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ABSTRACT

This study examines the crustal structure in different regions, including Afar, North-
west (NW) plateau, Southeast (SE) plateau, Northern Main Ethiopian Rift (NMER),
and Central Main Ethiopian Rift (CMER). High-quality teleseismic data (Mb > 6.0)
with epicentral distances of 30° to 90° were analysed. The data were collected be-
tween 2000 and 2013 from 27 temporary broadband stations in Ethiopia and Er-
itrea, and between February 2015 and October 2016 from 17 stations of the RiftVolc
broadband network. The study reveals consistent seismic velocity in the Afar crust,
except in magmatic segments. These segments have a shallow layer with fast V;
(4.5 km/s) at depths of 6-14 km. Below this layer, V; decreases (< 3.2 km/s), and
the V},/V; ratio increases (2.0) at lower crustal depths (20-25 km). This suggests
partial melting beneath the lower crust, particularly in the western Afar region and
magmatic segments. The NW Plateau exhibits fast V; (4-4.7 km/s) in its crust, with
some regions showing slow V; (3.2 km/s) and high V,,/V; (1.85-2.0) at mid-crustal
depths (10-25 km). Partial melt is observed in specific mid-crustal areas, possibly
due to the extension of the plateau or melt migration from the rift. The uppermost
crust (depth <6 km) in the NMER and CMER has slow V; due to sedimentary and/or
volcanic layers. Crustal V; exhibits lateral and depth variations. Slow V (~2-3 km/s)
is observed beneath volcanic centres in the upper-mid crust, while the lower crust
consistently shows slow V; (V; < 3.5 km/s). The slow lower crust is associated with
high V},/V; ratios (1.9-2.0). A low V and a small fraction (< 5%) of high V},/V, ma-
terial in the rift system indicate possible partial melt, which is widespread in the rift
valley as segmented and localized features. These findings suggest that partial melt
in the lower crust beneath active magmatic rifts is more significant than previously
thought. The presence of a substantial melt reservoir in the lower crust highlights
the role of magmatism in crustal extension and its influence on the evolution of the
rift system. In contrast, the Eastern Plateau exhibits uniform and faster Vs, with a
distinct velocity contrast between the crust and upper mantle, indicating less defor-
mation compared to the central rift zone. The estimated Moho depth in Afar ranges
from 26-30 km, showing a gradual transition compared to other areas studied. Fur-
thermore, the NW Plateau has a Moho depth ranging from 36-44 km, while the
SE Plateau has a depth ranging from 36-42 km. These findings have implications
for understanding continental rifting mechanisms, magmatic system formation, and
long-term lithospheric evolution.



ACKNOWLEDGMENTS

Completing this dissertation would not have been possible without the support and
contributions of various individuals and organizations. I extend my heartfelt grati-
tude to all those who have helped me throughout my doctoral journey.

Firstly, I would like to express my sincere appreciation to Addis Ababa University
for giving me the opportunity to pursue my doctoral studies. I am grateful for the
excellent academic environment and resources that have been made available to me
during my time at the institution.

My deepest gratitude goes to my advisor, Professor Atalay Ayele, for his unwa-
vering support, guidance, and encouragement throughout the research process. His
expert knowledge, insightful feedback, and critical evaluation of my work have been
invaluable in shaping this dissertation.

I would also like to acknowledge the immense contributions of my co-author, Pro-
fessor Derek Keir, who has worked tirelessly with me on all the papers related to this
research project. His concrete ideas, necessary scientific comments, and thoughtful
discussions via Skype and other social media platforms have significantly strength-
ened the ideas and thoughts in this dissertation.

Furthermore, I would like to thank all the professors, mentors, and colleagues who
have provided me with invaluable feedback, insights, and inspiration throughout
my academic journey. Your knowledge, expertise, and support have been crucial in
shaping my research and personal growth.

Finally, I express my heartfelt gratitude to my family, friends, and loved ones who
have provided me with unwavering love, encouragement, and support. Your con-
stant motivation, patience, and belief in me have been the driving force behind my
success.

i1



DECLARATION

I, Birhanu Abera, hereby declare that this dissertation, entitled Crustal structure of
the Northern East African Rift System from Receiver Function Analysis, is the
result of my original research and has been written solely by me.

The research project was conducted at Addis Ababa University under the supervi-
sion of Professor Atalay Ayele. All the data, interpretations, and conclusions pre-
sented in this dissertation are my own original work, except where otherwise stated
and duly acknowledged.

I confirm that this dissertation has not been previously submitted for any degree or
diploma to any institution or university, nor has it been published in any form or
medium. I also confirm that this dissertation is not currently being considered for
any other degree or diploma.

In conclusion, I affirm that this dissertation represents my own original work, and
that I have complied with all ethical and academic standards and guidelines set forth
by Addis Ababa University.

Signature:

Date:

Birhanu Abera Kibret
May 16, 2023

il



APROVAL & SIGNATURE

We, the members of the examining board, hereby testify to our acceptance and
recommendation of the dissertation titled "Crustal Structure of the Northern East
African Rift System From Receiver Function Analysis" submitted by Birhanu Abera
Kibret, in partial fulfilment of the requirements for the PhD degree at Addis Ababa
University.

We confirm that the candidate has successfully fulfilled all the academic require-
ments of Addis Ababa University and has demonstrated a deep understanding of the
subject matter related to his research project.

Having carefully reviewed the dissertation, we are pleased to say that it meets the
high academic standards required for the degree sought. The research project pro-
vides an original contribution to the field of study and reflects a remarkable level of
research skills, critical thinking, and analytical abilities.

We extend our sincere congratulations to Birhanu Abera Kibret for his successful
completion of this academic journey, and we highly recommend the award of the
PhD degree from the School of Earth Sciences, Addis Ababa University.

Examination Board Members:

Name Signature Date

1. Prof. Atalay Ayele (Advisor)

2. Prof. Tilahun Mammo (Internal Ex-

aminer)

3, FFkFEERR¥(External Examiner)

4. Prof. Worash Getaneh (Chairperson)

Date of Defense: June 15, 2023

v



DEDICATION

I dedicate this dissertation to my loving family, who have always supported and encouraged me
throughout my academic journey. To my dear mom, sister, and brothers, your unwavering love
and guidance have been my constant source of strength and inspiration.

I would also like to dedicate this work to my wonderful wife, who has been my rock and my
partner in every sense of the word. Your hard work, Kindness, patience, and unwavering support
have been invaluable to me, and I could not have done this without you.

To my mentors, colleagues, and friends who have supported and motivated me to reach this new
heights, thank you for your feedback and encouragement.

Moreover, I dedicate this dissertation to all those who have paved the way for me and made it
possible to pursue my dreams.

And lastly, to my children, who have sacrificed so much as I pursued this journey. I am grateful
for your patience and understanding when I had to miss playtime or study sessions, and for your
unconditional love and support. This work is dedicated to you as a promise that I will continue
to work hard and maKe time for our family, to ensure that we make memories and cherish each
other’s company.



Abbreviations

CMER
EAR
GF
GPS
GSAC
IDMC
MER
NEARS
NLLS
NMER
ORFs
ORF
PCF
RF
RFs
RRF
SMER
SRFs
SRF
SWCs
SNR
TRF
VM
VD

Vs

Vp
Vp/Vs
WEFB
WLD

DEFINITIONS AND ABBREVIATIONS

Definitions

Central Main Ethiopian Rift

East African Rift

Gaussian Filter

Global Positioning System

Generic Seismic Application Computing
IRIS Data Management Center
Main Ethiopian Rift

Northeast African Rift Systems
Nonlinear Least Square

Northern Main Ethiopian Rift
Observed Receiver Functions
Observed Receiver Function
percentage of cumulative frequency
Receiver Function

Receiver Functions

Radial Receiver Function

Southern Main Ethiopian Rift
Synthetic Receiver Functions
Synthetic Receiver Function
Seismic Wave Conversion
signal-to-noise ratio

Transverse Receiver Function
Velocity Model

Velocity Discontinuity

Shear wave velocity

Compressional wave velocity

The ratio of Vp and Vs (Poisson’s ratio)
Wonji fault belt

Water Level Deconvolution

vi



Contents

ABSTRACT

ACKNOWLEDGMENTS
DECLARATION

APROVAL & SIGNATURE
DEDICATION

Dedication

DEFINITIONS AND ABBREVIATIONS

1 GENERAL INTRODUCTION
LT OVerview . . . . . . . o e e
1.2 Background . . . . . . .. ...
1.2.1 Tectonic Settings of NEARS . . . . .. ... ... ... ......
1.2.2  The NW and SE Ethiopian plateau . . . . . . ... ... ... ...
1.23 The Afarand MER . . . . . ... ... ... .. .
1.2.4  The shear wave velocity (Vs) of theregion . . ... .. ... ...
1.2.5 The Poisson ratio (Vp/Vs) of theregion . . . . .. ... ... ...
1.2.6  The Mohorovicic Discontinuity (Moho) of the region . . . . . . . .
1.3 Justificationsof the Study . . . . . . .. ... oo
1.3.1 Statementof the problem . . . . . . .. .. .. ... ... .....
1.3.2  ODbjectives . . . . . . o v v i e e e e e e e
1.3.3 Research question/Hypothesis . . . . . . ... ... ... .....
1.3.4 Significanceof thestudy . . . . . . .. .. ... ... ..
1.3.5 Study Scope . . . . ...
1.3.6 Limitationsofthestudy . . . .. ... .. ... .. ........

2 DATA AND METHOD
21 Data . .. ..
2.1.1 DataSet. . . . .. . . e
2.1.2 Integrated Teleseismic Events . . . . . .. ... ... ... ....
2.1.3 Distribution of stations . . . . . . ... ... oo

vii

ii

iii

iv



2.1.4 Instrumentsused . . . . . . . . . ... 21

2.1.5 Data Selection Criteria . . . . . . . .. ... .. ... ... .... 22

2.1.6  Preprocessing RawData . . . . . ... ... ... ... ...... 22

2.2 Method . . .. . . . e 25
2.2.1 Source equalization approach . . . . . . ... ... ... ... .. 26

2.2.2 Rotation of N-S to R-T components . . . . .. ... ... ..... 27

223 Deconvolution . . . . ... .. ... 28

2.24 Receiver Functions . . . . . .. ... ... oo 33

2.2.5 P-to-Swaveconversion . . . . . . ... Lo e e 35

2.2.6 Iterative Inversion . . . . . . ... ..o 36

227 2DModelsfromIDVs. . . . ... ... oL 40

2.2.8 Statistical Analysis . . . . . . ... 41

229 Softwareand ToolsUsed . . . . . . .. ... ... ... ...... 42
2.2.10 Validation and Quality Control . . . . . . .. ... ... ... ... 43
2.2.11 Ethical Considerations . . . . . . .. . . ... ... ........ 43

3 MODELLING S-WAVE VELOCITY STRUCTURE BENEATH THE CEN-

TRAL MAIN ETHIOPIAN RIFT USING RECEIVER FUNCTIONS 45
3.1 Introduction . . . . . . . . . .. 45
3.2 Tectonic Setting and Crustal Structure . . . . . . ... ... ... ..... 47
33 Dataandmethods . . . . . ... .. . L 50
331 Data. .. ... 50

332 Methods . . ... ... 51

34 Results. . . . . .. 55
35 Discussion. . . ... e e e 59
3.5.1 S-wave Velocity Structure withinthe Rift . . . . ... ... .. .. 60

3.5.2 S-wave Velocity Structure of the Eastern Plateau . . . . . . .. .. 64

3.6 Conclusion . . . . .. ... 65
4 CRUSTAL STRUCTURE OF THE ETHIOPIAN NORTHWESTERN PLATEAU
AND CENTRAL AFAR FROM RECEIVER FUNCTION ANALYSIS 66
4.1 Introduction . . . . . . . . .. e 66
4.2 Tectonic Setting and Crustal Structure . . . . . . .. ... .. ... .... 69
43 DataandMethods . . . . . . . ... L L 70
4.3.1 Description of Data Sources and Instrumentation . . . . . ... .. 70

4.3.2 The RFs analysis steps for imaging crust and upper mantle . . . . . 72

4.3.3 Velocity Modelling from Stacked RF . . . . ... ... ... ... 73

434 2D Velocity and Vp/Vs RatiosModels . . . . .. ... ... .... 77

44 Results. . . . .. .. 78
44.1 Receiver Function . . ... ... ... ... .. .. .. .. ... 78

4.4.2 Velocity Models of the NW Plateau . . . . ... .......... 78

443 Velocity Modelsof Afar . . . ... ... ... ........... 79

444 Moho Depth of the NW Plateau . . . . ... ... ... ...... 81

445 MohoDepthof Afar . . ... ... ... ... .. .. ... ... 81

4.4.6 The Percentage of Cumulative Frequency . . . . . ... ... ... 81

viii



4.5 DISCUSSION . .« v v v i e e e e e e e e s 82

4.5.1 Velocity Models of the NW plateau . . . . ... .......... 82
4.5.2 Velocity Modelsof Afar . . . ... ... ... ... ... ..... 83
453 Mohodepthandnature . . . . . . ... ... ... .. ....... 84
4.6 Conclusions . . . . . . . . . . e e 84
CRUSTAL THICKNESS ESTIMATES BENEATH THE ETHIOPIAN PLATEAUS
AND NORTHERN MAIN ETHIOPIAN RIFT 86
5.1 Introduction . . . . . . . . . . . .. e 86
5.2 Previous constraints on crustal structure and seismicity . . . . .. ... .. 89
5.2.1 Previous crustal structure studies . . . . . . . . ... ... ... .. 89
5.2.2  Previous Seismicity Studies . . . . ... ... L 92
53 Dataand Methods . . . . . . . . . . . .. ... e 93
53.1 Data. ... ... ... 93
532 Method . . ... .. . . . 94
5.4 Resultsand Discussions . . . . . . . . . . . ... ... .. 95
54.1 Results . . . . ... 95
542 DISCUSSION . . . . .. e e 100
5.5 Conclusion . . . . . . ... e 104
GENERAL DISCUSSION 106
6.1 Plume-Related Influences . . . . . . . . .. .. ... ... .. ... .... 106
6.2 Magmatic Intrusion & Partial Melting . . . . ... ... ... ... ... 108
6.3 Fault-Magmatic Interplay . . . . . . . .. .. ... ... L. 108
6.4 Crustal Low Vs: A Causal Connection . . . . . . . ... . ......... 109
6.5 Crustal High Vs: A Causal Connection . . . . . .. ... .......... 110
6.6 The NW and SE Plateau crustal structure . . . . . . ... ... ... .... 111
6.7 MohoDepth . . . .. . .. . . 112
CONCLUSIONS AND RECOMMENDATIONS 113
7.1 Conclusions . . . . . . . . .. 113
7.2 Future Work . . . . . . .. 114
7.3 Recommendations. . . . . . . . . . . ... 114

ix



1.1
1.2
1.3
1.4
1.5

2.1
2.2
2.3

24
2.5
2.6
2.7
2.8
2.9

3.1
32
33
3.4
3.5
3.6
3.7
3.8
3.9

4.1
4.2
4.3
4.4
4.5

5.1
5.2

List of Figures

Location of the study areas . . . . . . . ... ... .. ... ........
Seismicity of Afarand MERregions . . . . . . ... ... ... .. ....
Models of rifting . . . . . . . . ...
Schematic view of dike intrusionand . . . . . . .. ... ... L.
Location of the study areas . . . . . ... .. ... ... ... .......

Teleseismic Earthquakes utilized for the study . . . . . ... ... .. ...
Raw teleseismic Earthquake . . . ... ... ... ... ..........
The formation of a radial receiver function through a single layer positioned
above ahalfspace. . ... .. ... .. ...
The diagram shows two horizontal components: N (North) and E (East)
RFs obtained from different Gaussian filters . . . . . . ... .. ... ...
Fit synthetic RFs for different Gaussian parameters . . . . . .. ... ...
The SRF and ORF model for SEKE station . . . .. ... ... ......
Initial and final VM obtained from iteration . . . . . ... ... ... ...
Final VM . . . . . .

The study area for stations in the CMER and adjacent SE plateau . . . . . .
Locations of teleseismic Earthquakes . . . . . . . ... .. ... ... ...
Sample Rf obtained from deconvolution . . . . . ... ... ... ... ..
RFs from different azimuths . . . . . ... ... ... 00000
Largest (ASSE) and smallest (OGOL) fitmodels . . . . . ... ... ...
Corresponding velocity models for the largest and smallest fit RFs . . . . .
1D velocity models for the along and across rift profiles . . . . . . ... ..
2D Vs and Vp/Vs models for the along rift profile AA” . . . ... ... ..
2D Vs and Vp/Vs profiles for the across profile BB” . . . . . ... ... ..

The study area for stations in Afar and the NW plateau . . . ... ... ..
The location of teleseismic Earthquakes for study in Afar & NW plateau . .
Comparison of observed & syntheticRFs . . . .. ... ... .......
1D Velocity models for the Afar & NW plateau . . . . ... ... .. ...
Blue faster & red slower Vs observation in the 2D Vs and Vp/Vs models

for Afar & NWoplateau . . . . . . .. .. ... .. .. ...

station location map for profiles along Plateaus and MER stations . . . . .
station location map for profiles along Afar, Plateaus and MER stations



5.3

54
5.5
5.6
5.7

Locations of teleseismic Earthquakes used for the stations along NW,

NMER and SEprofile . . . . . . . . ... .. 93
Model of RFs and ray diagram of P-to-Sinversion . . . . . . ... ... .. 94
The RFs of 10 stations along NW, NMER and SE plateau . . . . . ... .. 96
The 1D Vs models of the 10 stations . . . . . . .. ... ... ... .... 98
The 2D Vs & Vp/Vs models of the profile from NW plateau, crossing the

NMER tothe SEplateau . . . . .. .. ... ... .. ... ... ..... 99

xi



3.1
32

4.1

5.1
5.2

List of Tables

Percentage of signal power fit. . . . . . . ... ... .. L. 52
Results from previous gravity and seismic methods . . . . . ... ... .. 54
The range of Vs and PCF for station in Afar & the NW plateau . . . . . . . 77
Summary of previous RFs & gravity findings . . . .. ... ........ 90
The No. of RFs, percentage of fit & the Moho depth of the 10 stations . . . 97

Xii



CHAPTER 1

GENERAL INTRODUCTION

This thesis is structured into seven chapters to effectively present the research findings.
The initial chapter serves as the general introduction, providing an overview, background,
and justification for the study. Within this chapter, the background subsection focuses on
providing contextual information such as the tectonic setting of the rift and crustal struc-
ture of plateaus related to the study. Additionally, introduction part justifies the study by
addressing the problem statement, research questions, objectives, significance, scope, and
limitations. All of these components are integrated into the general introduction part of

chapter one.

