientations (section 6.1). Thus, the derivation of stress can be erroneous, if one single
earthquake source mechanism is used, since the pure deformation signal would be treated as
stress. However, the stress inversion of several sources with different mechanisms is affected

only to a minor degree by deformation and can be used to study stress orientations on plate
boundaries (Hardebeck and Hauksson, 1999).

First-order stress pattern are a consequence of sub-lithospheric processes and plate boun-
dary forces, that can partly be explained by gravitational potential energy as discussed
by several authors for the African continent (Bott, 1982; Pavoni, 1992; Zoback, 1992b;
Coblentz and Sandiford, 1994; Bird et al., 2006). Coblentz and Sandiford (1994) showed
by two-dimensional finite element modelling of vertical columns with varying densities
(2° x 2°) that the large-scale extensional stress field can be explained by gravitational po-
tential energy. Beside this, they modelled compressional stresses towards the oceanic ridges
that surround Africa. One event analysed in this study (event 6) is located in the Indian
ocean off-shore Somalia and shows a thrusting mechanism (paragraph 5.2.4) that supports
the assumption of a change in regime. But in general, seismicity is very low in this area and
thus a prevailing compressional state of stress can not be verifyed. The stress orientations
computed in the study of Coblentz and Sandiford (1994) match the orientations of the
presented stress inversions well in the western high plateau region (area 8) and roughly
along the rift. However, their two-dimensional model cannot resolve a stress rotation as
determined in this work, probably because the regional tectonics are mainly influenced by
three-dimensional structures.

Figure 8.1a shows the stress data contained in the World Stress Map (WSM) database
(Reinecker et al., 2005). Since in the presented work all focal mechanism solutions included
in the WSM-dataset are analysed by formal stress inversion, individually deduced stress
orientations from focal mechanisms are not plotted. Thus, only a few stress indicators
remain for the comparison with the results of this study. Beside some overcoring data
south of 20°S, where no focal mechanisms are known, borehole breakouts and data from
geological field observations are available.

The set of geological data along Lake Malawi results from one single field study and does
not agree with the stress inversion results of area 6 (Lake Malawi, Fig. 8.1a,b). The data
originates to Chorowicz and Sorlien (1992) who performed a fault-slip analysis, that was
mainly done by striation and groove measurements on Precambrian (older than 540 Ma)
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Figure 8.2: Proposed tectonic setting of eastern Africa including the Victoria and Rovuma
microplate (dashed lines) with direction of rotation (black arrows, Calais et al., 2006). Pairs
of arrows show orientations of extensions (this study and WSM). Red arrows indicate
reliable data, grey coloured arrows less reliable data (details see chapter 8). The solid line
gives the location of cross-section in Figure 8.3.

and Karroo rocks (160-300 Ma). These slip indicators can be caused by seismicity of recent
times, but also ancient tectonic processes could have imprinted these marks (e.g. Meschede,
1994). Chorowicz and Sorlien (1992) associated the measurements with recent tectonics
and derived a northeast/southwest oriented maximum horizontal stress Sg. They described
the disagreement with slip directions of C'MT-solutions—that are part of the inversion in
this work (e.g. 1989-03-10, My, 6.2, see Table A.4)—but provided no explanation for the
contradiction to their own data. In this work 14 focal mechanisms constrain the orientation
of maximum horizontal stress Sy along Lake Malawi to north-northwest /south-southeast.
Even though 3 = 17°427° and hence the misfit is of medium size, the majority of the indi-
vidual focal mechanisms agree with the computed orientations of Sy, but contradicts the
fault-slip analysis of Chorowicz and Sorlien (1992) in orientation and slip direction. Finally,
it cannot be clarified whether the striations provide information on young slip orientations
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Figure 8.3: Schematic east-west profile across the southern FARS at 10.5°S (see Fig. 8.2).
The topography (inflated) shows the Malawi Rift in the southern part of the western rift
branch and the re-activated Davie Ridge. Stereotype beachballs are displayed in sectional
view and indicate normal faulting. Mantle flow (red arrows) could trigger the rifting process
around the proposed Rovuma microplate (Calais et al., 2006).

or if they originate from much older processes. However, the source mechanisms provide
consistent data that directly express the first-order tectonics of a large area along the rift
with rupture planes of several tens of kilometres length.

Compared to the other stress data of the WSM, the orientations resulting from stress
inversion agree as far as they are in neighbouring regions. The averaging of individual
stress indicators (Miiller et al., 2003) provides a valuable tool for comparing WSM stress
data with inversion results (Fig. 8.1b). Only in the northeastern part of the study area
three averaged stress orientations are adjacent to inversion areas of this work. These
stress orientations from borehole breakouts and two geological indicators partly support
the counter-clockwise stress rotation of S;, from northwest to southeast.

North of the study region the Afar triple junction is located, where the EARS meets the
spreading centres of the Red Sea and the Gulf of Aden. The Afar region showed seismic
and volcanic activity in 2005 with 163 earthquakes My, > 3.9 and volcanic eruptions with
up to 8 m of opening (Wright et al., 2006). Hagos (2006) performed stress inversions of
focal mechanisms and distinguishes two different extensional regimes. In the eastern Afar
region Sy, is parallel to the opening of the Gulf of Aden (north-northeast/south-southwest).
In the western part however, Sj is oriented in east-northeast/west-southwest direction,
that is between the orientations in the Red Sea in the north (S}, north-northeast/south-
southwest, Hagos, 2006) and the Main Ethiopian Rift in the south (.S}, east-southeast /west-
northwest, this study). Hence, the Afar triple junction is dominated by local tectonics and
the discussed large-scale stress rotation is present only south of it.
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This systematic change in stress orientation is possibly connected to existing microplates.
Calais et al. (2006) observed deviations in the direction of motion of microplates in eastern
Africa. By GPS- and earthquake slip-data from CMT-solutions they concluded that the
FEARS rather consists of at least two distinct microplates named Victoria and Rovuma,
instead of representing a diffuse zone of rifting (Hartnady, 2002). The Victoria block is
located around Lake Victoria south of the Aswa fault-zone between the eastern and western
rift branch. The Rovuma block between the Lake Malawi and the Davie Ridge borders in
the north on the Victoria block but shows no clear seismic margin, possibly due to aseismic
deformation (Fig. 8.2, compare section 7.3). An opposite rotation of these two microplates
(Victoria counter-clockwise, Rovuma clockwise), as proposed by Calais et al. (2006), agrees
with the results of the stress inversion of this work. Since both studies use among others
CMT-data, variations in their results coincide locally. Nevertheless, the existence of the
two microplates would explain the spatially changing stress field.