Chapter two of the thesis delves into the data and methodology employed in the study.
This section provides a comprehensive explanation of the data collection processes and the
particular methodology adopted to conduct the research. The aim of this chapter is to offer

a thorough understanding of the experimental procedures.

The subsequent three chapters encompass sections of the study that have been completed
and are prepared for submission to a journal for publication. These chapters present the
key findings and results of the research, which contribute to the overall understanding of
the deep interior structure of Eastern Africa. The primary focus of these chapters lies in the
analysis of receiver functions (RFs) to gain insights into the composition and layers of the
region. Furthermore, the investigation places particular emphasis on the impact of partial

melting, magmatism, and diking on seismic velocity.

The final two chapters of the thesis consist of the general discussion and the conclusion.
The results and findings from the preceding chapters are thoroughly examined and inter-
preted in the general discussion section. This chapter provides an opportunity to delve into
the implications, significance, and broader context of the research. Finally, the conclusion
presents a concise summary of the entire thesis, restating the main findings, contributions,

and potential areas for further research.



The overarching objective of this study was to comprehensively explore the crustal struc-
ture of eastern Africa, utilizing receiver functions (RFs) as the primary analytical tool. By
investigating the composition and layers of the region, with a specific emphasis on the ef-
fects of partial melting, magmatism, and diking on seismic velocity, this research gives to

the broader understanding of the geology and tectonic activities in the studied area.

Comparative studies of the crustal structure among the various regions of Ethiopia will be
of utmost importance because findings from past research indicate that the crustal compo-
sitions in the region differ. Some of the varied natural features discovered in the crustal
structure of the research areas include faults, sills, partial melt, and dikes (Figure 1.4).
A piecemeal approach to study the region will have greater relevance if the considerable
crustal structures are highlighted, relatively detailed structural data are obtained, and find-
ings are compared across various locations, such as beneath Afar, along the Main Ethiopian
Rift (MER), and on the NW and SE plateau. Figure 1.1 depicts the study area and the spa-
tial distribution of transient broadband seismic stations utilized in Ethiopia at three different
locations for this thesis. The stations are colour-coded to differentiate between the three

distinct study areas, facilitating the analysis and interpretation of the data.

1.1 Overview

The Northeast African rift system (NEARS) provides an exceptional setting to investigate a
diverse range of geological natural processes, including rifting, partial melting, lithospheric
uplift, and continental extension (Figure 1.3). It is also an ideal location for observing how
distributed continental deformation is progressively focused at oceanic spreading centres.
Prior research on the EARS has examined these processes through the use of various geo-
logical and geophysical techniques, such as seismic imaging, geodetic measurements, and

geochemical analyses (e.g., Corti, 2012; Ebinger, 2005).

The extension happening along the active NEARS covers the whole process of rift devel-
opment, starting with continents splitting apart and ending with the creation of a seafloor.
The NEARS stretches from the top of Afar to the bottom of Turkana. In the Afar region,
the Ethiopian rift is one of the three parts of the Red Sea-Gulf of Aden triple junction. This
area with volcanoes and the Mid-Oceanic Ridge (MER) is a great place to study different
geological processes like magma movement, faults, melting of rocks, and differences in
the Earth’s crust. Understanding these processes is important for knowing how continents

break apart and turn into oceanic rifts.

Most preceding studies have mainly focused on understanding how rifts form and their



effects, particularly in active continental rift systems like Afar and MER (Corti, 2012).
However, this study is interested in a specific area called NEARS, which is part of a larger
region called EARS. NEARS is important because it was where the concept of a rift valley
was first introduced. A rift valley is a special geological feature with long basins that are
separated by faults (Corti, 2012).

The Ethiopian rift system consists of different regions, such as Afar, NMER, CMER and
SMER. These places are special because they give us a rare chance to see the actual process

of continents breaking apart happening in nature (Hayward and Ebinger, 1996).
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Figure 1.1: This figure depicts the temporary seismic stations used in the study, represented by three
different colours of inverted triangles. The solid lines connecting the them indicate the study pro-
file. The red inverted triangles within the MER region correspond to the study area analysed in
Chapter 3, while the black inverted triangles connected by solid black lines represent the area ex-
amined in Chapter 4. The third type of inverted triangles, coloured green, represents the study dis-
cussed in Chapter 5. The black circles scattered throughout the map indicate earthquakes recorded
between 1906 and 2021, obtained from the International Seismological Center (ICS) database
(http://www.isc.ac.uk/). The black rectangle within the inset map outlines the study area located
in the MER region.

1.2 Background

This section helps to provide a comprehensive understanding of the geological and geo-
physical properties of the Northeast Africa Rift System (NEARS) and the surrounding

4



regions, which have a complex and dynamic nature. The section covers several topics, in-
cluding the NW and SE Ethiopian plateau, the Afar and MER regions, and previous crustal
studies of the NEARS. It aims to summarize the key findings from previous geological and
geophysical studies of the NEARS and review the various techniques used to investigate
the area. The section also delves into geophysics of the area, with a focus on the param-
eters of Vs and the Poisson ratio (Vp/Vs) to characterize properties of crust and mantle.
Additionally, the chapter discusses Mohorovicic discontinuity (Moho) of the region, which
is the limit amidst crust and mantle. It summarizes the considerable findings from studies
of the Moho in the NEARS region and discusses the implications of these findings for our
understanding of the area’s geological history. Overall, this literature review section aims
to provide a solid foundation for the subsequent chapters, which will focus on our study’s

objectives and methods.

1.2.1 Tectonic Settings of NEARS

The NEARS is a significant part of the EAR valley and a dynamic area of interest for ge-
ological and geophysical studies. It is a representative example of a continental rift that
spans a long and active part of the rift system, making it a natural laboratory for investi-
gating the interplay between mantle dynamics, magmatic intrusion, subsurface processes,
plateau uplift, and continental flood basalt (CFB) volcanism (Bastow et al., 2008; Ebinger
and Casey, 2001; George et al., 1998; Sembroni et al., 2016). The NEARS is comprised of
the Afar, the MER, the Northwest (NW), and the Southeast (SE) Ethiopian Plateau regions,
with the Afar and MER bounded by the NW and SE plateaus (Ebinger et al., 2017).

The initiation and development of the NEARS is a result of a dynamic interplay between
tectonic stretching and mantle upwelling that began during the onset of the Miocene at
around 22-25 million years ago (Corti et al., 2003, 2018). Rifting advanced by a combi-
nation of thermal softening, occurrence of deformation, and reduction of crustal strength
caused by the influx of hot plume material from decompression melting and intrusion of
magma (Rooney et al., 2014; Rychert et al., 2012). Understanding the depth to the start of
decompression melting, crustal thickness, and the nature of important boundaries such as
the crust-mantle boundary and the Moho are crucial parameters in comprehending the ther-
mal effect and the plume intensity on the rift development of the NEARS (Rychert et al.,
2012). Due to the distinctive geophysical and geodynamical activity observed in each re-
gion of the NEARS, it is necessary to examine each portion of the NEARS separately to

gain a complete understanding of the system.

Previous investigations have examined on various aspects of the NEARS, including its ge-



ological and geophysical properties, and different techniques which have been employed
to investigate the region. For example, Rychert et al. (2012) used seismic imaging to de-
termine composition of the crust Afar, while Bastow et al. (2008) used tomography and re-
ceiver functions to investigate the subsurface structure of the region underneath the MER.
Similarly, Sembroni et al. (2016) used gravity data to study the crustal structure of the NW
Ethiopian plateau, while Ebinger et al. (2017) used seismicity (Figure 1.2) and tomography
to study the SE Ethiopian plateau. These studies have provided valuable insights into the
NEARS, though the issue demands further research to be fully comprehended the complex

and dynamic nature of this region.

Previous crustal studies in the NEARS

To increase our understanding of the fundamental processes associated with the lithosphere
in the NEAR region, it is important to study the structure of the crust. Previous research has
used a variety of geophysical techniques, including passive and controlled source methods
such as magnetotelluric imaging and gravity data inversion (Didana et al., 2014; Kibret
etal.,2019; Lewi et al., 2016). Seismological studies, such as those using receiver functions
and ambient noise tomography, have also been employed in recent years to investigate the
thickness and composition of the Earth’s crust in the NEARS (Chambers et al., 2019; Daly
et al., 2008; Dugda et al., 2005; Kibret et al., 2019, 2022; Kim et al., 2012; Stuart et al.,
2006). These studies have shown that there is evidential variation in crustal thickness and
composition across the NEAR region, with the crust being affected by magmatic intrusion,
partial melting, and rifting (Ahmed et al., 2022; Chambers et al., 2019; Dugda and Nyblade,
2006; Dugda et al., 2007; Hammond et al., 2011).

Based on diverse geophysical methods and prior seismic imaging techniques such as RF,
investigations have revealed that the crustal thickness beneath the northwestern plateau
ranges from 35 to 45 km, with regions of greater thickness observed in the central part of
the northwestern plateau (Ayele et al., 2004; Dugda and Nyblade, 2006; Dugda et al., 2005;
Ebinger and Casey, 2001; Kibret et al., 2019; Maguire et al., 2006; Stuart et al., 2006). The
eastern flank, on the other hand, is between 38-40 km thick (Cornwell et al., 2010; Dugda
et al., 2005; Kibret et al., 2019, 2022). However, in the northern MER, the crustal thickness
drops from 38-40 km in the south to 24 km beneath the southern Afar depression, specifi-
cally Fentale Volcano (Dugda et al., 2005; Kibret et al., 2022; Maguire et al., 2006). In our
study, we focused on the structure of crust for areas where previous studies’ profiles did
not cross. Our results denoted that the NW plateau has a thicker crust than the SE plateau,
which may be attributed to a combination of magmatic intrusion and crustal thickening.



Additionally, the 3-D representation from gravity data by Mahatsente et al. (1999) showed
a dense intrusion in both the lower and upper crust in the rift centre, with crustal thinning
occurring between 38-51 km beneath the plateaus and 31 km underneath the rift axis. Our
findings are largely compatible with the crustal thickness traced from gravity data mod-
elling, as well as with previous seismological studies (Kibret et al., 2019; Mammo, 2013;
Tiberi et al., 2005). Overall, our study provides further insights into the rifting and uplifting
processes in the NEAR region, specifically in the NW and SE plateaus.

1.2.2 The NW and SE Ethiopian plateau

The Northwest (NW) and Southeast (SE) Ethiopian Plateaus are noticeably elevated re-
gions that present an average elevation of 2500 m above sea level. These plateaus are
underlain by Precambrian and Mesozoic rocks tiled by 1-3 km thick volcanic rocks (Ismail
and Abdelsalam, 2012; Pik et al., 1998; Sembroni et al., 2016; Sengor, 2001; Steiner et al.,
2021). The gradual uplifting of these plateaus is an ongoing and dynamic process that has

been sustained over a long period of time (Sembroni et al., 2016).

The plateaus are preceded by a huge discharge of an igneous province coherent with the
very hot mantle plumes dynamic acting at the foot of the lithosphere (Corti et al., 2003).
The igneous molten materials tends to intrude as a sills or dikes and exits through cracks as
a lava and/or tephra rocks that form the NW and SE plateaus’ uplifted flanks arise from the
MER and Afar mantle plume, as magma rises through the crust and emerges at the surface
(Gani and Gani, 2007).

The high topography of the NW and SE plateaus is defined by extended tectonic deforma-
tion, large-scale volcanic eruptions, anomalous subsiding of basins, and uplifting of domes
resulting from substantial mantle-driven forces. The present-day elevated topography of
the NW and SE plateaus is a result of the uplift that occurred along the western margin of
Arabia and the Afar region around 30 million years ago (Corti et al., 2003; Rooney et al.,
2014).

1.2.3 The Afar and MER

The MER and Afar region are located within the NEARS and are both key areas in the study
of continental rifting and seafloor spreading. The Afar depression is a 300 km-wide region
located at the intersection of the Nubian, Somali, and Arabian plates and is an example of
how continental rifting leads to the establishment of incipient oceanic rifting and seafloor
spreading (Sembroni et al., 2016; Weissel and Karner, 1989). The Afar crust is believed to

be thin due to both tectonic and magmatic activities (Jentzsch et al., 2000).



The MER, on the other hand, is an active region segmented in three zone as NMER, CMER
and SMER both in its seismicity (Figure 1.2) and volcanic active of the NEARS rift sys-
tem that trends NE cross ways the Ethiopian plateau (Corti et al., 2018, 2013; Keranen
and Klemperer, 2008). It is a transitional point from the continental rifting to the oceanic
seafloor spreading in Afar (Dugda and Nyblade, 2006; Hayward and Ebinger, 1996; Row-
land et al., 2007). Lithospheric thinning is a fundamental process associated with the modi-
fication from continent-wide to oceanic rifting, and it exposed to the magma intrusion with
little crustal thinning in the MER (Biggs et al., 2011; Ebinger and Casey, 2001; Mackenzie
et al., 2005; Maguire et al., 2006). Magmatic upwelling (Figure 1.3) alters the lithosphere
through the process of thermal erosion, which involves the infiltration of magma and thin-
ning of the crust due to thermo-mechanical erosion in active continental rifting zones such
as the MER and Afar (Rooney, 2010; Rychert et al., 2012).

Both the Afar and MER regions are influenced by magma intrusions in the form of dikes
and sills, faulting, and stretching, which make the Earth’s outer layer thinner and stretched
(Figure 1.3) (Bastow et al., 2011; Buck, 2004; Buck et al., 2006; Corti et al., 2003; Ebinger
and Casey, 2001; Rooney et al., 2014). The crust in these areas has distinctive features, in-
cluding scattered volcanic eruptions, lower basins, and raised areas called geologic domes.
These features are caused by powerful forces from the molten rock beneath the Earth’s sur-
face (Ismail and Abdelsalam, 2012; Pik et al., 1998; Sembroni et al., 2016; Sengor, 2001;
Steiner et al., 2021). The Ethiopian Plateau has been gradually rising over a long period
and may still be changing due to ongoing processes (Sembroni et al., 2016).
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Figure 1.2: (A) This figure displays the seismic activity in Afar, with the border fault pointed by
the solid green line, and the volcanic cone of Afar and MER outlined by the solid red polygon. The
modified image, which is based on data from Keir et al. (2011), offers insights into the tectonic fea-
tures of the region. (B) This map illustrates the MER and its associated tectonic features, including
the Wonji Fault Belt, which is arranged in a en-echelon and right-stepping pattern as shown in the
inset. The figure provides a high-level overview of the complex tectonic environment of the MER
(adapted from Boccaletti et al., 1998; Corti, 2009).
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1.2.4 The shear wave velocity (Vs) of the region

Beneath Afar, there is a prevalence of slow-moving seismic waves, with velocities ranging
from 3.2 to 3.3 km/s, as reported by Eshetu et al. (2021). These velocities are linked to the
emergence of Pliocene flood basalts on the surface. The observed decrease in wave speed is
attributed to the partial melting of the upper crust and the resulting increase in temperature,
which are also evident in the area’s volcanic activity and thermal manifestations (Eshetu
et al., 2021). The top mantle of the Afar and MER exhibits a low wave speed anomaly,

which shifts towards the west as one goes deeper (e.g., Bastow et al., 2011).

Previous studies have suggested that the high-speed lower crustal layer beneath the NW
plateau may be the result of mafic rock underplating or high-density lower crustal sill in-
trusion during magmatism from the Oligocene to present (Cornwell et al., 2010; Hammond,
2014; Hammond et al., 2011; Kibret et al., 2019; Maguire et al., 2006; Stuart et al., 2006).
This hypothesis is supported by seismic refraction data that indicate high velocities of seis-

mic waves (Vp) in the crust beneath the plateau, with values reaching as high as 8.0 km/s



(Makris and Ginzburg, 1987). The crustal thickness of the NW plateau, on the other hand,
has been estimated to be around 40-45 km based on receiver functions (Dugda et al., 2005;
Hammond et al., 2011). In contrast, the crustal thickness of the SE plateau appears to be
38—40 km, as presented by receiver functions (Hammond et al., 2011; Keranen et al., 2009;
Mackenzie et al., 2005; Tiberi et al., 2005). It is possible that the different crustal structures

of the two plateaus are related to their distinct geologic histories.

In addition to studying the crustal structure, the NEARS region has been investigated for
its seismicity and volcanic activity (Figure 1.2). The MER segment is the most seismically
active region in the NEARS, with multiple moderate to large earthquakes recorded in the
past century (Greenfield et al., 2019a,b; Keir et al., 2009, 006b). This high level of seismic
activity is attributed to the ongoing rifting process, as well as to the complex interaction
of tectonic forces and magmatic activity (Keir et al., 2009, 009b; Rowland et al., 2007).
The Afar depression is also known for its volcanic activity, with several active volcanic
centres, including Erta Ale, Alu-Dalafilla, and Dabbahu (Hamling et al., 2009; Hammond
et al., 2011; Kendall et al., 2006). The volcanic activity in the region is considered to be
associated with the extensional tectonics (Figure 1.3) and magma upwelling (Figure 1.3)

associated with continental rifting (Hammond, 2014).

1.2.5 The Poisson ratio (Vp/Vs) of the region

The high V,,/V; ratio observed in the Afar and MER regions can be attributed to the pres-
ence of mafic materials with partial melt underneath the crust (Figure 1.5). This high ratio
is also observed in the NW and SE plateaus. The lithospheric weakening by hot materials
assists in the continental breakup through decompression melting (Ebinger and Wijk, 2014;
Samrock et al., 2018). Emplacement of hot material into the lower crust would lift the re-
gional thermal gradient, resulting in partial melting of the crust (Cornwell et al., 2010).
The produced melt increases the rate of crustal thinning (Koptev et al., 2015) and can cause
ductile or brittle failure of the crystal matrix (Campione et al., 2015). Adiabatic decom-
pressions as the plume rises and additional heat advected by the plume itself produces melt
and pressurized fluid inclusions (Koptev et al., 2015). When the upper mantle is extremely
hot and has partially melted, the speed of seismic waves travelling through it can decrease.
Research conducted by Keranen et al. (2009) has shown that both these effects can occur
at the same time. This finding is in line with the magma-driven rifting theory proposed by
Buck et al. (2006).

Studies have shown a variation in Vp/Vs ratio with depth, particularly in the upper and

mid-crust. For example, the Vp/Vs ratio increments with depth in the MER, indicating a
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more mafic composition with depth (Hammond et al., 2011). Studies of the Afar region
have shown that as depth increases, there is an increase in the ratio of seismic wave veloci-
ties (Vp/Vs), which indicates a greater degree of partial melting at greater depths (Ahmed
et al., 2022; Chambers et al., 2019). On the other hand, the NW plateau shows a relatively
constant Vp/Vs ratio with depth, indicating a more felsic composition throughout the upper
crust (Keranen and Klemperer, 2008). The SE plateau also shows a constant Vp/Vs ratio
with depth, indicating a similar felsic composition as the NW plateau (Kibret et al., 2022).
Thus, the Vp/Vs ratio can be used to distinguish between the different crustal domains and

their underlying structure.

Magnetotelluric surveys, as described in a study by Johnson (2012), have revealed a highly
conductive mass beneath the rift axis that is estimated to be around 13 km wide and between
15 to 28 km deep, which may indicate partial melt in the crust (Figure 1.5). This finding is
supported by other studies by Desissa et al. (2013); Didana et al. (2014); Hammond (2014).
Another study by Mammo (2013) used modelling of dense gravity studies to identify the
presence of low-density material, such as basaltic melt in a magma reservoir. Similarly,
Bilham et al. (1999) from GPS measurements have shown that 80% of the extensional
strain is concentrated in right stepping en echelon patterned magmatic segments where

intensive dyke injections are mainly observed (Ebinger and Casey, 2001).

1.2.6 The Mohorovicic Discontinuity (Moho) of the region

The Mohorovicic discontinuity, also known as the Moho, represents a boundary between
the Earth’s crust and the underlying mantle, with significant alterations in seismic veloc-
ities, density, thermal pressure, chemical compositions, and rheology (e.g., Dugda et al.,
2005; Kibret et al., 2019; Mackenzie et al., 2005; Maguire et al., 2006; Zhu and Kanamori,
2000). Knowing the depth at which decompression melting begins is essential for under-
standing the thermal structure of the mantle, computing the degree of plume effect, and
deciphering the lithosphere’s modification history (Rychert et al., 2012).

The Earth’s crust gets thinner as we go towards the north. In the MER, it is about 36 km
thick, while in most parts of Afar, it is around 25 km. In the northern region of Afar, it
becomes even thinner, measuring about 15 km (Hammond et al., 2011). Recent studies in-
volving ambient noise tomography (Chambers et al., 2019; Eshetu et al., 2021), controlled
source seismic experiment Maguire et al. (2006) and gravity analysis (Lewi et al., 2016;
Mammo, 2013) have helped us understand the crust better in our research areas. By us-
ing magnetotelluric surveys, scientists have found a highly conductive feature below the
rift axis. It is located at depths ranging from 15 to 28 km and has a width of about 13 km.
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This discovery suggests that there is a considerable amount of melted or partially melted
material in the crust (Desissa et al., 2013; Didana et al., 2014; Hammond, 2014; Johnson,
2012; Lewi et al., 2016). Dense microgravity studies have also been used to study mate-
rials with low density, including melted basalt in magma reservoirs. When looking at the
bigger picture, the results from gravity data modelling support the conclusions drawn from
seismology about the thickness of the crust (Mammo, 2013; Tiberi et al., 2005).

1.3 Justifications of the Study
1.3.1 Statement of the problem

The Afar, NMER, CMER, and SE Plateau regions in Ethiopia and Eritrea are complex areas
with diverse geologic features and tectonic processes, including magmatic intrusions, par-
tial melting, and seismicity (Figure 1.2). However, the crustal structure of these regions and
the distribution of Moho homogeneity and heterogeneity are poorly understood. Existing
models of these regions have relied on limited seismic station coverage and surface geol-
ogy data, without considering the architecture of the crust. Although some previous studies
have provided information on crustal thickness and Moho depth, there is still a remarkable
knowledge gap regarding the complex crustal structure and geodynamic processes of these

regions.

To address this gap, this study aims to employ advanced seismic techniques and legacy tele-
seismic data from temporary broadband stations to investigate the crustal structure of the
Afar, NMER, CMER, and SE Plateau regions. The study will focus on identifying major
magmatic intrusions and their potential contribution to partial melting and seismicity in the
lower crust. Additionally, the study will investigate the distribution of Moho heterogene-
ity and homogeneity in different zones. These efforts will provide valuable insights into
the crustal architecture and geodynamic processes of the region, which will contribute sig-
nificantly to our understanding of rift evolution and the formation of magmatic intrusions.
However, accurately estimating crustal thickness and Moho depth, and identifying major
melt reservoirs with limited seismic station coverage and wide station separations pose a
significant challenge. Nonetheless, the findings of this study will provide new insights into
the crustal structure and magmatic processes of the region and have momentous implica-

tions for future studies on geologic hazards, resource exploration, and tectonic evolution.
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1.3.2  Objectives
General Objective

The aim of this study is to provide a comprehensive understanding of the structure of the
Earth’s crust in the NEARS region by generating one- and two-dimensional Vs and Vp/Vs
models of the lithosphere. This will involve identifying the presence of magmatic additions
with high or low Vs, estimating key parameters such as crustal thickness and composition,

and assessing their contribution to the region’s rifting processes and tectonic settings.

Specific Objectives
This thesis has three main objectives:

* To constrain architecture of the lithosphere beneath CMER and SE plateau by inves-
tigating solidified intrusions and partial melt in the upper-to-lower crust using data

from 17 RiftVolc temporary broadband stations.

* To investigate major melt reservoirs, estimate Moho depths, and interpret crustal
structure and geodynamic processes in the NW plateau and adjacent Afar rift using

legacy data from 17 temporary broadband stations.

 To estimate crustal structure, Vs, and Vp/Vs beneath 10 transient broadband seismic
stations along the NW plateau, NMER, and SE plateau, and to use these estimates to

better understand the region’s geology and tectonic activity.

1.3.3 Research question/Hypothesis

Here are the research questions that will be explored to pursue the overarching aims of the
study, these are:

* How do the properties and composition of the mantle beneath the Afar, NMER, and
CMER regions affect the progression from continental rifting to seafloor spreading,

and what is the role of magma in this process?

* To what extent does the intruding magma in the upper/mid and lower crust of the
study areas relate to the architecture and development of the Ethiopian plateaus, as
well as the Afar, NMER, and CMER, and what are the implications for the evolution
of these regions?
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Figure 1.3: Models for rifting of the lithosphere in a rifted region. (A) shows mechanical stretch-
ing in which strain is provided by large offset faults where brittle failure is true and by ductile
deformation in weaker layers. (B) shows magmatic extension caused by intrusion and subsequent

heating. The strain localization and strength reduction of the lithosphere is enhanced by melt intru-
sion (Adapted from Buck, 2004).

* How was the intruding magma in the upper/mid and lower crust of the study areas
formed and deposited, and what are the key geochemical and isotopic signatures that
can provide insights into the magmatic processes involved?

* What is the relationship between the features of magma injection into the Afar,
CMER, and NMER and the active rifting mechanisms involved, and how does the

lithospheric framework influence the evolution of these regions?
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Figure 1.4: (A) A schematic view shows a large dike intrusion into continental lithosphere, adapted
from (Modified from Bialas et al., 2010). The dike originates from a magma chamber situated
above a thermal anomaly, and it radiates hundreds to thousands of kilometres from a central source.
(B) The model suggests that passive rising of asthenosphere (Figure 1.3) in the mantle beneath Afar
leads to a melt-filled mantle above 75 km. Focused diapiric thermal upwellings are superimposed
on this, and melt oriented at rift axis causes considerable seismic anisotropy and large velocity
anomalies (Modified from Hammond et al., 2013).

* How do Vs and Vp/Vs provide new insights into the crustal structure of the Afar,
NMER, CMER, and adjacent plateaus, and what are the implications for the velocity

structure, crustal thickness, Moho depth, and crustal composition?

* How do the major melt reservoirs vary across different areas in the Afar, NMER,
CMER, and adjacent plateaus, and what is their potential contribution to rift-related
magmatic processes, and what are the key factors that control their distribution and

composition?

* What is the extent and distribution of partial melt in the lower crust underneath the
NEARS, and how does it vary across different tectonic settings, and what are the key
melt reservoirs in the lower crust beneath the NEARS, and how do they contribute to

rift-related magmatic processes?
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Figure 1.5: (A) This schematic illustrates the magmatic plumbing system below the Northern East
African Rift (NEARS), featuring horizontal mafic intrusions in the upper crust and flat disc-shaped
sills found on and off the rift in the mid and upper crustal layers. At lower depths, melt is stored in
circular sills with low velocity. With the progress of rifting, melt storage transitions from horizontal
to vertical sills (Adapted from Chambers et al., 2021). (B) This schematic depicts a model of the
magmatic plumbing system in the Manda Hararo rift segment. In this system, melt in the lower
crust is believed to be stored in stacked sills, with vertically oriented melt connecting these sills and
aligned with the strain. Melt storage in the lower crust away from the rift axis can supply magma to
the upper crust and the dike of the rift axis (Adapted from Hammond, 2014).

1.3.4 Significance of the study

Despite numerous studies on the magmatism and partial melting associated with conti-
nental rifts, there is a lack of research focusing on the crustal structure beneath elevated
shield volcanic regions, such as Guguftu, Choke, and Guna, and its implications on sub-
surface materials during continental extensional (Figure 1.3) activities. Moreover, while
the existing body of research has primarily focused on understanding the interactions be-
tween magmatic intrusion, partial melting, crustal thickness deviations, and tectonics in the
Ethiopian rift system, there is limited knowledge about the unevenly segmented placement
of magmatic upwelling beneath the Central Main Ethiopian Rift (CMER).

To address these research gaps, our study aims to provide new insights into the structure of
the crust, Moho depth determination, regional and local velocity modelling, partial melt-
ing zone delimitation, low velocity material crustal inclusion, high velocity materials, and
solidified magmatic intrusion, as well as crustal material homogeneity and heterogeneity

beneath the CMER and adjacent regions.

By better understanding the geodynamic processes involved in magmatic activity in the
CMER and the broader NEARS, our study will contribute to the advancement of the un-
derstanding of the fundamental mechanisms of continental rifting and seafloor spreading.
Moreover, our findings will have important implications for the management of natural

resources and geohazards in the region, as well as potential geothermal energy resources.
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1.3.5 Study Scope

The scope of this study entails a comprehensive investigation of various aspects within the
magmatically active regions of Ethiopia, employing advanced seismic techniques and uti-
lizing legacy teleseismic data. The primary objectives encompass a range of focal points,
including the characterization of crustal structure, determination of Moho depth, regional
and local velocity modeling, identification of the partial melting zone, delineation of low-
velocity material crustal inclusions, characterization of high-velocity materials, and ex-
amination of solidified magmatic intrusions. The study will primarily concentrate on the

following regions:

1. Northern Main Ethiopian Rift (NMER): Previous studies have predominantly exam-
ined the upper mantle low-velocity structure of the NMER through methods such
as travel-time tomography and controlled source experiments (e.g., Maguire et al.,
2006). Hence, this study will primarily focus on comprehending the constituents and
composition of the crust within the NMER. This includes analyzing the crust’s com-
position, investigating the presence of diking along the major rift axis and off-axis,
as well as exploring the occurrence of partial melting and its influence on the overall

rifting process.

2. Central Main Ethiopian Rift (CMER): The CMER exhibits a plethora of geodynamic
phenomena ranging from the uppermost crust to the upper mantle. The findings of
this study will encompass the examination of magmatic intrusions, investigation of
partial melting, analysis of uplift-subsidence of the crater, and exploration of crustal
faulting. However, the primary focus of this study will be on understanding crustal
structure, particularly the upper to lower crust. Furthermore, the study will direct
attention towards segmented and solidified magmatic intrusions and the distribution
of partial melt in the lower crust beneath the magmatically active CMER. Addition-
ally, the study will explore the potential contribution of the magma plumbing system
(Figure 1.5).

3. Afar region: While the entire Afar region holds significant geological interest for
scientific research, this study will specifically concentrate on the central Afar region
where seismic stations have been strategically deployed along a convenient trajectory.
The primary focus will revolve around investigating the crustal structure beneath a
designated single profile extending from the northwest plateau, traversing the CMER,
and reaching Djibouti. Through this approach, the study aims to provide new insights

into the role of major melt reservoirs in rift-related magmatic processes within the
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northwest plateau and Afar (Figure 1.5).

4. Northwestern-to-Southeastern Ethiopian plateau: Previous studies have made at-
tempts to estimate the Moho depth beneath the NW and SE plateau. However, this
study will extend the analysis to encompass an examination of the composition of
the plateau crust, in addition to investigating the presence of diking and melting,
commonly observed in the rift region. The characterization of crustal structure and
geodynamic processes along a profile spanning the NW plateau, NMER, and SE
plateau will be carried out to gain insights into the magmatic processes, partial melt-
ing, crustal thickness variations, and incidental tectonics prevalent within these re-

gions.

1.3.6 Limitations of the study

One potential limitation of our study is related to the accuracy and precision of the seismic
data used to estimate the crustal and upper mantle structure beneath the NEAR region.
While we utilized a large dataset from ~44 seismic stations across the study area, the data
quality and coverage can vary across the region, which could introduce some uncertainty
in our velocity models. Additionally, seismic data is often subject to various noise sources,
such as anthropogenic activities or weather conditions, which could affect the signal quality
and potentially lead to erroneous interpretations. Despite our efforts to carefully preprocess
and analyse the data, there may still be some remaining noise or biases that could affect the

accuracy of our results.

The other limitations of this study are related to the complexity of the subsurface structure,
and the quality and quantity of seismic data. These limitations can affect the accuracy of the
estimated velocity models and interpretation of the subsurface structure. However, despite
these limitations, this study provides worthful insights into the crustal and upper mantle
structure beneath the different settings in the northeast African region and contributes to
a better understanding of the geological and geophysical characteristics of the region. Fu-
ture studies could address these limitations by increasing the density of seismic stations in
areas with limited coverage, incorporating additional geological and geophysical data, and

improving the quality and quantity of seismic data.
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CHAPTER 2

DATA AND METHOD

This chapter presents a comprehensive exposition of the data and methodology associated
with the data collection, encompassing both the pre-existing data and the data collection
process in which I actively participated. The employed research methodologies are co-
gently elucidated throughout the entirety of this study.

2.1 Data
2.1.1 Data Set

Within the framework of our thesis, we heavily relied on archival teleseismic data derived
from the Ethiopian Afar Geoscientific Lithospheric Experiment (EAGLE) (Stuart et al.,
2006), as well as the Afar Consortium and RiftVolc projects conducted between 2000 and
2017 (Figure 3.2) (Greenfield et al., 2019a; Kibret et al., 2022). Our active engagement in
the RiftVolc project spanned the entire data collection process, commencing with the initial
deployment of seismic stations and encompassing meticulous data acquisition at regular
intervals. By implementing a meticulously planned timetable, we consistently gathered
data every four to six months, thereby ensuring a robust temporal coverage that proved

indispensable for our comprehensive analysis.

2.1.2 Integrated Teleseismic Events

To enrich our dataset, teleseismic events recorded at specific broadband seismic stations
were incorporated. Ten broadband seismic stations (ADYE, DICE, GASE, KOBE, LALE,
LYDE, SEKE, SMRE, SRDE, YAYE) operated under the Afar Consortium project (AFAR;
Hammond et al., 2011), led by the Universities of Bristol, Leeds, and Addis Ababa. These
stations contributed 39 teleseismic events occurring between March 2007 and March 2012.
Furthermore, we integrated 15 teleseismic events recorded at the BAHI station from the

Seismic Investigation of Deep Structure Beneath the Ethiopian Plateau and Afar Depression
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(Ethiopia) project conducted by IRIS/PASSCAL (Nyblade et al., 2000). An additional set
of 54 teleseismic events originated from two stations (FINE, AWEE) during the period of
2007-2009 as part of the AFARO7 project (Guidarelli et al., 2011), led by the University
of Rochester. Similarly, the AFAR0911 project, led by the University of Southampton,
provided 35 teleseismic events recorded at two stations (LULE, SAHE) from 2009 to 2013
(Chambers et al., 2021). Additionally, the Eritrea Seismic Project (ESP) (Hammond, 2011)
operated by Birkbeck University of London contributed 22 teleseismic events recorded at
two stations (EITE & CAYE) between 2010 and 2011. Lastly, the DORA project conducted
by Ecole et Observatoire des Sciences de la Terre (EOST) yielded 15 teleseismic events
recorded at the RAND station from 2009 to 2012.

Figure 2.1: The red dots are teleseismic earthquakes used to perform the investigation car-
ried out. Positioned at the focal point of the circles are our study areas, denoted by the red
inverted triangle. The three concentric circles emanating from the red triangle describes
distance from stations. These circles, delineating distances of 30°, 60°, and 90° respec-
tively, allowed us to precisely define the range of earthquakes included in our analysis.

2.1.3 Distribution of stations

The survey areas encompass diverse regions, including the Afar depression, the Ethiopian
plateaus, NMER, CMER, and SMER (Corti, 2008, 2009; Corti et al., 2020, 2013). These

areas were selected to thoroughly investigate the NE African region’s crustal structure, with
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each representing unique geological and tectonic settings that offer valuable insights into
regional dynamics. However, it is important to note that seismic station distribution within
these survey areas is non-uniform. This variation arises from different projects conducted
for specific purposes, resulting in variations in station density. In our study, we focused on
data from the RiftVolc project, which employed a denser network of seismic stations com-
pared to others (Chambers et al., 2019; Greenfield et al., 2019a). This increased station
density allowed for a more detailed examination of seismic activity and crustal structure
within the RiftVolc-covered region. By acknowledging the heterogeneous station distribu-
tion, we can effectively interpret data and results, while also accounting for potential biases
and limitations associated with variations in station density. Consequently, our study en-
sures a comprehensive analysis while accommodating the diverse characteristics of seismic

data acquired from different projects within the NEARS.

2.1.4 Instruments used

During the data acquisition phase, a diverse range of instruments was employed to capture
seismic data with precision and accuracy. The instruments utilized included Guralp CMG-
3T, CMG-ESP, and CMG-40T seismometers, each designed with specific natural periods
of 120 s, 60 s, and 30 s, respectively (Hammond et al., 2011). These seismometers were
carefully selected for their ability to capture a broad frequency range of seismic waves,
enabling a comprehensive understanding of the subsurface dynamics. To supplement the
seismic network, the STS-2 sensor was strategically placed at the RAND station. The
STS-2 sensor offered exceptional sensitivity and stability, allowing for the collection of
high-resolution seismic data at a sampling rate of 50 Hz. Its deployment at the RAND
station enhanced the coverage and accuracy of the data acquisition process, particularly in

capturing seismic events within a specific range of epicentral distances.