So the rifting of the African plate between the Nubian and Somalian subplate possibly
has been initialised by an up-welling mantle plume that caused a general uplift of eastern
Africa (Green et al., 1991; Nyblade et al., 2000). As a consequence of the gravitational po-
tential energy of the created high plateaus, the continent has broken up around pre-existing
cratonic blocks (Victoria and Rovuma microplate). This process is probably still triggered
by mantle up-wellings that could cause the specific rotation of the Victoria microplate and
the re-activation of the Davie-Ridge as a spreading centre on the eastern boundary of the
Rovuma microplate (Fig. 8.3).

84



Part 111

Conclusions

85






Chapter 9

Summary

The determination of earthquake focal mechanisms in regions of intermediate seismicity
provides valuable data for the derivation of regional stress and thus the understanding of
recent tectonics. The aim of this study was to analyse the applicability of focal mechanism
determination to light and intermediate magnitude earthquakes in intraplate regions of
intermediate seismicity by moment tensor inversion (Giardini, 1992). For the case study
of eastern Africa I determined 38 focal mechanisms with My, = 4.4-5.5 for source-receiver
distances up to 3300 km.

The investigation of focal mechanisms of light and intermediate magnitude earthquakes
calculated from sparse teleseismic waveform data reveals a strong dependence on the in-
verted frequency pass-band. To take into account this dependence, I developed an iterative
and frequency sensitive processing to perform the moment tensor inversion. This semi-
automatic procedure determines a dataset of high quality waveform data, the maximum
width frequency pass-band of similar and low variance moment tensors and the hypocentral
depth. Thus, all determined moment tensors have low variances and are stable within the
finally inverted frequency band.

I inverted only waveforms with periods longer than 35 s that are less affected by structural
heterogeneities than short period waves, since a one-dimensional velocity model (PREM,
Dziewonski and Anderson, 1981) is used for calculating the synthetic waveforms. To deter-
mine the waveform dataset for the inversion, I defined variance limits to exclude waveforms
that have a low signal-to-noise ratio or that are inconsistent with other data. In general
six waveform traces proved to be sufficient to perform a stable moment tensor inversion. I
applied a singular value decomposition SVD to study the reliability of the inversion results.
It revealed, that for focal mechanism solutions with a low percentage of double couple—
which can be due to mismodelled data—cutting off the highest order eigenvector does not
change the double couple part of the moment tensor severely. Thus inconsistent data do
hardly affect the determined double couple focal mechanism.

By using the frequency sensitive moment tensor inversion in eastern Africa I was able to
lower the level of completeness of moment tensors from My ~ 5.3 to My, =~ 5.0. Further-
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more, I gained moment tensors for 27 events with My, = 4.4-5.0, but for some reported
events my < 5.0 I could not determine the source mechanism, since sufficient waveform data
are not available. Including a regional velocity model would extend the inversion method
to higher frequencies and hence could lower the magnitude threshold for moment tensor
determination.

The formal stress inversion of groups of focal mechanism solutions (Michael, 1984) allows
to derive the stress pattern of eastern Africa. Hence I determined the tectonic regimes and
the orientations of minimum horizontal stress S,. The separate inversion for ten distinct
areas results in a prevailing extensional stress regime in eastern Africa with predominantly
east/west oriented Sj,. Beyond this, the orientation of S rotates from west-northwest /east-
southeast in the northwest to east-northeast/west-southwest in the southwest of the study
region.

This systematic change of stress orientation can be explained by the microplates Victoria
and Rovuma, that are located between the Nubian and Somalian subplate. Hence, the
influence of local mantle up-wellings could be the reason for the spatial changes in the
stress field around these microplates and their opposite rotation, as constrained by GPS-
data (Calais et al., 2006). Beyond this, persistent mantle flow could be responsible for the
re-activation of the Davie Ridge as a spreading centre at the eastern bound of the Rovuma
microplate.

I analysed the cumulative strain on the western and eastern rift branch of the FARS,
released by seismic activity and found only low rates of horizontal extension. The total
amount of seismic extension is ~0.4 mm/a , that is lower than calculations based on GPS-
data. This a hint for the presence of aseismic deformation and possibly the reason for low
seismicity on the boundaries of the proposed microplates. Since recent two-dimensional
finite element models (Coblentz and Sandiford, 1994; Bird et al., 2006) cannot take account
of the discussed regional features, three-dimensional modelling approaches are necessary to
explain the change of stress, while additional GPS-measurements are necessary to verify
the existence of the Victoria and Rovuma microplate.

I have shown that even with a sparse teleseismic station distribution moment tensor inver-
sion of earthquakes with My, < 5.0 is possible. By using a one-dimensional earth model
and waveform data of the permanent global seismometer network, the described processing
is easily transferable to other regions of intermediate seismicity. Thus frequency sensitive
moment tensor inversion has a high potential of enlarging the number of calculated focal
mechanism solutions worldwide to improve the understanding of regional tectonics.
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Appendix A. Tables of earthquake locations and moment tensor inversion results

Table A.1: Results of the frequency sensitive moment tensor inversion.