In this study, we employed the RiftVolc temporary network project, which was conducted
between February 2016 and October 2017. For data acquisition, we deployed three-
component broadband Guralp CMG-6TD and Guralp CMG-ESPCD seismometers, oper-
ating at a sampling rate of 50 Hz. These seismometers were specifically selected for their
enhanced sensitivity and capability to record a broad frequency range, enabling us to con-
duct detailed monitoring of seismic activity and crustal dynamics within our study region.
To facilitate comprehensive analysis, we acquired the teleseismic waveform data (Figure
3.2) and instrument responses from the RiftVolc project by downloading them from the
IDMC. This approach ensured standardized data access and provided us with the opportu-

nity to perform accurate calibration and preprocessing of the recorded seismic data.
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2.1.5 Data Selection Criteria

In this study, we implemented rigorous criteria to meticulously select data of high qual-
ity and reliability. Specifically, we focused on teleseismic events surpassing a magnitude
threshold (Mb) of 6.0 and occurring at epicentral distances spanning from 30° to 90° (Am-
mon, 1991; Dugda and Nyblade, 2006; Langston, 1979). By concentrating on teleseismic
events with substantial magnitudes and appropriate epicentral distances, we aimed to cap-
ture seismic signals of significant amplitude and propagation characteristics conducive to
in-depth investigation. All earthquake events utilized in this study were sourced from the
esteemed IRIS Data Management Center (IDMC). Known for its comprehensive and de-
pendable earthquake data, the IDMC served as the principal data repository, granting us
access to a wide array of seismic events from diverse regions worldwide. Our reliance on
the IDMC ensured the data integrity of our study and facilitated consistency in the compar-

ison and analysis of seismic events across different projects and regions.

2.1.6 Preprocessing Raw Data

During the data preprocessing phase of this study, we implemented meticulous measures
to ensure the integrity and reliability of the seismic data. We began by subjecting the initial
raw data, as illustrated in Figure 2.2, to a comprehensive procedure aimed at removing
environmental and instrumental influences, such as atmospheric pressure fluctuations, drift,
and artifacts in the instrument response. Subsequently, we applied meticulous filtering
techniques to isolate the desired frequency range, typically between 0.01 and 1 Hz.

For the processing of data for RF analysis, we utilized the widely used SAC format in
conjunction with Generic Seismic Application Computing (GSAC) in the CPS software
(Herrmann, 2013; Herrmann and Ammon, 2002). To ensure smoothness and minimize
sudden signal variations, we applied a cosine taper function to the P-waveform signal over a
50-second duration, encompassing 10 seconds prior to and 40 seconds after the initiation of
the P-wave arrival. This tapering approach effectively reduced the potential for distortions

in subsequent analysis.

To address the impact of low-frequency noise on the RFs, we employed a Butterworth
bandpass (BF) filter to filter all the signals. The parameters of the BF filter were set between
0.01 and 5 Hz, effectively removing undesired low-frequency noise while maintaining the
stability of the RFs (e.g., Kibret et al., 2022). This filtering step played a crucial role
in ensuring accurate and reliable outcomes, while also preventing aliasing when down-

sampling the data.
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Figure 2.2: The figure presented here displays a representative example of raw teleseismic
earthquakes that were recorded at the ALE station on March 5, 2002. These earthquakes
had a moment magnitude (Mw) of approximately 7.5 and occurred at epicentral distances
ranging from 30 to 90 degrees.

In this study, we employed stringent measures to ensure the quality and reliability of the ac-
quired seismic data. Specifically, each three-component signal was meticulously inspected
to identify and eliminate signals with low SNR. Additionally, any signals displaying im-
proper recording in any of the three components due to instrument malfunction were ex-
cluded from the analysis. This quality control procedure aimed to ensure that only high-

quality data were considered for subsequent analysis.

Regarding the software utilized for data processing, The work employed computer program
in Seismology developed by Herrmann and Ammon (2002). This software facilitated a
range of preprocessing steps and corrections to enhance the robustness and reliability of
the data formatted in SAC. These steps included removing long-term variations through
trend removal, smoothing the signal through tapering, and eliminating the average value
of the signal through mean removal. Furthermore, the instrumental frequency response
was corrected by implementing a pole-zero function, preserving the amplitude and phase

characteristics of the recorded waveform.

In order to focus our analysis on the relevant time window, the present investigation trun-
cated the three-component seismograms using a time extending from 10 seconds prior to

the P-wave arrivals to 40 seconds after. This time window encompassed the essential seis-
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mic phases necessary for receiver function analysis. To ensure further data quality, we
employed a Gaussian parameter (Figure 2.6) (Owens, 1985) of 1.0 and a water level of
0.01 when computing all RFs. These parameters contributed to optimizing the computa-
tion process and ensuring reliable results, aligning with established practices in the field
(Langston, 1979; Dugda et al., 2007).

Data Quality Control

In this study, we implemented data quality control procedures to ensure the selection of
high-quality seismic traces for analysis. We employed several crucial steps to assess the
reliability and integrity of the data, ultimately enhancing the accuracy and robustness of
our study results. One essential criterion we considered during data quality control was the
assessment of the signal-to-noise ratio (SNR) of the seismic traces (Dugda and Nyblade,
2006; Hammond et al., 2011). Higher SNR values indicate a stronger and more reliable
signal compared to the background noise (Zhu and Kanamori, 2000). Seismic traces with
low SNR are prone to distortions and uncertainties, which can compromise the accuracy of
our subsequent analyses. Therefore, we excluded traces with low SNR values from further

analysis to maintain the quality and reliability of our data.

Another critical factor in our selection process of quality data was ensuring the proper
recording of all three components of the seismic signal. Seismic stations typically record
three components: vertical (Z), north-south (N-S), and east-west (E-W). Each component
provides unique information about the propagation of seismic waves. However, issues such
as instrument malfunction or other factors may result in incomplete or improper recording
of one or more components. To ensure the integrity of our data, we excluded traces with

incomplete or improper recording of any component from our analysis.

Furthermore, we considered the magnitude and distance range of the recorded seismic
events in our data quality control procedures. Higher magnitude events generally produce
stronger signals that are easier to analyse accurately. Similarly, events within an optimal
distance range from the recording station provide better resolution of the subsurface struc-
tures. Therefore, we excluded seismic traces associated with events falling outside the
predetermined magnitude and distance ranges to ensure the overall quality and reliability

of our dataset.
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2.2 Method

In this study, the receiver function (RF) technique was employed to characterize the crustal
structure, Moho depth, and subsurface lithology and composition. The methodology fol-
lowed a step-wise approach, where each result served as input for the subsequent step,
ensuring a coherent and systematic workflow. The entire analysis was conducted using the
computer program in seismology (CPS) software (Herrmann, 2013). The sequential steps

included:
1. Source equalization was utilized to ensure consistency (Ligorria and Ammon, 1999).
2. Rotation of N-S to R-T components was performed for data preparation.

3. Deconvolution was conducted to generate radial (Figure 2.5) and transversal RFs
(Ammon, 1991; Langston, 1979).

4. Iterative inversion was employed to identify depth interfaces with P-to-S wave con-

version.

The advantages of RF application were elucidated through thorough validation and qual-
ity control procedures. The quantification of result uncertainties through statistical analysis
strengthened the reliability of the findings. The utilization of advanced tools, such as CPS
software, facilitated efficient data processing and analysis (Herrmann, 2013). Ethical con-
siderations were upheld throughout the study, including permissions, data protection, and

the acknowledgement of contributions from other researchers and institutions.

When seismic waveforms encountered interfaces with dissimilar acoustic properties, the
reflection of energy and transmission into the underlying layer occurred. This conversion of
P-to-S waves enables the detection and analysis of subsurface boundaries (Ammon, 1991;
Hammond et al., 2011; Keranen et al., 2009; Langston, 1979). The selection of inversion
method incorporated within the Computer Program for Seismology (CPS) was based on
its adaptability and simplicity. This approach facilitated the estimation of crustal structure
through the inversion of observed RFs and the calculation of synthetic receiver functions
(SRFs) (Figure 2.7) Herrmann (2013).
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Figure 2.3: The formation of a radial receiver function through a single layer positioned
above a half space. (A) P shows the direct P wave. Ps indicates the converted wave from
the direct P- to -S wave. The other converted waveforms are the reverberations. (B) The
Model which indicates the wave conversions when the P wave interacts with an interface,
it can convert to S wave and/or to other forms of waves. The PpPp, PpPs and PpSs+PsPs
are reverberations (modified from Ammon et al., 1990; Ligorria and Ammon, 1999).

The terminology employed to distinguish between the arrivals in RRF data encompasses
the direct P-wave arrival (P), the P-to-S converted wave (Ps), and multiples of both waves
(such as PpSs and PsPs) (Figure 2.3). The alphabetical letters in the nomenclature serve
to identify the wave mode (P or S) and the path that the wave takes (direct or converted)
(Ammon et al., 1990; Julia et al., 2000).

2.2.1 Source equalization approach

When a seismic event occurs, it generates waves that propagate through the Earth’s sub-
surface. These waves can be decomposed into different components based on their particle
motion: radial, transverse, and vertical (Ammon, 1991; Stuart et al., 2006). The radial (R)
component is the motion along radial direction from the source to the receiver, transverse
(T) component is the motion perpendicular to the radial direction, and the vertical com-
ponent is the motion in the vertical direction. The source equalization approach (Ammon,
1991; Ligorria and Ammon, 1999) is a method used to calculate radial receiver function
(RRF) and transverse receiver function (TRF) (Dugda and Nyblade, 2006; Stuart et al.,
2006).

To calculate RRF and TRE, it is necessary to consider the contribution of both R and T com-
ponents. However, the recorded seismograms are often dominated by the R component due

to the seismic source radiation pattern. This dominance can lead to an imbalance in the
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amplitudes of RRF and TRF (Dugda et al., 2005; Liu and Niu, 2012; Zhu and Kanamori,
2000). The source equalization approach for RF analysis involves mathematically equaliz-
ing the source term in the recorded seismic waveforms to improve the estimation of RFs.
The goal is to remove or reduce the effects of source signature from the recorded data.
By dividing the recorded R and T components by the source radiation pattern, the RFs are

"equalized" and provide a more accurate representation of the subsurface structure.

The source equalization approach is used to calculate the radial and transverse RFs. Equa-
tion 2.6 presents the expression for the deconvolved radial earth response (Erthg) in the
frequency domain. It involves dividing the Fourier transform of the radial receiver func-
tion (Figure 2.3) by the Fourier transform of the vertical seismogram and multiplying it by
the complex conjugate of the vertical seismogram’s Fourier transform. The autocorrelation
of the vertical seismogram (AutCorgg) is used to scale the denominator, and a Gaussian
function (G) (Figure 2.6) is applied as a filter to attenuate high-frequency noise (Kikuchi
and Kanamori, 1982).

The source equalization approach is important in RF analysis as it helps to improve the
quality and reliability of the calculated RFs. It ensures that the radial and transverse com-
ponents are appropriately balanced, allowing for a better understanding of the subsurface

seismic properties and wave conversion processes.

2.2.2 Rotation of N-S to R-T components

The rotation of north (N) and south (S) seismic wave components to radial (R) and trans-
verse (T) components is an important step in RFs study. When seismic waves propagate
through the Earth, they generate vibrations in all directions, which are recorded by seis-
mometers in three different components: north-south (N), east-west (E), and vertical (Z).
However, to analyse the seismic wave and the Earth’s structure more effectively, it is often
necessary to convert these three components into two other components that are aligned

with the direction of wave propagation (Ammon, 1991; Langston, 1979).

The first step in this conversion process is to rotate the north-south (N) and east-west (E)
components around the vertical (Z) axis to obtain the radial (R) and tangential (T) com-
ponents (Figure 2.4). The R component is parallel to the direction of the incoming wave
and contains all the P-to-SV converted energy, assuming a one-dimensional (1D) Earth
model. Any energy that remains on the T component after this rotation will be due to
horizontally-polarized SH waves, which arise from structures and/or anisotropy beneath

the station (Ligorria and Ammon, 1999).
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surface

Figure 2.4: The diagram shows two horizontal components: N (North) and E (East). The
component labelled "R" points to the earthquake’s epicentre, while "T" is perpendicular to
R. Angle "j" represents the back azimuth, and "i" is the angle of incidence for the S wave.
The ZR system is transformed into the LQ system by rotating around angle "i." In the LQ
system, the particle motion of the S wave is perpendicular to the L direction, while the Sp
converted waves are polarized roughly along the L direction (modified from Kind et al.,
2012).

2.2.3 Deconvolution

Deconvolution technique was initially introduced by Clayton and Wiggins (1976) and later
refined by Owens et al. (1984) and Ammon et al. (1990). It is a critical process in seismic
analysis, aiming to remove unwanted effects, such as contributions from seismic sources
and propagation paths, from recorded seismic signals. By doing so, deconvolution al-
lows for the isolation and study of specific characteristics of the Earth’s subsurface struc-
ture without interference from these undesired components. The deconvolution process
involves recognizing that the recorded seismic signal is the result of convolving the source
wavelet (the seismic wave generated by an earthquake or other energy source) with the im-
pulse response of the Earth’s subsurface and recording instruments. The impulse response
captures the combined effects of the seismic wave propagating through different layers of

the Earth and instruments’ response to these waves.

To eliminate the effects of the source wavelet and propagation paths, deconvolution (Fig-

ure 2.5) employs the concept of inverse filtering. This is achieved by dividing the recorded
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seismic signal by the estimated source wavelet, which can be determined through various
methods, such as the deconvolution process. To mitigate challenges due to noise, mea-
surement errors, and uncertainties in estimating the source wavelet, we have applied the
WLD algorithms (e.g., Langston, 1979; Owens and Zandt, 1985) (Figure 2.5). It involves
dividing the vertical component of the seismogram by radial or transverse components,

depending on the desired receiver function type.

Displacement response

In the realm of RF teleseismic waveforms, signals (ranging from 30° to 95°) that are cap-
tured on a three-component seismometer are used to eliminate the effects of source and
propagation path (Figure 3.2). As per Langston (1979), the receiver function is obtained
through the deconvolution of vertical waveform from one of the horizontal seismograms
(Figure 2.5) (Last et al., 1997). In the time domain, the theoretical displacement response

of a P-wave that strikes an under-horizontal interface can be presented as:

Dispy (t) = Inst(t) * Srs(t) x Erthy(t) (2.1)
Dispr(t) = Inst(t) x Srs(t) x Erthg(t) (2.2)
Dispr(t) = Inst(t) = Srs(t) x Erthy(t) (2.3)

Equation 2.1 describes the vertical displacement response Dispy (t) as a convolution of
the seismic source wavelet Srs(t), the instrument response /nst(t), and the vertical earth
response Erthy (t). Similarly, Equation 2.2 describes the radial displacement response
Dispg(t) and Equation 2.3 describes the transverse displacement response Dispr(t)
(Langston, 1979).

If we assume that the Z component of the ground motion shows negligible conversion and

reverberation energy of the seismic wave, it can be approximated as:

Dispy (t) = Inst(t) x Srs(t) (2.4)

Equation 2.4 simplifies the vertical displacement response to a convolution of only the
seismic source wavelet and the instrument response, since the vertical earth response is as-
sumed to be negligible. The deconvolution process is described using equations 2.1, 2.2,
and 2.3, which represent the convolution of the seismic source wavelet, the instrument re-

sponse, and the earth response for the vertical (Dispy ), radial (Dispg), and transverse
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(Dispr) displacement components, respectively. Equation 2.4 simplifies the vertical re-
sponse to a convolution of the seismic source wavelet and the instrument response, assum-

ing negligible vertical earth response (Cassidy, 1992).

Gaussian filter (GF)

While we apply deconvolution in our RFs analysis, we used a Gaussian filter (GF). The
primary purpose of the Gaussian filter (Figure 2.6) in this context is to enhance the signal-
to-noise ratio and improve the quality of RFs (Langston, 1979). The GF is a smoothing
filter that modifies the frequency content of the signal by attenuating high-frequency noise
while preserving the lower-frequency components. Overall, the application of a Gaussian
filter in the deconvolution step of receiver function analysis helps to improve the signal
quality, reduce noise interference, and enhance the visibility of important features like the
P-to-S converted wave. It is a common technique employed to enhance the interpretability

and accuracy of our receiver function results.

However, it is essential for us to eliminate instrument response to obtain an accurate rep-
resentation of the ground motion. Assuming matched instrument responses between com-
ponents, the deconvolution of Inst(t) * Srs(t) from Dispg(t) and Dispr(t) will result in
the discovery of Erths(t) and Erth,(t). This process can be described in the frequency
domain by Equation 2.5 (Langston, 1979):

r w) = Dispg(w) Dispr(w)
Erthg(w) Inst(w)Srs(w) DZSpV(w) (2.5)
Erthp(w) = Dispr(w) ~ Dispr(w) |
T Inst(w)Srs(w) — Dispy(w)

Equation 2.5 explains how to obtain the radial Erthr(w) and transverse Erthr(w) earth
responses from the recorded radial Dispr(w) and transverse Dispr(w) displacement re-
sponses in the frequency domain. The approximations are based on the assumption that
the seismic source wavelet and instrument response are matched between components and
that the vertical displacement response Dispy (w) dominates over the radial and transverse

displacement responses.

The source equalization approach (Ammon, 1991; Ammon et al., 1990; Dugda et al., 2005;
Langston, 1979) is employed to calculate the RRF and TRF. In this method, the radial

Dispr(w) and tangential component (Figure 2.4) Dispr(w) receiver
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_ Dispr(w)Dispy(w)
Erthg(w) = AutCorss(w) G(w) (2.6)

The above equation is the expression for deconvolved radial earth response Erthg(w) in the
frequency domain, which is obtained by dividing the Fourier transform of the radial receiver
function Dispr(w) by the Fourier transform of the vertical seismogram Dispy (w), and
multiplying by the complex conjugate of the Fourier transform of the vertical seismogram
Disp},(w). The function AutCorgs(w) is the autocorrelation of a vertical seismogram

Dispy (w), which is defined as:

AutCorgs(w) = max Dispy (w)Dispy (w), ¢ - max[Dispy (w)Dispy, (w)] (2.7)

Here, The bar over Dispy (w) shows the complex conjugate (Langston, 1979). The result-
ing product’s maximum value across all frequencies is scaled by a fraction c. The water
level parameter, c is determined through trial and error, is typically used to attenuate fre-
quencies where the vertical component’s amplitude is small by using a larger denominator
in the spectral division. To filter out high-frequency noise that may have been introduced

during the deconvolution process, a Gaussian function called G'F,, is applied (Figure 2.6).

2

GF, = c? (2.8)

where « is a parameter that determines bandwidth of the filter (as shown in Figure 2.5).
After obtaining the deconvolved radial earth response Erthr(w), the next step is to apply a
Gaussian filter to limit the final frequency band and filter out high-frequency noise, which
can be caused by noise in the data or by inaccuracies in the deconvolution process. The
choice of o depends on the specific characteristics of data and the desired bandwidth of the
final result. Once the Gaussian filter is applied, the resulting estimate can be considered the

radial component of the seismic wavefield (Langston, 1979).
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Figure 2.5: RFs is acquired by deconvolving the vertical from horizontal component using
various Gaussian parameters that includes 0.5, 0.6, 0.75, 1.0, 1.5, and 2.5.

Overall, deconvolution plays a crucial role in RF analysis as it allows for the extraction of
RFs that reveal important information about the Earth’s subsurface structure and compo-
sition. By removing effects of the seismic source and instrument response, seismologists
can obtain more accurate representations of the ground motion and identify seismic wave

conversions and boundaries between different layers of the Earth.

Stacking

In this study, we utilized the technique of receiver function stacking, which proved to be a
valuable approach in seismology. It involved combining multiple RFs from different seis-
mic events to create a single representative receiver function (Figure 2.5) (Ammon et al.,
1990; Kibret et al., 2023; Owens and Zandt, 1985; Reed et al., 2014). The major procedure
of RF stacking entailed the amalgamation of multiple RFs having similar features to im-
prove the signal-to-noise ratio and mitigate the effects of local scattering (Ayele et al., 2004;
Julia et al., 2000; Liu and Niu, 2012). Typically, we identified a cluster of seismic events
with comparable properties, such as back azimuth and slowness for the corresponding RFs.
Subsequently, these RFs were aligned in time and superimposed to create a composite

waveform having a heightened signal-to-noise ratio.

Fundamentally, RF stacking helped us fortify signals originating from the Earth’s interior
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that might be too feeble to identify in isolated RFs. Furthermore, stacking RFs could
homogenize disparities in arrival amplitude owing to minor changes in slowness, leading
to a more accurate analysis (Julia et al., 2000; Ligorria and Ammon, 1999). In this study,
we also applied the process of stacking to improve the quality of the RFs obtained from
individual events (Liu and Niu, 2012). By combining multiple RFs into a single estimate,
we were able to enhance the signal-to-noise ratio and highlight the features of interest
(Last et al., 1997). The stacked RFs were then analysed to determine various properties of
the subsurface structure, including the depth and velocity (Figure 2.9) of discontinuities.
This analysis was accomplished using various techniques, such as waveform inversion,
which allowed us to estimate the model parameters that best fit the stacked RF. Overall, the
stacking process played a critical role in improving the quality of our RFs and allowed us
to draw more accurate inferences about the subsurface structure (e.g., Owens and Zandt,
1985; Reed et al., 2014).
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Figure 2.6: The stacked RFs and the corresponding fit synthetic RFs. The deconvolution is
done for different Gaussian parameters which are 0.5,0.6,0.75,1.0,1.5 and 2.5.

2.2.4 Receiver Functions

While investigating crustal structures using seismic waveforms to obtain pertinent subsur-
face information, we implemented the widely employed receiver function (RF) (Figure 2.3)

analysis stages. The implementation of RF, a widely employed method in seismology, al-
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lowed us to scrutinize alterations in acoustic impedance beneath seismic stations deployed
in Ethiopia. Seismometers recorded the seismic waveforms generated by a source at vary-
ing distances and azimuths (e.g., Eckhardt and Rabbel, 2011). By employing the trans-
formation of P-to-S waves, we gained valuable insights into the different structures of the
Earth’s crust, mantle, and the underlying tectonic processes Ammon (1991); Cornwell et al.
(2010); Langston (1979); Zhu and Kanamori (2000).

Once we calculate the RFs, we normalize them by dividing each frequency component of
the receiver function by the amplitude of the corresponding frequency component in the
input seismogram. This normalization process is carried out to eliminate the effects of the
source and propagation path, allowing us to isolate the response of the Earth’s structure
(e.g., Owens and Zandt, 1985).

In the RFs data, we typically observe a direct P-wave arrival, followed by the P-to-S con-
verted wave (Ps), and a sequence of reverberations. The arrival time and amplitude of the
Ps wave provide us with valuable information about the thickness and properties of the
underlying layer (Ammon et al., 1990; Langston, 1979; Ligorria and Ammon, 1999). By
analysing the differences in arrival times and amplitudes of the seismic waves at different
seismometers, we can infer boundaries between contrasting layers of the Earth’s crust and
mantle (Dugda and Nyblade, 2006; Hammond et al., 2011; Keranen et al., 2009).

Radial RFs

The radial receiver function (RRF) technique, as applied in this study (Dugda et al., 2007),
focuses on analysing seismic waves that propagate through the Earth’s crust and undergo
reflection and conversion at interfaces between layers with different acoustic properties
(Figure 2.3) (Ammon et al., 1990; Gurrola et al., 1995; Langston, 1979). The main em-
phasis is on the P-to-S conversions, where compressional waves (P-waves) transform into

shear waves (S-waves) upon reflection at these interfaces (e.g., Reed et al., 2014).

In the process of RRF modelling, we begin by generating seismic waves from a source,
which then propagate through the Earth’s subsurface and are recorded by seismometers at
varying distances and azimuths from the source. We analyse the recorded seismic wave-
forms to infer information about the structure and composition of the Earth’s subsurface.
To obtain the radial (R) as shown in Figure 2.7 and tangential component (T) of the seis-
mic waves in RRF modelling, we rotate the north-south (N) and east-west (E) components.
The R component aligns with the direction of the incoming wave and the P-to-S converted

energy, while the T component comprises horizontally-polarized SH waves (Eckhardt and
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Rabbel, 2011).

The Synthetic RFs

Each time iteratively we calculated the SRFs by applying Green’s function for a chosen
seismic VM and source time function (e.g., Aki and Richards, 2002). Once the Green’s
function is calculated, it is applied to calculate the SRFs by convolving it with the assumed
source time function. As the inversion progresses, the VM (Figure 2.8) is continuously
updated to improve the fit between ORFs and SRFs (Figure 2.7). This iterative cycle con-
tinues until a satisfactory match between the ORFs and SRFs is achieved or convergence
criteria are met. The result is SRF, which can be compared to the ORF to estimate prop-
erties of Earth’s interior. The resulting 1D Vs structure provides insights into the seismic
wave velocities at different depths, allowing for a better understanding of the subsurface

geology and tectonic processes.
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Figure 2.7: The SEKE station SRF and ORF model. In this model, the red-coloured RFs
are the observed signals, whereas the blue colour shows the synthetic ones. The P is the
direct seismic wave and the Ps is the inverted wave from direct P to S wave. The other
conversions PpPs and the PpPs + PsPs are the reverberations

2.2.5 P-to-S wave conversion

When a direct P-wave encounters a layered interface with different properties, it exhibits
conversions and reverberations that provide valuable information about subsurface struc-
tures. The key features involved in this process include the direct P-wave arrival, P-to-S
converted wave (Ps), and reverberations (Ammon, 1991; Ammon et al., 1990; Dugda and
Nyblade, 2006; Hammond, 2014; Langston, 1979; Owens and Zandt, 1985). The direct
P-wave arrival is the first seismic wave to reach a receiver after being generated by a seis-

mic source. P-waves are compressional waves that travel through the subsurface, and they
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are the fastest seismic waves. They propagate by compressing and expanding the mate-
rial they pass through. In seismic data, the direct P-wave arrival appears as the initial
high-amplitude, short-duration wavelet (Ammon et al., 1990; Hammond, 2014). It carries
information about the travel time and amplitude of the wave, which can be used to infer the

depth and properties of the layered interface.

When P-waves encounter a subsurface boundary between two layers with different elastic
properties, some of the energy can be converted into shear waves called S-waves (Ps). P-
to-S converted waves (Ps) occur when a portion of the P-wave energy is transformed into
a shear motion of the S-wave at the layered interface. The Ps waves travel slower than
P-waves and have different polarization (e.g., Hammond, 2014). These conversions are
significant as they allow us to detect and analyse the boundaries between different layers in
the Earth’s crust and mantle. By studying the timing and amplitude of the Ps arrivals, we

can gain insights into the thickness, properties, and composition of the subsurface layers.

Reverberations in seismic data are multiple reflections of seismic waves that occur between
subsurface interfaces. When a seismic wave encounters a reflector, part of the energy is re-
flected back towards the surface, while the remaining energy continues to propagate deeper.
The reflected energy can then encounter another reflector and be reflected again, creating
a series of reflections that can bounce back and forth between subsurface interfaces (Am-
mon, 1991; Ammon et al., 1990; Dugda and Nyblade, 2006; Dugda et al., 2005; Hammond,
2014; Langston, 1979; Owens and Zandt, 1985). Reverberations are secondary waves that
occur due to multiple reflections and scattering within the layered structure (Dugda and
Nyblade, 2006; Hammond, 2014). They result in a series of wave arrivals with decreasing
amplitude and increasing travel time. Analysing the characteristics of reverberations helps
in identifying layer boundaries and understanding the overall structure of the subsurface.
The identification of layers, as well as the determination of Moho (the boundary between
the crust and mantle), are crucial outcomes of studying seismic wave conversions at layer
boundaries. These conversions provide valuable information for characterizing the crustal
structure and gaining insights into the subsurface composition and properties (Dugda and
Nyblade, 2006; Dugda et al., 2005; Hammond, 2014; Keranen et al., 2009; Kibret et al.,
2022).

2.2.6 Iterative Inversion

The RFs were computed using the time domain iterative deconvolution method proposed

by Ligorria and Ammon (1999). We performed an iterative inversion of the Earth’s crustal

36



structure velocity (Figure 2.9) based on the corresponding SRFs (Figure 2.7) to estimate
the seismic properties at discontinuities. The iterative inversion process entailed comparing

the ORFs with a set of initial seismic parameters (e.g., Dugda et al., 2007).

The ak135 initial model

In our calculation of RFs, we utilize the ak135 initial velocity model (Figure 2.8) (alVM)
as a reference model to determine the seismic properties of the discontinuity, including the
depth and velocity of the layers above and below it. The ak135 model (Kennett et al., 1995)
is a widely accepted global reference model that provides a representative distribution of

shear wave velocities (Vs) worldwide (see Figure 2.8 for the start.mod representation).

Once we calculate the RFs, the next step in our inversion process involves estimating the
one-dimensional (1D) Vs structure of the Earth’s crust and upper mantle. This process,
known as inversion, entails iteratively adjusting the parameters of the velocity model (VM)
to find the best-fitting model that reproduces the observed RFs (Figure 2.8) (Hammond
et al., 2011). Initially, we assume the ak135 initial velocity model (alVM), which is rep-
resented as a series of velocity-depth layers. We then compute the RFs using this initial
model (Kibret et al., 2022, 2023).

During the inversion process, the present investigation compare the observed RFs to the
synthetic RFs (Figure 2.7) generated from the alVM. We calculate a misfit function to
quantify the difference between the observed RFs (ORFs) and the synthetic RFs (SRFs)
(Figure 2.7). We can use various measures, such as the root mean square (RMS) difference
or a weighted sum of differences at individual time points, to define the misfit function
(Julia et al., 2000; Ligorria and Ammon, 1999).

We adjust the VM parameters based on the calculated misfit (Figure 2.8). This adjustment
usually involves perturbing the velocity values in our model. Our objective is to minimize
the misfit by iteratively refining the VM (Ligorria and Ammon, 1999). We repeat the
process, generating new SRFs using the updated VM, and recalculating the misfit function
(Kibret et al., 2019) until the best fit model is achieved.
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Figure 2.8: The VM calculated from the synthetics receiver function. The red line
(start.mod) is the initial VM and the remaining models are calculated from the iteration
started from the alVM by generating the corresponding RF and checking fit of ORFs and
SRFs. When the two RFs are matched the iteration halts.

The misfit calculation

In our study, we regarded the misfit value as a crucial indicator of accuracy in the RF cal-
culation. Agreement degree of ORF with SRF was evaluated by quantifying the misfit,
typically through statistical measures like root mean square error. A low misfit value in-
dicated a satisfactory fit between the two functions, while a high misfit value indicated a
less optimal agreement. This value was thus utilized to determine the accuracy of receiver
function and was employed to guide the iterative inversion process for adjusting the model
parameters and enhancing the fit (e.g., Kikuchi and Kanamori, 1982; Ligorria and Ammon,
1999).

In this study, we utilized the NLLS method to update the seismic parameters of the model
based on the difference between the SRFs and ORFs. This approach involves iteratively
adjusting the model parameters to minimize the misfit between two functions, by estimating
the optimal parameters that result in the best fit (Ligorria and Ammon, 1999). The nonlinear
least squares (NLLS) method is a widely-used approach for solving non-linear optimization
problems, and is particularly suitable for problems with non-linear constraints and complex

parameter spaces. By employing this method, we were able to improve the accuracy of the
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receiver function and refine the seismic properties of the discontinuity, including the depth,

velocity, and density of the layers above and below it.

Predicting Vs

In our study, we employ an iterative process to predict the Vs values at each 2 km depth.
This is achieved using the nonlinear least squares misfit method (NLLS) (Dugda et al.,
2007, 2005). The NLLS method allows us to adjust the model parameters iteratively, mini-
mizing the misfit between ORFs and SRFs. The goal is to find the optimal parameters that
provide the best fit (Ammon et al., 1990; Dugda and Nyblade, 2006; Dugda et al., 2007).

Through this iterative inversion, we update the seismic parameters of the model based on
the difference between ORFs and SRFs. This process enhances the precision of our RF
analysis, leading to a more accurate estimation of critical seismic properties, such as the
depth and velocity (Dugda and Nyblade, 2006; Dugda et al., 2007; Keranen et al., 2009;
Kibret et al., 2022) of subsurface layers. These refined seismic parameters are then used to

improve the fidelity of Earth’s response to seismic sources.

The inversion process is repeated until the disparity between the ORFs and SRFs is min-
imized (Dugda et al., 2007). Once this iterative procedure is completed, we obtain an
appropriate model that allows us to compute various physical characteristics of the discon-
tinuity, such as its thickness and shear wave velocity. This model facilitates the inference of
valuable information regarding the structure and composition of the Earth’s crust and upper
mantle, including the identification of geological features like partial melting and mantle
plumes (e.g., Chambers et al., 2019; Keranen et al., 2009; Kibret et al., 2022, 2023).
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Figure 2.9: The final VM obtained from the inversion of the final and fit synthetic RF with
the observed RF.

Inverse modelling typically involves an iterative process of adjusting model parameters and
comparing the resulting predictions to observations. The goal is to find the set of parame-
ters that best match the observed data. This is done by using a least-squares optimization

methods.
2.2.7 2D Models from 1D Vs
Delaunay triangulation interpolation

The Delaunay triangulation interpolation method proved to be highly significant in our re-
search for modelling the 2D Vs and Vp/Vs using the calculated values obtained through
the complete RF analysis process. This interpolation method was employed to estimate un-
known velocity values based on known ones (e.g., Kibret et al., 2022). The interpolation
procedure consisted of dividing the region of interest into a network of triangles using the
Delaunay triangulation technique (Ping et al., 2009). We assigned the calculated velocity
values to the vertices of these triangles and performed interpolation across the entire region,

taking into account the geometric relationships between neighbouring triangles. This in-
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terpolation procedure yielded comprehensive 2D representations of Vs and Vp/Vs values,

which enhanced our understanding of the crustal properties.

By incorporating the Delaunay triangulation interpolation method into our analysis of RFs,
we spatially interpolated the calculated velocity values obtained from the RF analysis (Fig-
ure 2.9), resulting in continuous 2D Vs and Vp/Vs images. These models provided valuable
insights into the spatial distribution of Vs and Vp/Vs across the study area. The integration
of the Delaunay triangulation interpolation method into our overall RF analysis enabled the
derivation of 2D Vs and Vp/Vs models that furnished essential information about subsur-
face properties, lithological variations, and tectonic processes within the study area. These
models played a significant role in tasks such as seismic imaging, seismic hazard assess-
ment, and geological investigations, thereby contributing to a comprehensive understanding

of the lithosphere.

2.2.8 Statistical Analysis

One statistical technique utilized in this study is the computation of cumulative relative fre-
quency. Specifically, the Vp/Vs model was analysed below a depth of 10 km, excluding the
top 10 km associated with sediments. The cumulative relative frequency was calculated to
quantify the proportion of the mid and lower crust with a Vp/Vs ratio greater than 1.9. This
technique, based on the work of Ott and Longneckerv (2001) and Peck et al. (2008), in-
volves dividing the frequency of each Vp/Vs value by the total number of observations and
then multiplying the relative frequency by 100 to convert it to a percentage. This approach
allows for the assessment of the distribution of Vp/Vs ratios in the crust and identifies re-
gions with anomalous values, which can provide insights into geological structures and

processes.

The percentage of cumulative frequency (PCF) derived from the Vp/Vs data below a depth
of 10 km is a crucial parameter in this study. It represents the proportion of the mid and
lower crust with a Vp/Vs ratio greater than 1.9. By computing the PCF, the study gains
valuable information about the distribution of Vp/Vs ratios and can identify areas with
significant deviations from the norm (Kibret et al., 2023). These anomalous values can offer
insights into geological features, such as fault zones or magmatic intrusions, and provide

important clues about the tectonic and geological processes occurring in the region.

The utilization of statistical techniques, such as the computation of cumulative relative fre-
quency and the analysis of the PCF, enhances the robustness and significance of the findings
in this study. These techniques allow for the quantification and assessment of the Vp/Vs

ratios in the crust, enabling the identification of areas with distinct characteristics. By ap-
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plying these statistical approaches, the study contributes to a better understanding of the
lithospheric structure, providing valuable insights for geological and tectonic interpreta-

tions.