Nr  yr-mo-day hr:min:s Lat Lon D M1 Moo Mss M2 M3 Mos My My Str  Dip Ra b P o Frinai
1 1995-04-27  02:32:21.0 -12.6 42.5 25 —0.45 0.69 —0.24 —0.46 —0.91 0.4 1.25 4.7 283 30 -24 6 95.8 043 18-29
2 1995-04-29  11:50:53.9 -1.3  28.6 6 —5.7 —-3.1 8.7 —3.2 —10 6.9 14.9 5.4 229 22 -55 6 30.0 0.55 20-29
3 1995-07-20  05:08:28.4 -12.4 41.5 18 1.2 —0.27 —-0.97 -3 —1.1 2.9 4.44 5.0 174 48 160 6 60.2 0.19 19-29
4 1995-11-12 19:00:09.8 -13.8 31.6 33 —8.4 5.5 2.9 1.7 7.1 7.8 13 5.3 76 36 -45 6 76.2 0.20 17-29
5 1995-12-08  23:40:51.8 -4.6 38.8 18 —2.3 1.6 0.69 —0.24 —14 —1.5 2.91 4.9 102 43 -128 8 84.8 047 19-29
6  1996-02-29 07:14:18.7 =24  47.0 10 1.4 —0.59 —0.83 —-1.9 —0.34 —-0.91 2.5 4.9 19 26 42 7 812 0.33 20-29
7 1996-08-30 06:58:45.2 -15.4 34.1 10 —0.44 0.022 0.41 —0.33 0.36 0.041 0.651 4.5 21 27 -46 9 57.0 0.56 21-29
8 1996-12-21  08:34:06.2 -5.3 358 25 —11 —-3.9 15 —-15 3 1.5 20.1 5.5 33 49 -37 9 322 031 10-22
9 1997-02-23  01:39:34.9 -5.3  34.8 10 0.64 0.19 —-0.83 —2 1.1 0.16 2.44 4.9 190 14 155 10 694 0.44 15-29

10 1997-04-15  19:04:29.2 -8.7 264 18 —-1.5 —-1.5 3 —2 —0.61 1.1 3.56 5.0 156 49  -154 7 99.2 0.71 17-27

11 1998-04-12 10:49:00.8 -12.4 255 33 —1.1 —0.38 1.5 1.1 0.16 0.32 1.75 4.8 340 46  -141 7 678 0.31 17-27

12 1998-08-15 17:29:19.0 0.7 30.0 10 —0.43 0.2 0.23 0.34 0.023 0.47 0.684 4.5 13 41  -138 8 66.8 0.49 19-29

13 1998-08-24  12:12:11.1 -13.8 349 10 —0.56 0.031 0.53 0.36 0.31 —-0.03 0.722 4.5 339 33 -129 6 554 0.44 20-29

14 1998-09-22  19:27:35.2 -20.1 454 33 —2.3 1.6 0.68 0.3 3.3 1.8 4.27 5.0 78 30 -35 19 764 0.29 18-29

15  1999-04-06  04:16:47.0 -85 394 14 -3 —0.16 3.2 0.57 —2.8 1.5 4.51 5.0 223 31 =50 10 92.2  0.33 15-28

16  1999-05-07 02:10:45.1 7.5 316 25 —0.78 —0.39 1.2 1.3 0.88 —0.81 2.03 4.8 305 48 -152 16 38.0 0.53 19-29

17 1999-05-07  14:07:32.9 -7.5 317 25 —6.4 2.1 4.3 3.1 2.6 —5.1 8.62 5.2 294 52 -130 16 91.0 0.42 13-24

18  1999-08-06  17:22:48.8 -8.6 21.6 10 0.7 —0.018 —0.68 —0.22 —0.84 —-0.029 1.11 4.6 354 19 73 7 94.0 0.47 17-29

19  1999-09-01 04:07:56.5 -10.1 34.2 10 —-0.39 —-0.23 0.62 —0.52 —1.2 —0.013 1.38 4.7 147 16 -144 7 86.0 0.38 18-29

20  2000-01-04 00:25:09.4 -16.1 36.1 25 —1.4 0.22 1.1 0.3 —1 0.11 1.67 4.8 194 26 -70 8 70.2 0.60 15-24

21 2000-01-14 03:32:44.2 -16.0 41.9 6 0.82 —-0.16 —0.66 —0.91 —1.4 0.11 1.81 4.8 347 14 49 6 614 0.32 21-29

22 2000-03-02  02:44:55.5 -2.2 284 6 —1.2 0.3 0.89 0.95 —0.17 0.68 1.6 4.7 9 42 -133 11 624 0.48 19-29

23 2000-03-02  04:29:50.2 -24 282 25 —0.43 0.28 0.15 —0.67 —0.89 0.7 1.37 4.7 33 75 -103 6 434 044 17-28

24 2000-03-03  05:03:22.3 -24  28.2 33 —0.23 0.79 —0.56 —0.5 —0.42 0.36 1.03 4.6 37 83 -137 7 48.6 0.56 17-29

25  2000-10-05  23:08:35.9 -8.0 30.5 25 —1.8 0.65 1.1 —0.083 0.74 —0.31 1.76 4.8 161 57 -84 12 472 0.39 21-29

26 2000-10-07  01:39:10.4 -8.0 30.7 25 —0.8 1.2 —0.4 0.49 0.66 —0.9 1.61 4.7 149 56 =32 10 99.0 0.34 21-29

27  2000-10-23  12:02:14.7 1.5 30.7 25 —1.3 —0.36 1.7 —1 0.86 0.94 2.23 4.8 52 48 -37 10 814 0.52 19-29

28  2000-12-02  04:16:43.0 -7.3 278 18 —1.2 0.39 0.83 0.073 —0.42 0.7 1.36 4.7 230 40 -68 10 93.6 0.35 16-24

29  2000-12-15 10:01:22.8 -5.5 294 33 —0.94 —-0.38 1.3 —0.64 —0.055 —0.66 1.49 4.7 12 52 -40 14 834 0.36 21-29

30  2001-01-31  19:15:29.2 0.6 30.2 33 —0.001 0.67 —-0.67 0.71 —0.57 0.4 1.2 4.7 32 40 -179 9 78.0 041 18-29

31  2001-03-25  18:54:14.2 -5.7 359 33 —0.021 —0.026 0.047 0.013 —0.061 —0.0047 0.0747 4.5 202 17 -53 6 41.6 0.43 15-28

32 2001-04-17  04:39:03.4 -6.2 228 33 —0.62 096 —0.34 —0.28 —0.42 0.38 1.06 4.6 287 43 -37 12 59.8 0.53 21-29

33  2001-07-13  19:24:02.4 -6.9 30.9 42 —0.46 0.15 0.31 0.48 0.66 0.01 0.917 4.6 12 12 -110 10 61.2 0.29 21-29

34  2001-09-18  11:01:02.1 -75 316 10 —0.095 —-0.14 0.24 0.45 0.042 0.27 0.566 4.4 350 37 -169 11 69.8 0.56 19-29

35 2002-01-04  13:02:21.2 -0.2  29.8 10 —-3.9 4.1 —0.16 0.34 5.4 3.1 7.43 5.2 90 38 -32 6 69.0 0.17 15-26

36  2002-01-17  20:01:30.7 -1.7  29.2 25 —1.9 —0.59 2.5 —0.87 —2.9 0.39 3.77 5.0 16 71 -82 9 71.6 0.23 18-26

37 2002-01-19 17:09:31.7 -1.9 29.6 33 —0.42 —-0.36 0.78 —0.27 —1.7 0.15 1.82 4.8 9 80 -88 8 61.8 0.32 13-27

38  2002-10-24  07:12:19.7 -1.9 289 33 —-3.9 5.5 —1.6 4.7 —0.88 3.6 7.74 5.2 33 37 -146 9 64.6 0.53 16-29

Columns as follows: number of event, date of occurrence, time, latitude, longitude, depth [km], moment tensor elements [10'6 Nm]
(six columns), seismic moment [10*® Nm], moment magnitude, strike, dip, rake, number of waveform traces inverted 3 (N tinal)s 8
—

percentage of double couple p, variance o, inverted frequency range Fnq; [mHz].



Table A.2: CMT-solutions for eastern Africa 1994-2002.

yr-mo-day hr:min:s Lat Lon D Mq1 Moo Mss Mo M3 Mos My exp My Str  Dip Ra X Zm p

1994-02-05  23:34:14.1 0.5 299 15 —14 0.015 1.4 0.57 -—1.5 0.18 2.12 18 6.2 203 25 -57 123 51 84.6
1994-08-18  00:45:52.7 -7.7 318 25 —6.3 2.2 4.1 —2.1 5.8 —2.6 8.67 17 5.9 317 23 -107 118 15 87.9
1995-08-10  00:41:08.7 -15.5 41.4 15 —7.9 —0.086 8 2.1 2.4 -1.9 8.78 16 5.2 332 41 -115 56 0 94.8
1995-12-11 17:54:42.6 -6.2  26.6 15 —2.1 —0.45 2.6 2.1 —2.2 —0.18 3.85 17 5.7 200 27 -41 8 0 84.5
1996-03-24  08:24:31.7 0.3 299 15 —-0.73 —-0.31 1 —0.044 —-0.79 0.032 1.19 17 5.3 179 24 -94 26 0 53.7
1996-12-20  03:53:24.6 -5.2 360 15 —1.5 —4.3 5.9 1.7 —2.5 1 6.11 16 5.1 229 57 -10 9 0 66.2
1997-09-21  18:13:32.5 -7.3 303 30 5.7 —0.66 6.3 1.7 4.5 —-2.9 8.27 17 5.9 315 36 -133 108 38 929
1998-03-28  22:00:02.7 -5.9 292 15 2.3 —6.2 4 —-0.78 —8.9 4.3 10.8 16 5.3 257 45 16 50 0 364
2000-05-21  02:58:45.8 -12.5 43.3 15 0.47 3.2 -3.7 5.2 -3.9 -3.9 7.86 16 5.2 59 44 171 26 0 29.1
2000-10-02  02:25:38.4 -7.8 306 40 -5 0.001 5 0.76 —2.3 -1 5.68 18 6.4 172 32 -85 144 129 934
2001-06-29  23:40:08.0 0.3 30.0 15 —6.7 —1.1 7.9 —-2.5 4.2 —-0.16 8.82 16 5.2 17 33 -60 23 0 90.5
2002-01-20  00:14:47.9 -1.7  29.2 15 —3.8 —2.6 6.4 —1.5 1.3 1.4 5.94 16 5.1 39 49 -42 29 0 518
2002-01-21  04:39:24.9 -1.8 29.0 15 —=3.1 1.1 2 3.4 1.7 2.3 5.23 16 5.1 18 26 -128 21 0 84.6
2002-01-22 15:32:08.6 -1.5 289 15 —2.7 —2.6 5.3 —1.2 —5.5 3.3 7.41 16 5.2 233 26 -43 26 0 227
2002-02-20  19:07:21.3 -8.2 320 45 -—1.8 1.2 0.63 0.31 0.02 -1.1 1.98 17 5.5 135 42 -79 84 0 789
2002-03-05 17:07:47.0 -11.8 24.6 15 -3 2 1 094 -6 1.2 6.41 16 5.1 230 15 -40 15 0 428
2002-05-18  15:15:13.8 -3.0 336 15 —0.34 2.1 -1.8 0.9 —-0.15 -1 2.33 17 5.5 150 76 10 86 0 53.6
2002-07-16  14:50:20.7 -11.7 41.0 15 -5.6 —0.93 6.5 3.5 —-3.1 —-1.1 7.78 16 5.2 195 34 -50 45 0 959
2002-08-31  22:52:38.6 -10.2 34.3 15 —4.5 0.9 3.6 1.6 —4.1 -3 6.65 16 5.1 136 25  -109 31 0 755
2002-10-24  06:08:42.9 -1.9 28.7 15 —2.1 0.16 1.9 0.26 —0.4 0.71 217 18 6.2 210 42 -75 149 117 97.2
2002-12-23  02:50:42.2 -1.8 34.7 15 0.31 5.9 —6.2 —-3.1 2.1 —0.34 7.16 16 5.2 225 59 175 46 0 86.0