Generic Mapping Tool

The calculated values obtained through the Delaunay triangulation interpolation method
play a crucial role in modelling the 2D Vs (shear wave velocity) and Vp/Vs (ratio of com-
pressional wave to shear wave velocity) from the whole processes of RFs. These calculated
values are then visualized and plotted using the Generic Mapping Tool (GMT) (Wessel
et al., 2019), a widely used software package renowned for its powerful capabilities in
geospatial data analysis and visualization. GMT enables the representation of interpo-
lated 2D Vs and Vp/Vs models through various visualization techniques such as coloured
contour maps. This allows researchers and geoscientists to effectively communicate and
interpret the results, leading to a clearer and more comprehensive understanding of the
characteristics of the lithosphere. The combined utilization of the Delaunay triangulation
interpolation method and GMT greatly enhances the presentation and analysis of the cal-

culated values, facilitating valuable insights into the geological features of the studied area.

2.2.9 Software and Tools Used

The primary software package utilized in this study was the Computer Programs in Seis-
mology (Herrmann, 2013). This advanced package is specifically designed to facilitate the
interpretation and understanding of seismic wave propagation in the Earth’s crust and up-
per mantle. It offers a wide range of programs that enable diverse seismic data analyses.
Within this package, synthetic seismograph codes are available, enabling the simulation of
seismic waveforms for sources and receivers positioned in layered media. Additionally, the
software includes dedicated programs for determining crustal structure through the inver-
sion of teleseismic P-wave RFs. An interactive and script-based tool called GSAC is also

integrated, providing the means to manipulate seismic traces.

In the Computer Programs in Seismology, various source codes were employed to conduct
RF inversion and related analyses in this study. These codes, including rftn96, rftndr96, rft-
npr96, rftnpv96, rftnvp, rdseed, saciterd, sacdecon, and pltsac, offer a wide array of func-
tionalities. They encompass RF analysis, iterative time-domain deconvolution (Owens and
Zandt, 1985) for RFs to determine the source time function, frequency domain WLD, and

general utilities for plotting observed and predicted traces derived from source inversion.

By harnessing the capabilities of these software packages and codes, a comprehensive
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framework was established for data processing, analysis, and visualization in the inves-
tigation of crustal structure. These tools provided the necessary resources to conduct RF
inversion, manipulate seismic waves, compare observed and predicted traces, and visual-
ize the results. The utilization of these software packages and codes ensured the accuracy
and reliability of the analyses, ultimately contributing to an enhanced understanding of the

upper-to-lower crust.

2.2.10 Validation and Quality Control

To establish the credibility of the results, extensive comparisons were conducted with exist-
ing research works that have investigated the same or similar areas within the NE African
region. This involved a meticulous examination of findings from various studies, incorpo-
rating diverse geophysical methods such as gravity modelling (Cornwell et al., 2006; Lewi
et al., 2016; Mammo, 2013), active source seismic tomography (Maguire et al., 2006),
Magneto Telluric (MT) (Hiibert et al., 2018; Johnson, 2012; Samrock et al., 2018, 2015),
Interferometric Synthetic Aperture Radar(InSAR) (Albino and Biggs, 2021; Biggs et al.,
2011; La Rosa et al., 2021) method, seismicity analysis (Keir et al., 2006a, 006b), and geo-
dynamic modelling (Berhe et al., 1987; Rogers, 2006). By integrating and contrasting the
outcomes of these different techniques, the reliability, consistency, and support of the RF

analysis employed in this study were thoroughly assessed.

It is crucial to emphasize that the validation process in this study was characterized by
meticulous comparisons and contrasts with independent datasets, previous research works,
and the exploration of new areas. By demonstrating coherence and agreement between the
findings of this study and the existing body of knowledge, the validation process served
to strengthen the credibility and trustworthiness of the results. This rigorous validation
approach instilled confidence in the inferred structure of the crust while simultaneously

contributing fresh insights for previously unexplored areas.

2.2.11 Ethical Considerations

To acquire the necessary data, we requested seismic data from the Incorporated Research
Institutions for Seismology (IRIS) through the Wilber II web page. This demonstrates our
commitment to responsible data management by accessing data from a reputable and reli-
able source. By utilizing established platforms for data acquisition, we ensure transparency
and ethical handling of the data.

In addition to data acquisition, we acknowledge and appreciate the contribution of the

RiftVolc project and Derek Keir, one of the project’s principal investigators. This recogni-
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tion highlights the importance of collaboration, respect for intellectual contributions, and
proper acknowledgement of others’ work. By acknowledging the contributions of our col-

leagues and collaborators, we adhere to ethical practices within the scientific community.

Overall, the ethical considerations in this research work encompass responsible data man-
agement, proper acknowledgement of collaborators, and the potential societal implications
of our findings. By upholding these ethical principles, we ensure the integrity and impact
of our work, while contributing to the broader scientific community and the well-being of

society.
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CHAPTER 3

MODELLING S-WAVE VELOCITY STRUCTURE BENEATH THE CENTRAL
MAIN ETHIOPIAN RIFT USING RECEIVER FUNCTIONS

Abstract

We applied the receiver function (RF) technique on high-quality teleseismic earthquake
data recorded by the RiftVolc broadband network from February 2016 to October 2017.
We calculate RFs at 17 stations, which are inverted to estimate Vs, and Vp/Vs structure
beneath the Central Main Ethiopian Rift and the Eastern plateau. The observed slow S-
wave velocity (Vs) in the uppermost crust (<6 km depth) is interpreted as sedimentary
and/or volcanic layers. Beneath the rift valley, crustal Vs is heterogeneous both laterally
and with depth. In particular, slow Vs (~2-3 km/s) is localised beneath volcanic centres in
the upper-mid crust but ubiquitously slow in the lower crust with Vs as low as ~3.5 km/s
common. The slow lower crust is associated with high Vp/Vs ratios of ~1.9-2.0. The Vs
and Vp are consistent with the observed seismic velocities, and interpreted the presence
of the small fraction (<5%) of partial melt from previous seismic imaging studies of the
lower crust. In addition, the velocity contrast is small between the lower crust and upper
mantle. The results suggest that partial melt in the lower crust beneath magmatically active
rifts might be more widespread than previously thought and an important component of
the magma plumbing system. In contrast, Vs is far more homogeneous and faster beneath
the Eastern Plateau, with a distinct velocity contrast between the crust and upper mantle

suggesting less crustal deformation than what is observed beneath the central rift zone.

3.1 Introduction

The Main Ethiopian Rift (MER) is an active continental rift where magmatic intrusion

is thought to play a key role by accommodating extension and thermally weakening the
lithosphere (Daniels et al., 2014; Kendall et al., 2005).
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Figure 3.1: The black rectangle is the study area in the Central Main Ethiopian Rift. Profile
AA’is along the eastern side of the Central Main Ethiopian Rift floor (alongrift) profile.
Profile BB’is the across rift profile. Green reversed triangles represent the station location
of 17 stations. Red-reversed triangles represent the locations of Corbetti (CO), Aluto (AL),
and Tulu Moye (TM) calderas. The red thin and dense line represents the faults of the Main
Ethiopian Rift (MER) (Corti et al., 2020). The bottom left corner inset shows the regional
map, with a square for the area of our study. Names of the lakes are labelled by pink-
coloured letters as AY (Abaya), HW (Hawasa), SH (Shala), AB (Abayata), LN (Langano),
ZW (Ziway), and K (Koka).

Since the start of the Ethiopia-Afar Geoscientific Lithospheric Experiment (Bastow et al.,
2011) in the early 2000s, consecutive and successful controlled and passive seismic deploy-

ments helped to delineate the seismic structure of the MER crust, especially the P-wave
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velocity (V},) structure and crustal thickness (e.g., Ebinger et al., 2017). A major find-
ing of previous V), images is that the V), of the crust beneath the MER is faster than that
of standard continental crust (Zandt and Ammon, 1995), a feature interpreted as caused
by post-Miocene mafic intrusions that have accommodated extension (e.g., Keranen et al.,
2004; Mackenzie et al., 2005).

More recently, however, the advent of ambient noise tomography at periods sufficiently
short has facilitated imaging of shear-wave velocity (V) of the crust (e.g., Chambers et al.,
2019; Kim et al., 2012). Results from these studies show that the MER crust has far slower
V; than the standard continental crust, with the absolute magnitude of the velocities in
places interpreted to require the presence of partial melt (e.g., Chambers et al., 2019). The
joint crustal seismic properties of relatively fast V,, and slow V; are peculiar and poorly
explored in previous literature. In addition, all previous constraints on the V; structure
of the MER come from models derived from surface wave imaging techniques, such as
ambient noise tomography, with a lack of independent constraints provided by alternative
methods. In order to address this and provide additional and independent constraints on the
Vi structure of the MER crust, we applied the receiver function (RF) techniques using open-
source codes from Computer Programs for Seismology (CPS) (Herrmann and Ammon,
2002) to estimate the velocity of the crust and upper mantle. To this effect, we have used 17
new seismic stations deployed as part of the 2016-2017 RiftVolc project (Greenfield et al.,
2019a; Lavayssiere et al., 2019) to improve our understanding of the spatial variations of
the crustal V structure within the central MER (CMER) and adjacent Eastern Plateau. In
addition, we use the RF technique to constrain the V,, and V,,/V; ratio. In investigating the
heterogeneous structure, we have chosen two vertical cross-sections to represent the area

of our study (Figure 3.1).

One profile (A-A’) is along the rift, and the other profile is across the rift (B-B’). This
study improves on the previous velocity models and Moho depth estimates of the CMER
and Eastern Plateau (Dugda et al., 2005; Keranen et al., 2009) by using a relatively large
number of broadband seismic stations compared with the previous studies.

3.2 Tectonic Setting and Crustal Structure

The CMER formed within the Oligocene Ethiopian flood basalt province and is thought to
have initiated at between ~20 and ~10 Ma (Bonini et al., 2005; Corti, 2009; Wolfenden
et al., 2004). The extension was initially localized to several ~60-km long, NE-SW strik-
ing, high-angle (>60 °) border faults that bound the rift, such as the Boru-Toru and the

Goba-Bonga structural lineament on the western side of the rift, and the Asela-Sire Border
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Fault on the eastern side of the rift (Bonini et al., 2005; Corti et al., 2020). Since the Qua-
ternary, the locus of tectonic and magmatic activity within the CMER is thought to have
become focused to a ~20-km-wide zone of small offset faults, aligned cones, and active
volcanic centres within the rift valley floor known as the Wonji Fault Belt (WFB), and also
at a few rift marginal magmatic systems, such as the Silti-Debre Zeyit Fault Zone (SDFZ)
towards the western side of the rift (Chiasera et al., 2018; Rooney et al., 2014; Woldegabriel
et al., 1990).

Constraints on the crustal structure in the CMER come from several geophysical techniques
including seismology, magnetotellurics (MT), and inversion of gravity data. Constraints on
crustal thickness come from sparse RF measurements (Dugda et al., 2005; Keranen et al.,
2009; Kibret et al., 2019), the wide-angle controlled-source along-rift EAGLE project line,
and the intra-crustal Vs structure using ambient noise tomography (Chambers et al., 2019;
Kim et al., 2012).

Previous RF studies in the CMER using relatively sparse station spacing show that the
crust is 27- to 40-km thick in the rift (Dugda et al., 2005; Keranen et al., 2009) and 33-
to 44-km thick beneath the plateaus (Dugda et al., 2005; Kibret et al., 2019). The crustal
structure beneath the Western Plateau is more heterogeneous (33- to 44-km thick) (Keranen
et al., 2009) than that beneath the Eastern Plateau (38- to 41 km thick) (Dugda et al.,
2005; Keranen et al., 2009; Kibret et al., 2019). Wide-angle controlled-source seismology
provides further constraints in the CMER, and Western and Eastern Plateaus. The EAGLE
across-rift line shows similar crustal thicknesses of 38—40 km beneath the CMER (Dugda
et al., 2005; Maguire et al., 2006; Stuart et al., 2006), and 35-45 and 37-42 km beneath
the Western and Eastern Plateaus, respectively (Cornwell et al., 2010; Dugda et al., 2005;
Hammond et al., 2011; Kibret et al., 2019; Stuart et al., 2006).

The southern end of the EAGLE along-rift wide-angle controlled-source line is as far south
as Lake Hawasa (near HAWA station) and shows a varied along-rift crustal structure in the
CMER (Mackenzie et al., 2005; Maguire et al., 2006). The Vp structure, modelled by the
wide-angle 2D profile studies, shows that the velocities of the upper crustal layers beneath
the rift are 5%—10% higher than outside the rift, a feature interpreted to be caused by mafic
intrusions associated with magmatic centres (Mackenzie et al., 2005; Maguire et al., 2006).
Consistent with this, 3D controlled-source tomography of the upper crust by Keranen et al.
(2004) imaged rift parallel high Vp (~6.5-6.8 km/s) elongated bodies with a size of 20-km
wide and 50-km long, and interpreted them as cooled mafic intrusions that are separated
laterally from one another in a right-stepping enechelon pattern, which corresponds with

the surface segmentation of the WFB. These fast Vp regions correlate to a region of distinct
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positive Bouguer anomalies in gravity studies that are modelled as regions of dense rock
(~3,000 kg/m3) such a gabbro (e.g., Cornwell et al., 2006; Mahatsente et al., 1999).

In addition to the earliest studies revealing crustal structure in the MER based on Vp struc-
ture, later studies applied surface waves to render the Vs structure. Ambient noise tomog-
raphy has been used to construct Rayleigh-wave group velocity maps covering the northern
MER (NMER), CMER, and southern MER (SMER), and parts of the surrounding plateaus
(Chambers et al., 2019; Kim et al., 2012). Chambers et al. (2019) also presented an abso-
lute 3D Vs model of the crust and uppermost mantle of the region. An important feature
of the Vs images is that the MER crust is mostly significantly slower than away from the
rift, in contrast to the Vp, which is generally faster within the rift. The absolute Vs of less
than 3.20 km/s + 0.03 in the lower crust are difficult to explain except with the presence of
a fluid phase in the rock, such as partial melt (Chambers et al., 2019). In addition, slow Vs
(<3.6 km/s) in the uppermost crust observed by Chambers et al. (2019) is consistent with

the presence of sediments and/or partial melt (Diaferia and Cammarano, 2017).

Some studies reported that the anomalous high temperature is an important player on ve-
locity structure in the case when it can trigger the transition of a—( quartz. In case of
hydrated compositions (as one can presume about the current case study for the rift zone),
the amphibole breakdown at increasing pressure and temperature produces a discontinuity
that can be detected by RF or refraction studies (Diaferia and Cammarano, 2017; Guerri
et al., 2015).

Similarly, several MT studies carried out in the CMER identify high conductivity anoma-
lies associated with young surface volcanism (Whaler and Hautot, 2006). These conductive
anomalies tend to be imaged in the uppermost crust at <1-2 km, in the upper crust at 3-6
km depth, and in the mid-lower crust at 20-25 km depth (Ebinger et al., 2017; Hiibert
et al., 2018). The shallowest anomaly is interpreted as being caused by hydrothermal flu-
ids, whereas the other deeper high conductivity anomalies are interpreted to be caused by
partial melt in the subvolcanic plumbing system (Ebinger et al., 2017; Hiibert et al., 2018).
Broadly speaking, there is a good correlation between the loci of slow Vs from seismol-
ogy and high conductivities, giving additional remark to the idea that these anomalies are
caused by partial melt (Chambers et al., 2019).
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3.3 Data and methods
3.3.1 Data

The data were acquired from the RiftVolc temporary network project that was conducted
from February 2016 to October 2017 and recorded by three-component broadband Guralp
CMG-6TD and Guralp CMG-ESPCD seismometers with a 50-Hz sampling rate. We down-
loaded the teleseismic waveform data and instrument responses of the RiftVolc project data
archived at the Incorporated Research Institutions for Seismology (IRIS) Data Management
Center (DMCO).

To constrain the V; and V,/V; structure beneath 17 stations, which are deployed along
and across the CMER 60 teleseismic earthquakes with magnitudes, M,, > 6 and source-to-
receiver epicentral distances between 30° and 90° (Figure 3.2) were chosen. However, after
calculating the RFs, only 8-38 signals were selected per station based on the percentage of
signal power fit (Table 1).

Figure 3.2: Red circles are locations of the teleseismic earthquakes used for the study. The
data collected are in the distance ranging from 30° to 90°in the time range of February 2016
to October 2017. The dark blue triangle is the central location of the 17 seismic stations
used in this study.
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Data were processed in SAC format. We applied a cosine taper function for the P-waveform
signal for a length of 50 s (10 s before and 40 s after the onset of the P-wave arrival) before
computing the RFs. To reduce the influence of low-frequency noise on the RFs, all the
signals were filtered with a Butterworth band pass filter of between 0.01 and 5 Hz to ensure
the stability of the RFs and to avoid aliasing when decimating the data. Finally, each three-
component signal was reviewed to remove signals that contained low signal-to-noise ratios
and/or when any of the three components were not recorded properly due to instrument

malfunction.
3.3.2 Methods

We applied a RF technique using time series teleseismic earthquakes to provide constraints
on the local velocity structure of the crustal and upper mantle Ammon et al. (1990);
Langston (1979). To extract the RF for each event, we first window the three-component
seismograms starting from 10 s before and 40 s after the predicted P arrival. Selected
teleseismic seismograms are rotated to radial (R), tangential (7"), and vertical (Z) com-
ponents from east—west, north—south, and vertical components, respectively. Each pair of
horizontal-component signals (i.e., north—south and east—west components) was rotated to

their corresponding radial and transverse directions.

A straightforward frequency domain deconvolution can be unstable due to spectral holes
in the vertical component, and stabilization of this process can be obtained by either
"prewhitening" (Robinson, 1982; Yilmaz and Doherty, 1987); or "water-level" algorithms.
The former adds a small component of random noise to the vertical component, while the
latter sets a lower bound on the magnitude of the denominator terms (the vertical seismo-

gram spectral elements) in a frequency domain spectral division.

In this study, converted phases are isolated by iterative, time-domain spiking deconvolution
(Gurrola et al., 1995; Ligorria and Ammon, 1999) with pre-whitening to stabilize the filter-
ing. Iterative time domain deconvolution works well even with complex signals. However,
regardless of a deconvolution algorithm, the response at the receiver depends on the com-
plexity of structures. Simple structures generally lead to better RF images (Ligorria and
Ammon, 1999). After deconvolving the vertical from the radial component, we removed
the signature of source, travel path, and instrumental response effects (Ammon et al., 1990;
Dugda et al., 2005; Kibret et al., 2019; Langston, 1979) employing the signals coming from
four different back azimuths (Figure 3.3).
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Table 3.1: The table shows the names of stations, the percent of signal power fit between observed
and synthetic seismograms, and the number of receiver functions (RFs) used in the analysis during
the model fit calculations.