Columns as follows: date of occurrence, time, latitude, longitude,
seismic moment [10°*? Nm|, Exponent, moment magnitude, strike, dip, rake, number of waveform traces inverted X, (7 > 45 s),

Ym (T > 135 s), percentage of double couple p.

depth [km], moment tensor elements [10°"? Nm)] (six columns),
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Appendix A. Tables of earthquake locations and moment tensor inversion results

Table A.3: Earthquakes in eastern Africa 1994-2002 in the Engdahl catalogue.

yr-mo-day hr:min:s Lat  Lon D my MT yr-mo-day hr:min:s Lat Lon D my MT
1994-02-05  23:34:11.3 0.6 301 14 58 OCMT 1999-09-01  04:07:56.6  -10.1 34.2 15 4.5  #19
1994-04-24  09:52:59.2 -9.1 305 27 5.1 2000-01-04  00:25:09.4 -16.1 36.1 20 4.8  #20
1994-08-18  00:45:48.8 =75 317 25 59 COMT 2000-01-14  03:32:44.2 -16.0 41.9 18 4.5 #21
1995-01-20  07:14:28.9 71 384 12 5.0 2000-03-02  02:44:55.5 -2.2 284 12 53 #22

1995-04-27  02:32:20.9 -12.6 42,5 15 4.7 #01 2000-03-02  04:29:50.3 -2.4 282 10 4.9 #23
1995-04-29  11:50:53.9 -1.3 28.6 6 5.0 #02 2000-03-03  05:03:22.3 -24 282 13 4.9 #24
1995-07-20  05:08:28.4 -12.4 415 15 5.0 #03 2000-05-21  02:58:45.6 -12.2 43.7 15 50 CMT

1995-07-22  13:31:59.4 -14.0 348 35 4.9 2000-07-10  17:48:32.1 =720 277 28 4.7
1995-08-10  00:41:08.1 -15.6 41.5 24 5.0 CMT 2000-09-05  07:11:33.0 1.0 259 15 4.5
1995-09-30  20:46:07.5 -13.8 344 28 4.7 2000-09-12  16:51:20.2 -2.3 287 15 4.5

1995-11-12  19:00:09.8 -13.8 31.6 28 4.8 #04 2000-10-02  02:25:33.3 -8.0 308 34 6.0 CMT
1995-12-08  23:40:51.8 -46 388 15 5.0 #05 2000-10-05  23:08:35.9 -8.0 30.5 27 4.7  #25
1995-12-11  17:54:41.5 -6.2 267 11 54 CMT 2000-10-07  01:39:10.5 -8.0 30.7 34 4.7  #26
1996-02-29  07:14:18.7 -24 470 16 5.0 #06 2000-10-23  12:02:14.8 1.5 307 19 44 #27
1996-03-24  08:24:26.4 0.5 30.0 6 50 CMT 2000-12-02  04:16:43.0 -7.3 278 9 5.0 #28

1996-05-31  09:36:22.7 -13.8 34.3 28 4.5 2000-12-15  10:01:22.9 -5.5 294 15 3.9 #29
1996-06-09  20:12:35.9 -12.6 26.2 12 4.9 2001-01-31  19:15:29.2 06 302 15 4.0 #30
1996-06-15  10:02:44.0 -16.5 41.6 18 5.0 2001-02-03  17:05:14.1 -16.8 28.6 13 4.2

1996-08-22  07:14:49.3 -14.7 41.3 28 4.5 2001-03-25  18:54:14.3 -5.7 359 15 3.6 #31

1996-08-30  06:58:45.2 -15.4 34.1 26 4.5 #07 2001-04-17  04:39:03.4 -6.3 228 17 3.7 #32
1996-12-20  03:53:24.4 -5.3 359 10 48 CMT 2001-06-29  23:40:03.7 0.2 300 19 47 CMT
1996-12-21  08:34:06.2 -5.3 358 18 4.7 #08 2001-07-13  19:24:02.4 -6.9 309 45 4.7  #33
1997-02-23  01:39:35.0 -5.3 348 20 4.5 #09 2001-08-26  17:56:15.3 -5.7 36.1 10 3.8

1997-04-15  19:04:29.4 -8.7 26.4 8 4.8 #10 2001-09-18  11:01:02.1 -7.5 316 15 3.5 #34

1997-07-18  01:45:15.3 24 316 15 4.7 2002-01-04  13:02:21.3 -0.2 298 15 4.8 #35
1997-07-18  03:17:27.7 25 316 15 4.7 2002-01-17  20:01:30.7 -1.7 0292 14 4.7 #36
1997-09-21  18:13:26.8 -74 303 24 55 CMT 2002-01-19  17:09:31.7 -1.9 296 15 4.6 #37
1997-10-11  04:11:27.3 -10.6 24.8 33 4.5 2002-01-20  00:14:47.2 -1.7 290 16 49 CMT

1998-03-28  21:59:58.5 -6.1 295 16 52 CMT 2002-01-21  04:39:24.2 -1.8 290 15 49 CMT
1998-04-12  10:49:00.8 -12.4 255 22 4.9 #11 2002-01-22  15:32:07.8 -1.6 290 15 49 CMT
1998-08-15  17:29:19.0 0.7 30.0 16 4.7 #12 2002-02-20  19:07:18.5 -7.7 319 35 57 CMT
1998-08-24  12:12:11.2 -13.8 34.9 45 4.7 #13 2002-03-05  17:07:45.6 -11.8 248 18 51 CMT
1998-08-29  04:49:57.8 -2.0 276 5 4.5 2002-05-18  15:15:12.0 -2.8 338 15 52 CMT
1998-09-22  19:27:35.2 -20.1 454 28 4.8 #14 2002-07-10  11:04:06.8 -5.5 35.8 8 4.7

1999-04-06  04:16:47.7 -85 394 16 4.8 #15 2002-07-16  14:50:16.2 -11.8 41.1 12 5.1 CMT
1999-05-07  02:10:45.2 -76 316 18 5.1 #16 2002-08-31  22:52:37.2 -9.9 342 26 49 CMT
1999-05-07  14:07:33.0 -7.5 317 25 5.5 #17 2002-10-13  04:46:34.8 -5.4 359 10 4.7

1999-05-25  21:28:25.7 -12.8 274 15 4.5 2002-10-24  06:08:39.5 -1.9 290 11 59 CMT
1999-08-04  06:42:15.4 -6.2  26.6 8 4.8 2002-10-24  07:12:19.7 -1.9 289 8 5.3 #38
1999-08-06  17:22:48.8 -8.6 21.6 10 4.5 #18 2002-10-24  10:19:24.5 -1.9 29.0 10 4.8
1999-09-01  04:07:56.6 -10.1 342 15 4.5 2002-10-26  12:56:48.8 -1.8 290 10 4.7
2000-01-04  00:25:09.4 -16.1 36.1 20 4.8 2002-12-23  02:50:39.9 -1.7  35.0 7 46 CMT

Columns as follows: date of occurrence, time, latitude, longitude, depth [km], body-wave magni-
tude, moment tensor (MT) calculated by Harvard-CMT or in this work.
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Table A.4: Focal mechanisms used for stress and strain calculation.