NO | No. Stations | % fit | No. RFs | Average ray | Average Vp (km/s)
1 ASSE 92.3 | 38 0.058 6.7
2 SAGU 904 | 31 0.059 6.9
3 JIMA 88.2 | 8 0.057 6.4
4 BEKO 85.6 | 60 0.059 6.9
5 CHKA 853 | 11 0.069 6.7
6 ANOL 84.5 | 18 0.065 7.0
7 HURT 83.3 | 10 0.076 6.5
8 ODAS 81.1 | 28 0.067 6.7
9 OHIT 80.9 | 18 0.063 6.7
10 | HAWA 79.4 | 35 0.063 7.0
11 | KADO 79.2 | 27 0.064 7.3
12 | WOND 79.0 | 34 0.065 6.3
13 | JIRE 782 | 19 0.065 6.9
14 | BESH 77.8 | 24 0.063 6.9
15 | SHAS 77.6 | 14 0.058 6.8
16 | YIRG 76.6 | 20 0.060 7.0
17 | OGOL 76.6 | 25 0.061 6.7

The RF technique is a time series when the radial component trace is deconvolved from
its vertical component seismogram, where the timing and amplitude of the RF phases are
sensitive to the near receiver local Earth structure beneath the seismic station (Langston,
1979). The dominant signal in the first few seconds of the RF is the P, conversion from
the Moho and/or intracrustal velocity contrast followed by reverberated phases within the
crust (e.g., Hammond, 2014; Last et al., 1997). In case of using a relatively dense array,
RFs can show the fine crustal heterogeneity, anisotropy, and dipping structures (Eckhardt
and Rabbel, 2011; Liu and Niu, 2012; Niu and James, 2002; Thybo et al., 2019; Youssof
et al., 2013, 2015).

Each RF was deconvolved for 20 iterations with a limiting error of 0.001 by applying
three different Gaussian width parameters of 0.5, 1.0, and 2.5. We applied an iterative
deconvolution algorithm (?), which is calculated by the division of the denominator from
the numerator (Herrmann and Ammon, 2002). Also, in each case, we allowed iteration

to continue until the change in misfit resulting from the addition of a spike was 0.01%
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(Ligorria and Ammon, 1999). The degree of fit between the synthetic and observed RFs
is calculated from the three Gaussian width parameters. A sample of two RFs is selected
from 17 stations based on their percent of fit to demonstrate the overall results throughout

each step (Figures 3.4 and 3.5).

Ps PpPs

Figure 3.3: This is a sampled receiver function (RF), which is calculated from the deconvo-
lution of the horizontal from the vertical component. The deconvolution is processed from
the data collected by the ASSE station from an earthquake coming from a ~178° azimuth.
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Table 3.2: A summary of the findings of previous gravity and seismic methods studied in the SE
plateau and the central main Ethiopian rift valley for the determination of Moho depth.

Geophysical methods Moho depth (km) | Study areas Author/s
Seismic refraction/ )
i ) ~39-40 SE MER Mackenzie et al. (2005)
wide angle reflection
Gravity and S
~40 SE MER Tiberi et al. (2005)

topography data
High-precision

) ~38-51 MER flanks Cornwell et al. (2006)
gravity data
RFs and Rayleigh wave

. ~38 CMER Keranen et al. (2009)
group velocities
RFs and Rayleigh wave
- ~38-41 Eastern shoulder | Keranen et al. (2009)

group velocities
A 2D forward .

] ~38 CMER Emishaw et al. (2017)
gravity model

. . . Ethiopian
Receiver function analysis | ~33-44 Dugda et al. (2005)

plateau
Receiver function analysis | ~27-38 MER Dugda et al. (2005)
. . MER and
3D gravity modelling ~30-50 o Mabhatsente et al. (1999)
Adjoining plateau

The study applies the ak135 velocity model (Kennett et al., 1995) as the initial velocity
model to calculate the best fit velocity structure. Finally, we identified the level of the
model fit of the observed and synthetic models by using both visual inspection and the
calculated percentage of signal power fit. When the synthetic signals show a high degree
of a misfit from the calculated RFs, both RFs and the synthetic models are automatically

discarded.

The observed (red colour) and synthetic (blue colour) RFs (Figure 3.5) as well as the initial
and the final velocity models (Figure 3.6) are calculated by using programs from Herrmann
and Ammon (2002). The final velocity models are calculated from the global velocity
model ak135. The calculated absolute velocity values at every 2-km depth are obtained
from the inversions of the RFs. The uncertainties of the calculated RFs are estimated
from the percentage of fit between the observed and the calculated RF. Subsequently, well-

constrained Vs structures of the crust and upper mantle are provided in the 2D profiles.

We applied the Delaunay triangulation interpolation method to estimate unknown velocities

based on several known calculated velocities (Ping et al., 2009). The method uses three
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velocities at a time by assuming no points inside the circumference of any triangle. We
applied this interpolation method as implemented in the GMT plotting software (Wessel
et al., 2019) by triangulating and contouring the calculated velocity values to image the 2D

velocity versus depth plots.

Crustal thickness and Vp/Vs ratio are estimated from the a priori known Vp value obtained
from two-dimensional wide-angle seismic modelling from the EAGLE controlled-source
survey (Mackenzie et al., 2005; Maguire et al., 2006) in the region. During our inversion,
we calculated Vs values at 2-km depth intervals. Again, we employed the mathematical
model by Last et al. (1997) and Zhu and Kanamori (2000) to get the Moho depth (H) at
each station, where tPs-tP is the time interval between the arrival of the direct P wave and

the Moho Ps converted phase, andpis the average ray parameter calculated from RFs.

3.4 Results

We computed observed and synthetic RFs at 17 stations where the degree of fit is between
TT7%—-92% (at station OGOL and ASSE, respectively), as shown in Table 3.1. The range of
degree of fit between observed and synthetic seismograms is similar to what is previously
reported (70%—90%) in Ethiopia and Kenya by (Dugda et al., 2005).

The current RFs are obtained with two clusters of range of back-azimuths of 30°-110° and
185°-260° (Figure 3.4). The first arrival spike is the direct incident P wave at the surface;
however, the subsequent arrivals correspond to the partition of converted and reverberated
phases (Figures 3.3 and 5). For the two examples of observed RF in Figure 3.4, we present
the RF of each event with the corresponding synthetic RF in Figure 3.5. In this model,
the red-coloured RFs are the observed signals, whereas the blue colour shows the syn-
thetic ones. The observed and synthetic RFs (Figure 3.5) show a high degree of fit for the

Gaussian width parameters of « = 0.5 and o = 1.0.

Figure 3.6 indicates the 1D velocity models for the chosen two stations. These velocity
models are calculated from the blue-coloured synthetic RFs shown in Figure 3.5. They are
calculated in the depth range of 2-100 km. The blue-coloured nearly vertical line is the
initial velocity model, which is assumed as a homogeneous half space with a Vs of ~4.48
km/s, which is the value of most of the lithosphere in the ak135 velocity model (Kennett
et al., 1995).
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Figure 3.4: (A)and (B)are examples of RFs calculated for signals coming from different
azimuths. Positive values were filled with red ink to emphasize prominent features, such as
the direct P and the Ps phase, which is the P-to-S conversion.

From the calculated 1D Vs models shown in Figure 3.6, the red coloured 1D velocity value
is the final and best fit calculated Vs model. From the models, the ASSE station, which is
located on the Eastern Plateau shows very small heterogeneity in the upper and lower crust.
However, station OGOL is located on the CMER floor and shows a heterogeneous velocity
structure with a relatively high velocity of up to ~4.6 £ 0.1 km/s in the upper crust and a

relatively low velocity of as low as 3.4 4 0.1 km/s in the lower crust.

For the remainder of the stations, we have shown the results in the form of the along- and
across-rift profiles (Figure 3.7). Broadly speaking, the velocity models show a distinctive
reduction in Vs in the mid to lower crust similar to that observed at OGOL (Figure 3.6),
or a more regular increase in Vs with depth as observed at ASSE (Figure 3.6). Closer
inspection for the stations along the rift shows that the velocity model varies considerably
spatially with both styles of velocity structure observed in different places within the rift. In
contrast, the across-rift profile shows that the stations on the Eastern Plateau have a velocity

structure more similar to ASSE.
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The upper to mid crustal high-velocity material (~4-4.5 £ 0.1 km/s) observed in OGOL is
also observed in the rift beneath YIRG, SHAS, KADO, and BESH stations for the depth
range of 4-25 km (Figure 3.7). At these stations and beneath the observed high-velocity
upper to mid crust, there is a relatively slow Vs (3.5 &+ 0.1 km/s) for the depth range of
~24-45 km. The slow velocity deep crust is commonly beneath normal upper-to middle
crust (4-4.3 km/s) such as beneath the JIMA station. In contrast, beneath JIRE, ODAS,
ASSE, and SAGU stations (Figure 3.7), crustal Vs are relatively homogeneous.

Figure 3.8B1 shows the 2D Vs structure and Figure 3.8B2 the corresponding Vp/Vs ratio
of the along-rift profile in the CMER obtained from the Delaunay triangulation interpo-
lation method. Throughout the crust, the depth to particular velocity contours generally
deepens with proximity to the major volcanic centres. This is especially pronounced in
the 5- to 20-km depth range where the Vs increase significantly in regions in between the
major volcanic centres. For example, beneath the two high topographic peaks (marked
as Aluto and Tulumoye) observed in Figures 8 Al and A2, there are slow velocity (<3.8
km/s) and high Vp/Vs ratio zones in the upper-mid crust. A similar slow velocity zone in
the upper-mid crust is also observed beneath the Wondo Genet remnant Mega caldera rim.
Vs is generally slow (+3.1-3.7 £ 0.1 km/s) in the lower crust beneath the CMER, with less
spatial variation in velocities compared with that observed in the upper-mid crust. Gener-
ally, our findings are consistent with previous ambient noise tomography results showing
the presence of slow S-velocity shallow crust beneath mega calderas, such as beneath Aluto
and Tulu Moye, and slow Vs found more ubiquitously in the lower crust (Chambers et al.,
2019).

Figures 9B1 and B2 show the variations in Vs and Vp/Vs structure across the rift, respec-
tively. In a similar fashion to the along-rift profile, the topmost ~5 km of the upper crust
of the across-rift profile is a very low seismic velocity (2.0-3.2 km/s) material. The border
fault of the eastern side of the CMER is marked by a topographic step from ~1,700 m in
the rift to ~2,700 m on the rift margin (Figure 3.9).
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Figure 3.5: (A)and(B)are RFs of ASSE and OGOL stations. The ASSE station located on
the eastern plateau, which is the best fit RF of this study, whereas station OGOL is located
in the central MER (CMER) rift margin near the eastern plateau, which has the largest
misfit of all the RFs. Blue-coloured RFs in the background are synthetic, whereas the red-
coloured RFs on top are the observed RFs. P represents the direct primary wave, and Ps is
the converted phase at the Moho. The numbers on the left show the station name, Gaussian
width parameter, percentage of fit, and the applied ray parameters for the specified RF. The
numbers to the right of the RFs are the occurrence time of the earthquakes. In(A), two

signals and in (B) six signals are calculated twice for the Gaussian width parameters of 0.5
and 1.0.

Outside of the rift on the rift flank, we observe a fairly homogeneous crustal structure

with a distinct lack of slow velocities in the lower crust. Instead, the seismic velocity
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mostly increases with depth. In addition, there is a sharp increase in seismic velocity at
~45 km depth, where previous studies based on different methods showed this change as
Moho discontinuity (e.g., Cornwell et al., 2006; Mackenzie et al., 2005; Mahatsente et al.,
1999), as shown in Table 3.2. However, similar to the along-rift profile, within the rift
on the across rift profile, we see a more heterogenous velocity structure. At 20- to 35-km
depths, particularly slow Vs and high Vp/Vs ratios are found beneath the eastern part of the
across-rift profile beneath the JIMA and OGOL stations. In this depth interval, the lowest
velocities are found beneath the eastern side of the CMER spatially associated with the

surface position of the WFB volcanic centres.

3.5 Discussion

We discuss here the Vs and Vp/Vs structure of the rift obtained from our data analysis in
the context of magmatic and tectonic extensional processes, and with the aid of a priori
constraints of Vp ~6.8 km/s (e.g., Dugda et al., 2005; Mackenzie et al., 2005; Maguire
et al., 2006). We also compare our findings with constraints inferred from density and
conductivity analysis conducted in the area. We use both one- and two-dimensional Vs
profiles to interpret velocity variations in the lithosphere to answer basic questions about

the nature of the crust and upper mantle when rifting modifies the lithosphere.
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Figure 3.6: Panels(A)and(B)are the two representative velocity models for the ASSE and
OGOL stations. The nearly vertical start. mod is an initial half space velocity model derived
from the ak135 global velocity model (Kennett et al., 1995) and the end. mod is the final
and best-fit velocity model. The tmpmod96. xxx are the calculated velocity models from
the relatively less fit RFs during an inversion.

59



Vs(km/s) Vs(km/s) Vs(km/s) Vs(km/s) Vs(km/s) Vs(km/s) Vs(km/s) Vs(km/s) Vs(km/s) Vs(km/s) Vs(km/s)
2 3 4 5 2345 2 3 45 2 3 45 23 45 23 45 2 3 4 5 23 45 23 45 2345 234°5

] T e T T
» e y
Aio
€
=5
=~ 5
= end.mod
S o0
d
Q" e
80
% ] YIRG HAWA WOND SHAS KADO OHIT BESH OGOL HURT ANOL CHKA
100 A) Profile AA'
Vs(km/s) Vs(km/s) Vs(km/s) Vs(km/s) Vs(km/s) Vs(km/s) Vs(km/s)
2 3 4 5 2 3 45 2 3 4 52 3 4 5 2 3 4 5 2 3 4 5 2 3 4 5
0
10 —‘—_‘-A,LL
20
A!U
€ w
=
= s
|60
@
an
80
1 ma JIRE ODAS oGoL ASSE SAGU BEKO
100
(B) Profile BB'

Figure 3.7: (A) shows the 1D velocity model for the along-rift profile AA’, which is located
along the eastern margin of the central main Ethiopian rift profile. (B) is the 1D velocity
model for the across-rift profile, which includes the rift side (JIMA, JIRE, ODAS, and
OGOL) and plateau side (ASSE, SAGU, and BEKO) stations.

3.5.1 S-wave Velocity Structure with in the Rift

The slow velocity (2-3 km/s) imaged at 2—-6 km depth is similar to the proposed Vs of
~1.9-2.8 km/s typical of layered sediments (Benoit et al., 006b). This is also in good
agreement with the work of Chambers et al. (2019), which interprets a similarly low ve-
locity at the topmost upper crust as sedimentary and/or volcanic layers. This result agrees
with the interpretation of Cornwell et al. (2006), which interprets the existence of an upper
crustal low-density (2,380 kg/m3) layer that represents interspersed volcaniclastics, lava
flows, and lacustrine sediments within the rift valley (Wolfenden et al., 2004). In support
of this interpretation, the low Vs of the uppermost crust extends to greatest depths within

the rift valley than outside of it (Figure 3.9).
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Figure 3.8: (Al)shows a 2D vertical slice along the eastern margin of the central Main
Ethiopian Rift, which is obtained from profile AA’ of Figure 3.1 covering from station
YIRG (1,756 m) to CHKA (1,604 m).(A2)shows the Vp/Vs ratio values at various depth
points. Red indicates slower velocity and blue faster velocity. B2 shows the values of
Vp/Vs for the rift and the plateau side of the profile. Blue indicates low Vp/Vs, and red
indicates high Vp/Vs ratio.

Both profiles shown in Figure 3.7 represent significant variations in the 1D velocity models.
In particular, a number of the stations show elevated seismic velocity at 6-25 km, while
others are less fast. When stations are organised spatially from NW to NE in Figure 3.8A1,
the spatial variability of this is clearer. Typically, along rift, in-between the magmatic
centres (such as beneath station YIRG, SHAS, KADO, BESH, and OGOL), the high Vs
(~4—4.5 km/s) is present in the upper-to-mid crust. The across-rift profile in Figure 3.9
shows that these regions of higher Vs in the upper/mid crust are localised beneath the Wonji
Fault Belt. The high seismic velocities coupled with their Wonji Fault belt position favours
an interpretation of their origin being a solidified mafic intrusion, an interpretation in line
with previous seismic imaging (Chambers et al., 2019), and spatially match high positive
Bouguer anomalies constrained in gravity studies (Cornwell et al., 2006; Mahatsente et al.,
1999; Tiberi et al., 2005). The average slow-velocity (~3.5 4= 0.1 km/s) regions at ~24-45
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km depth may represent a less mafic modification of a normal continental crust of Vp/Vs
< 1.85 (Zandt and Ammon, 1995), or a more complex modification from felsic intrusion,

and/or presence of partial melt with a Vp/Vs value of >1.9.

Beneath 25-km depth in the lower crust, the 1D models show that the majority of seismic
stations show a reduction in Vs in the lower crust to 3.1-3.7 £ 0.1 km/s (Figure 3.7). Figure
3.8 shows that this feature is spatially ubiquitous. There is some spatial variability in the
magnitude of the velocity inversion (Figures 8A1, A2), with a hint that the most pronounced
slow Vs regions in the lower crust are beneath the volcanic centres, such as Aluto, although
this pattern is not particularly clear elsewhere. These regions of slow Vs correlate to high
Vp/Vs of ~1.9-2.1. The observation of slow Vs and high Vp/Vs in the lower crust in
the rift valley is consistent with the ambient noise tomography by Chambers et al. (2019),
which shows that the slowest velocities for all depths within the MER range from 3.28 £
0.01 km/s at 10-km depth to 3.83 + 0.01 km/s at 40-km depth. The magnitude of the slow
Vs at this depth range, combined with the high Vp/Vs, is consistent with previous deep
crustal imaging studies, which combined interpret between 0.5% and 5% partial melt (e.g.
Chambers et al., 2019). More tightly constraining melt fraction from the seismic velocities
alone is difficult since Vp and Vs measurements are potentially explainable by either lower
melt fractions aligned vertically as dikes or more elevated melt fractions aligned as sills
(Dvorkin, 2021; Paulatto et al., 2012, 2010, 2019). However, dominance of horizontal sill-
like melt alignment is favoured by inversions for radial anisotropy derived from surface
waves for the MER (e.g., Chambers et al., 2021), and petrological models of the deep
crustal magma plumbing system globally (e.g., Annen et al., 2006). The interpretation of
partial melt in the lower crust is also supported by high conductivities in the lower crust

observed in crustal-scale MT studies at comparable depths (e.g., Whaler and Hautot, 2006).
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Figure 3.9: (B1) shows a 2D vertical slice across the rift profile BB’ of Figure 1 ranging
from JIMA (in Central WFB) with an altitude of 1,659 m to BEKO (Eastern Plateau) having
an elevation of 2,848 m. Red indicates slower velocity and blue faster velocity. (B2) shows
the values of Vp/Vs for the rift and the plateau side of the profile. Blue indicates low
Vp/Vs, and red indicates high Vp/Vs ratio.