yr-mo-day Lat Lon D Str Dip Ra My yr-mo-day Lat Lon D Str Dip Ra My
1964-05-073 -3.9 349 34 283 89 44 6.4 1990-05-15 -3.1 354 15 59 43 -136 5.5
1966-03-20% 0.8 299 6 33 42 -100 7.0 1990-05-15 -34 358 15 332 29 -106 5.4
1966-03-211 0.8 29.6 7 40 60 -102 5.3 1990-05-20 5.3 323 15 224 67 176 7.1
1966-05-061  -15.7 34.6 17 227 50 -56 5.3 1990-05-24 5.7 317 15 232 43 -131 7.1
1966-05-174 0.8 299 6 3 53 -92 5.8 1990-05-24 59 316 25 236 39 -104 6.5
1966-10-05! 0.0 299 23 156 54 -116 5.3 1990-07-09 58 316 15 28 44 -149 6.3
1967-10-141 -3.3 382 10 142 70  -125 5.1 1990-07-28 6.0 320 15 277 45 -90 5.3
1968-05-15*  -15.9 26.2 30 36 34  -114 5.7 1990-09-04 -0.1 294 15 229 7 6 5.3
1968-12-02* -14.0 23.8 11 35 36 -81 5.6 1990-09-07 51 316 15 44 43  -147 5.5
1972-02-131 -4.5  34.1 6 340 62 -61 5.0 1990-11-03 -21.5 33.3 15 345 35 -111 5.1
1972-12-181  -16.7 28.1 7 234 58 -52 5.3 1991-02-22 -39 359 15 182 45  -104 5.2
1974-04-251 1.1 30.1 10 9 40 -87 4.9 1991-03-29 54 31.8 15 130 15 -51 5.4
1975-02-152  -16.5 41.5 25 350 20 -75 5.2 1991-04-21 -18.5 46.4 15 327 44 -128 5.5
1975-03-261 -5.3 30.1 16 354 51 -112 5.0 1991-07-24 -18.3 346 15 180 45 -90 5.1
1975-04-041  -21.2 451 11 74 85 40 5.3 1991-10-09 22 312 15 260 56 -41 5.6
1976-09-19*  -11.1  32.8 29 349 42 -123 5.7 1992-09-11 -5.9 264 22 196 38 -132 6.3
1977-01-06 -2.3 284 15 241 45 -90 5.1 1992-09-23 -5.6  26.5 18 42 50 -55 5.5
1977-07-061 -6.3 296 14 168 63 =77 5.2 1992-11-14 -23.0 455 15 350 45 -90 5.0
1977-12-15 -4.8 347 15 151 31 -64 5.7 1993-02-13 7.8 391 14 90 74 10 5.3
1978-01-08 -11.8 345 15 338 45 -90 4.9 1994-02-05 0.5 299 25 203 25 -57 6.2
1979-11-06 -12.0 416 15 318 35 -135 5.2 1994-08-18 -7.7 318 15 317 23 -107 5.9
1980-01-09 -2.7 276 29 45 48  -142 5.2 1995-08-10 -15.5 414 34 332 41 -115 5.2
1981-07-30 -2.4 281 15 235 45 -90 5.1 1995-12-11 -6.2 266 18 200 27 -41 5.7
1981-11-18 -2.5 228 16 133 66 -7 5.5 1996-03-24 0.3 299 15 179 24 -94 5.3
1982-04-29 -10.0 41.6 10 356 45 -90 5.1 1996-12-20 -5.2  36.0 15 229 57 -10 5.1
1982-07-03 -3.6 290 15 328 50 -136 5.3 1997-09-21 -7.3 303 15 315 36 -133 5.9
1983-01-31 -23.0 444 15 326 45 -90 5.1 1998-03-28 -5.9 292 15 257 45 16 5.3
1983-07-07 -7.2 279 15 200 41 -111 5.8 2000-05-21  -12.5 43.3 15 59 44 171 5.2
1983-09-03 -15.3 41.0 10 340 45 -90 5.0 2000-10-02 -7.8 306 15 172 32 -85 6.4
1983-12-02 74 386 10 342 40 -101 5.3 2001-06-29 0.3 30.0 15 17 33 -60 5.2
1983-12-27 -17.9 450 15 158 35 -98 5.1 2002-01-20 -1.7 292 15 39 49 -42 5.1
1984-01-11 -6.7 274 12 19 62 -157 5.6 2002-01-21 -1.8  29.0 15 18 26 -128 5.1
1984-08-25 -7.9 328 15 126 42 -122 5.3 2002-01-22 -1.5 289 15 233 26 -43 5.2
1984-10-26 -15.8 28.6 15 215 13 -71 5.3 2002-02-20 -8.2 320 15 135 42 =79 5.5
1985-05-14 -10.3 414 15 170 34 -89 6.3 2002-03-05 -11.8 246 35 230 15 -40 5.1
1985-05-14 -10.3 415 24 178 43 -70 6.0 2002-05-18 -3.0 336 15 150 76 10 5.5
1985-05-30 -10.2 416 15 148 38 -104 5.3 2002-07-16  -11.7 41.0 10 195 34 -50 5.2
1985-06-28 -2.3 290 15 211 45 -90 4.9 2002-08-31 -10.2 34.3 15 136 25 -109 5.2
1985-06-28 -10.3 415 15 346 44 -93 5.6 2002-10-24 -1.9 287 15 210 42 =75 6.2
1985-08-20 5.7 36.0 15 258 31 -45 5.4 2002-12-23 -1.8 347 15 225 59 175 5.2
1985-10-04 -18.1 48.6 14 147 32 -115 5.5 2003-03-20 -3.0 296 15 17 45 -23 5.2
1986-03-14 -10.5 272 32 208 33  -105 4.9 2003-04-10 -5.2 291 45 61 46 -49 5.1
1986-06-29 -5.0 295 15 318 22 -148 5.8 2003-06-14 -5.7  36.0 15 340 26 -112 5.0
1986-07-18 -16.1 284 15 238 43 -84 5.2 2003-08-05 -0.8 294 15 330 34 -155 5.2
1987-10-07 6.5 373 10 216 20 -79 5.3 2004-03-14 -10.1 344 15 162 44 -117 4.8
1987-10-25 5.8 364 10 232 38 -51 6.2 2004-08-21 -10.6 344 15 346 61 =17 4.7
1987-10-28 59 36.6 10 211 45 -78 6.0 2005-01-04 -10.3 414 15 177 39 -58 5.0
1988-04-16 -10.2 274 17 10 26 -120 5.1 2005-01-15 -6.1 392 10 159 45 -116 5.0
1989-03-09 -13.4 343 15 128 23 -118 5.6 2005-12-05 -6.2 296 30 149 50 -122 6.8
1989-03-10 -13.4 343 15 142 17 -102 6.3 2005-12-06 -6.2 295 40 19 40 -58 5.2
1989-06-08 73 382 10 200 45 -90 4.9 2005-12-08 -6.1 295 15 184 39 -90 5.1
1989-09-05 -11.8 345 20 63 52 149 5.4 2005-12-08 -6.1 296 15 190 44 -107 5.0
1990-03-13 -3.9 405 10 323 46 -121 5.5 2005-12-09 -6.2 297 15 33 39 -54 5.5
1990-04-05 -3.0 360 29 352 45 -90 5.1

Columns as follows: date of occurrence, latitude, longitude, depth [km], strike, dip, rake, moment magnitude.
Superscripts refer to following studies: ! Shudofsky (1985), 2 Grimison and Chen (1988), ® Nyblade and
Langston (1995) and * Foster and Jackson (1998). Other data are CMT-solutions (e.g. Dziewonski et al.,

1987b).
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Appendix A. Tables of earthquake locations and moment tensor inversion results
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Appendix B

Figures of moment tensor inversion
results

The following pages show figures of the summarised results of the frequency sensitive
moment tensor inversion for 38 earthquakes in eastern Africa. Quantitative description is
given in Table A.1. Figures are listed chronologically and geographical earthquake locations
are given following the seismo-tectonic Flinn-Engdahl-regionalisation scheme (Flinn et al.,
1974).

For each event three figures are shown: (1) the frequency sensitive inversion of Ny
(STEP 3A of the processing, lower right); (2) the depth-variance analysis for Ny, and
Fina (STEP 3B, upper right) and (3) the final inversion with synthetics displayed for each
waveform component included in the final dataset Nyinq (left side, compare Fig. 3.3, 3.4).
The detailed captions are:

(1) Frequency sensitive moment tensor inversion for 8 mHz wide pass-bands and discrete
hypocentral depths. Inversion of the final dataset Ny (STEP 3A); the right column gives
the inversion results for Ny, and the full frequency range from 10-29 mHz.

(2) Variance o of focal mechanism solutions in dependence on hypocentral depth for the
final dataset Nynq and the final frequency range Flrinq given in subfigure (3). Blue colour
indicates the percentage of double couple p. The red cross marks the depth determination
of the Engdahl catalogue with standard deviation (red lines, Engdahl et al., 1998). When
no standard deviation is plotted the source depths is fixed to 15 km.

(3) Final solution of the moment tensor inversion for Ny;,q and Finq (fourth header line).
Triangles around the focal mechanism indicate station azimuth. The inverted waveform
traces on the vertical, radial and transversal component (Z,R,T') are plotted as black solid
lines, synthetics as red dashed lines (including a 5% cosine taper on both sides). Station
name and time shift At is given above each trace, azimuth and epicentral distance below.
Amplitudes are plotted normalised to the maximum of each station.
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Appendix B. Figures of moment tensor inversion results
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(#03) NORTHWEST OF MADAGASCAR
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Appendix B. Figures of moment tensor inversion results
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(#07) MALAWI
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Appendix B. Figures of moment tensor inversion results
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(#11) ZAMBIA
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Appendix B. Figures of moment tensor inversion results
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(#15) TANZANIA
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Appendix B. Figures of moment tensor inversion results
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(#19) MALAWI
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Appendix B. Figures of moment tensor inversion results
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(#23) LAKE TANGANYIKA REGION

Date: 2. 3.0 Time: 4:29:50.2 Lat: -2.40 Long: 28.20 Depth: 25
Plane (strike/dip/slip) NP1: 257/ 19/ -47 NP2: 33/75/-103 0.48
Frequence range (Hz): .0170-.0280 Variance: 0.436 Mw: 4.7
43.4% double couple
0.46
sec. 8
0 900 & 044
4 R g
042
0.40
1 1
T st T T T
5 10 15 20 25 30 35
LBTB M 5 depth [km]
it
v I
186° 2516 km
o 30 40 50 60 70 80 90 100

percentage of double couple

M 3 2
273 1623k

96" 3038 km

30000
LBTB b 70 @ @ @ |
‘ _ 1666606
186° 2516 km _%- 2 70 @ @ @ L
° lsooo0

> Joqe e v
2‘2 2‘4 full
frequency (f-4)..(f+4) [mHz]

— .

045 050 055 060 065 070 075
variance

I I I
(LS00 |
OV QJD@
N A AAANINC
£ loo00000a
a
o
o
LoD
30 4 o
CLOLLEDH 0D
o oz oamow
frequency (f-4)..(f+4) [mHz]
W ——
030 035 040 045 050 055 060 065
variance
(#24) LAKE TANGANYIKA REGION
Date: 3. 3.0 Time: 5: 3:22.3 Lat: -2.40 Long: 28.20 Depth: 33
Plane (strike/dip/slip) NP1: 301/ 47/ -8 NP2: 37/ 83/-137 062 -
Frequence range (Hz): .0170-.0290  Variance: 0.563 Mw: 4.6
48.6% double couple
e § 060
0 900 8
s
Z R T > 058
056
; ——x—+ i i i
5 10 15 20 25 30 35
MBAR 2 5 depth [km]
A
o T r—
55 345km 0 30 40 50 60 70 80 90 100
percentage of double couple
MSEY

123



Appendix B. Figures of moment tensor inversion results
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(#27) LAKE TANGANYIKA REGION
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Appendix B. Figures of moment tensor inversion results
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(#31) TANZANIA
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Appendix B. Figures of moment tensor inversion results

(#33) LAKE TANGANYIKA REGION
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(#35) DEMOCRATIC REP OF CONGO
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Appendix B. Figures of moment tensor inversion results
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Appendix C

Equivalent forces

In section 2.1 the equivalent force densities f and t were introduced as the representation
of the internal forces of a rupture process (eqn. 2.13):

f=-V.I, t=n-T (C.1)

The following derivation will show that these force densities do satisfy the conservation
of momentum and angular momentum in the case of a symmetric stress glut tensor I
Figure C.1 illustrates a source volume Vi with a surface Sr that cuts the earth surface on
a rupture are Rp. Since Hook’s law (eqn. 2.11) is valid everywhere but in the source volume
Vg and on the surface rupture area Rp, the stress glut I' is zero elsewhere, including the
surface of the buried source Sg — Rp:

I'#0 in Vg and Rp, I' = 0 elsewhere including Sp — Rp. (C.2)

Hence the applied net force F is:

F:/fW+/t%ﬂ (C.3)
VF RF
Using Gauss’ theorem and including equations C.1 and C.2 yields:
F:—/ V-I‘dV+/ fl-l"dS:—/ n-r'ds=0. (C.4)
Vg Rp Sr—Rp
I:\>F
A Figure C.1: Schematic illustra-
/7
e g tion of an arbitrary earthquake
Ve o source volume Vr with surface Sr
SF y 4 and intersection Ry of the earth’s
y c surface (vertical cross-section).

131



Appendix C. Equivalent forces

I.e. no net force is applied on the earth. The net torque N is:

N = xxde+/ x % tdS. (C.5)
VF RF

Inserting equation C.1, the first term is:

(xxf), = —(xxVI),

—eijpxj (VI),

= —giipxj (Ow)

gijk (O11)

O, (Ez‘jkrlﬂk) — Eijk (1) L

O (I xx);; — €ijilju

— [V-(T xx)], - (AI),, (C.6)

with the wedge operator (A) defined as:
AL = 5Z-jkI‘jk. (C?)

Applying Gauss’ theorem and the result of equation C.6 on equation C.5 gives:

N = —/ XXVFdV+/ xxn-I'dS
VF RF

= / (V.(I‘xx)_AF)dv+/ xxn-I'dS
VF RF

— —/ /\I‘dV+/ fl-(l"xx)+/ xxn-T'dS
Vi Sr Rp

_ —/ /\I‘dV—/ x % -TdS = 0. (C.8)
\%3 Sr—Rp

The second term equals zero because of equation C.2. Since the earthquake, represented
by the equivalent forces, does not exert any net force or net torque upon the earth, the
first term must vanish as well, that is identical to the condition of a symmetric stress glut
tensor I':

AT =g Tjn=0 ()" =T. (C.9)
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