Profile AA’ in Figure 8shows variations in the Vs structure, which provides insights into
the crustal-scale magma plumbing system. The ubiquitous slow Vs suggests a diffuse in-
terconnected melt-rich lower crust beneath most of the rift valley, with potentially higher
melt concentration beneath the volcanic centres. In contrast, in the upper half of the crust,
slower Vs beneath the volcanic centres, with anomalously fast Vs in between the volcanic
centres, is consistent with volcanic segment-centred melt supply, in which subvolcanic melt
reservoirs focus and store melt, which is delivered episodically mafic intrusion along the
rift axis. Such an upper crustal plumbing system has been proposed in Afar on the ba-
sis of episodic segment-centred fed dyke intrusions observed with InSAR and seismicity
(Barnie et al., 2016; Keir et al., 009b). Here in the MER, a similar subvolcanic plumbing
system is consistent with the seismic velocity structure of the upper/mid crust. In addition,
in the MER, observations of such rifting episodes are lacking, with geodetic observations

of magma-related ground deformation being restricted to volcanic centres such as Aluto
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and Tulu Moye (Albino and Biggs, 2021; Biggs et al., 2011). Similarly, localised subvol-
canic pockets of melt beneath the volcanic centres (Gleeson et al., 2017) suggest localised
longer-lived magma bodies in the shallow crust of the volcanic centres. However, our seis-
mic imaging of the deeper crust suggests that the distribution of melt in the lower crust

might well be widespread and enable significant melt transport along rift.

3.5.2 S-wave Velocity Structure of the Eastern Plateau

In contrast to the rift valley floor, the Vs structure beneath the Eastern Plateau is remark-
ably homogeneous (Figure 3.9B1). In addition, the distinctive increase in Vs at ~45 km
depth, is remarkably similar to constraints on the Moho depth computed in our study, con-
sistent with a previous wide-angle active source, and passive source RF studies (Mackenzie
et al., 2005; Maguire et al., 2006), and adds support observations that the Moho beneath
the Eastern Plateau is a sharp and distinctive seismological boundary (Ogden et al., 2019).
This profile shows a smooth transition toward the shoulder compared with the western
plateau margin in which sharp lateral contrast between plateau and rift is observed (Cham-
bers et al., 2019). Limited heterogeneity of the crustal and mantle structure beneath the
Eastern Plateau is typical of regions of stable continental crust with limited history of de-
formation and modification by magmatism (Thompson et al., 2010; Youssof et al., 2013,
2015). The strong contrast in velocity structure from the Eastern Plateau into the rift (Fig-
ure 3.9) is in sharp contrast to the conjugate side of the rift valley, with the Western Plateau
showing evidence for significant magmatic modification (Chambers et al., 2019; Macken-
zie et al., 2005), indicating strong asymmetry to the rifting process. The lack of evidence
for magmatic modification of the crust beneath the Eastern Plateau also favours a model of
dynamic uplift from a deep-seated asthenospheric anomaly (Sembroni et al., 2016), as op-
posed to uplift being compensated by crustal magmatic additions (Chambers et al., 2019;
Keranen et al., 2009).

Our study reveals new important insights regarding the variability in crustal structure and
melt fraction on a local scale beneath the volcanic regions of the MER. The results demon-
strate the continued need for more future efforts to understand crustal structure and distribu-
tion of partial melt in the wider sense beneath and near the East African rift. We would like
to point out the need to have more international collaboration—although we would imagine
that long-term and sustainable research in Ethiopia really needs local scientists to lead the

way.
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3.6 Conclusion

We use RF to delineate the V structure of the lithosphere beneath 17 stations in the CMER,
which are arranged in two profiles along and across the rift valley. The observed low V
(~2-3 km/s) uppermost crust (<6-km depth) is interpreted as sedimentary and/or volcanic
layers. Beneath the rift valley crust, V; is heterogeneous laterally and with depth. In par-
ticular, slow V; and high V},/Vj ratio is localised beneath volcanic centres in the upper-mid
crust but ubiquitously slow in the lower crust. The V; and V}, are consistent with the pres-
ence of the small fraction (<5%) partial melt interpreted in previous seismic imaging stud-
ies of the lower crust. In addition, the velocity contrast is small between the lower crust
and upper mantle in the rift. The results suggest that partial melt in the lower crust beneath
magmatically active rifts might be more widespread than previously thought and is an im-
portant component of the magma plumbing system. In contrast, Vs is more homogeneous
and faster beneath the Eastern Plateau, with a distinct and sharp velocity contrast observed
between the crust and upper mantle at Moho, jointly indicative of very little crustal modi-

fication from magmatism.
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CHAPTER 4

CRUSTAL STRUCTURE OF THE ETHIOPIAN NORTHWESTERN PLATEAU
AND CENTRAL AFAR FROM RECEIVER FUNCTION ANALYSIS

Abstract

In magma-rich continental rifts extension by magma intrusion is thought to accommo-
date much of the extension. We aim to constrain major melt reservoirs in the crust during
magma-rich rifting by applying P-to-S receiver functions (RFs) using legacy teleseismic
data having magnitudes Mb > 6.0 and epicentral distances ranging from 30° to 90° and
collected between the years 2000 and 2013 in 17 temporary broadband stations in Ethiopia
and Eritrea. The majority of the NW Plateau crust shows fast Vs of 4-4.7 km/s with lo-
calized slow Vs (3.2 km/s) and high Vp/Vs (1.85-2.0) in the mid-crust ( 10-25 km depth).
The seismic velocity beneath the Afar crust is fairly homogeneous except beneath the cur-
rent locus of strain at the magmatic segments, which have a relatively fast Vs. (4.5 km/s)
at a shallow ( 6—14 km) depth underlain by slower Vs. (<3.2 km/s) and high Vp/Vs (2.0) at
lower crustal depths ( 20-25 km). The Moho is sharp beneath most of the plateau stations
and more gradational beneath Afar with estimated values of 36—44 km in the NW plateau
and 26-30 km in Afar. The results point towards the presence of partial melt in localized
places in the mid-crust beneath the NW plateau, and in the lower crust beneath the west of
Afar, and particularly focused in the lower crust beneath the magmatic segments in Afar.
The results suggest that the lower crust is an important melt reservoir for rift-related mag-
matic processes. The presence of melt in the NW plateau crust is more difficult to explain
but is potentially linked to the broad extension of the plateau, or lateral migration of melt

from the rift.

4.1 Introduction

The northern part of the East African rift system has extensive dike and sill intrusions be-

neath the rift, which have modified the compositional, thermal, and mechanical properties

66



of the lithosphere (Bialas et al., 2010; Buck et al., 2006). However, observations are also in-
creasingly showing that magmatic processes beneath the Northwestern (NW) plateau may
impact the region’s distribution of extension and geological evolution (Chambers et al.,
2021; Cornwell et al., 2006; Mackenzie et al., 2005). The magmatic processes can poten-
tially be offset by tens to hundreds of kilometres from the centre of the rift and similarly
offset from the magma source deep below the surface (Maccaferri et al., 2014). Most pre-
vious studies were focused near the centre of the rift mainly around the magmatic segments
of the Main Ethiopian Rift (MER) and Afar (Corti, 2009), and as a result, magmatic and

tectonic processes away from the rift valley are poorly understood.

The geology of both regions within and outboard of the MER and Afar show strong ev-
idence of Recent magmatic activity (Corti et al., 2018). This observation is strengthened
by the presence of significant geothermal activity both within the rift and around the NW
plateau (Chambers et al., 2021; Keir et al., 009b; Wolfenden et al., 2005) which is visible at
the Galema range and Yerer-Tullu Wellel Volcano lineament (Chambers et al., 2019; Ker-
anen and Klemperer, 2008; Kieffer et al., 2004). Furthermore, low Vp and Vs have been
imaged away from the rift valley in various locales in the region and interpreted as being
affected by off-rift magmatism (Hammond et al., 2013). Beneath the NW plateau as far
north as Lake Tana, slow seismic wave velocity anomalies have been interpreted as melt
stored in stacked sills in the mid-to-lower crust (Chambers et al., 2019; Hammond, 2014;
Maguire et al., 2006). Therefore, off-rift magmatic activity may significantly impact the
locus and evolution of extension (Chiasera et al., 2018). This observation is also demon-
strated in places other than the MER, Afar, and NW plateau, such as at the Baikal Rift
Zone where the Vitim volcanic field lies more than 200 km away from the rift centre (Yang
et al., 2018). However, more studies on the Afar rift margin and adjacent plateaus are still

required.

We used the P-to-S receiver function (RF) technique applied to broadband teleseismic data
from seismic stations that were temporarily deployed between 2000 and 2013. Our study
area includes the Afar rift and the NW plateau regions, where broadband seismic investiga-
tions have produced an abundance of seismic data (Figure 4.1). We aim to better understand
how and where magmatic processes and mechanical rifting have taken place by determin-
ing the thickness, internal structure, and composition of the crust inside and outside the rift
valley. Given that RF techniques are particularly sensitive to bulk crustal features, we cre-
ated new 2D profiles to constrain first-order estimation of Vs, Vp, and Vp/Vs versus depth
beneath the study areas to determine the extent to which the crust has been modified by

magmatic processes (Christensen and Mooney, 1995; Stuart et al., 2006; Zandt and Am-
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mon, 1995). This effort will enhance knowledge of regional tectonics and the relationships
between plate stretching, thinning, and magma intrusion during a continental breakup by

analysing the crustal structure along the two profiles (Figure 4.1).

30° 40° 50°

16° ' 20°
4 \\; | "‘; ¢ 3 1 | \t\i
’ 2\ ) % s < :\’w
Hid e rEa Profile | )%+ - 10°
150 ? ? I',v
o b A Oo
14° i i e O
Ethiopiagy#. Danakil
Rasd X3 D & - ‘%\%
13° NN - ; : h m
: ( 3 ¥ ¢ #Mag-Seg Py ’,“
fake Tapa Ll Ab AR A " W
R " A — ‘O s - mpdrofile 11
120 ; . . = D ey + ‘.
i ar E 3 y DS N )
) -l s 3 Y " s b \, =
: : N V™ Djiboutd
11° T N A
37° 38° 39° 40° 41° 42° 43°

T | Flevation(m)

0 1000 2000 3000 4000

Figure 4.1: The figure displays a topographical map of Afar and the adjoining NW plateau.
MER represents the Main Ethiopian Rift. Lakes appear as deep blue polygons. Mt. Rasdas,
Mt. AbnYsf, Mt. Guna, Mt. Choke and Mt. Guguftu are to represent Ras-Dashen Moun-
tain, Abune-Yosef Mountain, Guna Mountain, Choke Mountain and Guguftu Mountain
respectively. The black inverted triangles show the temporary broadband seismic stations
that were installed in the Afar andNW plateaus between 2007 and 2012. Profile I is ori-
ented north-south from A to A’, while Profile II is oriented east-west from B to B’. The red
polygon in Afar (Mag-Seg) represents the magmatic segment. The red rectangle in the in-
set map represents the study area.

68



4.2 Tectonic Setting and Crustal Structure

The Afar region is a unique locale since it is here that the transition from continental
plateaus to imminent seafloor spreading within the rift takes place (Ahmed et al., 2022;
Bastow et al., 2010; Hayward and Ebinger, 1996). The rifting in Afar is thought to have
started soon after the impact of the Afar mantle plume at around 30 Ma (Beccaluva et al.,
2009; Hofmann et al., 1997; Pik et al., 1998, 1999, 2008), with the extension thought
to have been initiated on the border faults mainly by mechanical faulting (Hayward and
Ebinger, 1996; Wolfenden et al., 2005). However, with continued rifting, the extension
progressively migrated into the rift valley floor and is also thought to have increasingly
included magma intrusion (Wolfenden et al., 2005). The rifting in Afar occurs between
the Nubian, Somalian, and Arabian plates and the Danakil microplate. In the central and
northern parts of Afar that are the focus of this study, the counterclockwise rotation of the
Danakil microplate relative to the Nubian plate controls the extension. This motion causes
~NE directed extension that increases from <1 cm/yr in the Danakil Depression of north-
ern Afar to ~2 cm/yr across central Afar (Viltres et al., 2020). The spatial localization of
the strain is debated. InSAR data has revealed localized extension from episodic crustal
dike intrusion in the ~20 km-wide, ~70 km long magmatic segments (Barnie et al., 2016;
Pagli et al., 2015; Wright et al., 2006, 2012), whereas in regions linking the magmatic seg-
ments, strain occurs by a combination of normal and oblique slip faulting (La Rosa et al.,
2021; Pagli et al., 2019). However, regional strain analysis that includes regional GPS data
shows that this localized strain is set within an extension distributed across the whole rift
(Doubre et al., 2017), and includes distributed extension across the Northwestern Plateau
(Birhanu et al., 2016).

Previous seismic studies such as RF studies (Dugda et al., 2005; Hammond et al., 2011;
Kibret et al., 2019; Rooney et al., 2018; Stuart et al., 2006; Wang et al., 2021) and joint in-
version of RFs and surface wave analysis (Dugda and Nyblade, 2006; Dugda et al., 2007)
estimated the crustal thickness beneath most of Afar to be in the range of ~20-26 km and
shallowing to ~16 km northward to the Danakil Depression (Ahmed et al., 2022; Ham-
mond, 2014). Central east Afar near the Djibouti border has a crustal thickness of ~30 km
(Hammond et al., 2011). These studies also constrain bulk crustal Vp/Vs, which are com-
monly very high (<1.9) beneath the rift, especially in proximity to the magmatic segments,
an observation explained by both solidified mafic intrusion and the presence of partial melt
in the crust (Ahmed et al., 2022; Desissa et al., 2013). The interpretation of thinned and
intruded continental crust including localized melt pockets is supported by the modeling
of both gravity and magnetotelluric (MT) datasets (Desissa et al., 2013; Lewi et al., 2016;
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Mammo, 2013). S-p RFs have been used to try to understand deeper lithosphere struc-
tures (Lavayssiere et al., 2018; Rychert et al., 2012). A common observation is that the
lithosphere-asthenosphere boundary (LAB) is difficult to image seismically, interpreted to
be due to melting percolation into the lithosphere masking the expected seismic disconti-
nuity (Lavayssiere et al., 2018). These findings are consistent with deeper seismic tomog-
raphy revealing a low-velocity anomaly in the upper mantle beneath Afar, interpreted as

the asthenospheric melt zone (Chambers et al., 2021; Hammond et al., 2011).

Several geophysical studies have also constrained the crust and lithosphere structures be-
neath the NW plateau. Many P-s RF studies show crustal thickness ranges of (38—44 km;
Ahmed et al., 2022; Cornwell et al., 2010; Dugda et al., 2005; Hammond et al., 2011;
Kibret et al., 2019; Stuart et al., 2006; Wang et al., 2021). This result is consistent with
estimates of the thickness of the crust derived from seismic refraction profiles (40-45 km;
Mackenzie et al., 2005; Maguire et al., 2006; Makris and Ginzburg, 1987), gravity inver-
sion analysis (>40 km; Mammo, 2013; Tiberi et al., 2005), and joint inversion of surface
waves and P-s RFs (40 km; Dugda et al., 2007). The crust of the NW plateau is signifi-
cantly more mafic (Vp/Vs >1.85) than the SE plateau because of the distinct pre-rift crustal
magmatic compositions (Bastow et al., 2011). According to magnetotelluric research, seis-
mic anisotropy, and receiver function analysis, the high Vp/Vs values on the NW plateau
are often associated with the presence of crustal melt in the crust from ongoing magma-
tism (Hammond et al., 2011; Whaler and Hautot, 2006). Similarly, S-p RFs detect the
lithosphere-asthenosphere boundary (LAB) as a velocity drop 65-75 km beneath the NW
plateau (Lavayssiere et al., 2018; Rychert et al., 2012).

4.3 Data and Methods
4.3.1 Description of Data Sources and Instrumentation

The data used for this study are from the IRIS Data Management Center (DMC) archive.
This legacy data was gathered by six projects that installed temporary seismic stations
between 2000 and 2013. Out of a large number of stations that were installed as part of
these temporary projects, we only selected 17 stations that fit our two profiles and produced

clear RFs with the direct P and converted phases.

This study employs 39 teleseismic events that occurred between March 2007 and March
2012 at 10 broadband seismic stations (ADYE, DICE, GASE, KOBE, LALE, LYDE,
SEKE, SMRE, SRDE, YAYE) that are acquired from Afar Consortium project operated

by Universities of Bristol, Leeds, and Addis Ababa. We also used 15 teleseismic events
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that occurred at BAHI station during 2000-2002 from the Seismic Investigation of Deep
Structure Beneath the Ethiopian Plateau and Afar Depression (Ethiopia) project operated
by IRIS/PASSCAL (Nyblade et al., 2000), as well as 54 teleseismic events recorded by
two stations (FINE, AWEE) during 2007-2009 from the AFARO7 project operated by the
University of Rochester (Ebinger, 2007).

Similarly, we utilized 35 teleseismic events recorded by two stations (LULE, SAHE) dur-
ing 2009-2013 from the AFAR0911 project operated by the University of Southampton,
and 22 teleseismic events recorded by two stations (EITE & CAYE) during 2010-2011
from Eritrea Seismic Project (ESP) operated by Birkbeck University of London. Like-
wise, 15 teleseismic events were recorded by RAND station during 2009-2012 from the
DORA project operated by Ecole et Observatoire des Sciences de la Terre (EOST). The
instruments used were Guralp CMG-3T (120 s natural period), CMG-ESP (60 s natural pe-
riod), and CMG-40T (30 s natural period) (Hammond et al., 2011), and STS-2 sensor for
RAND stations that continuously collected the data with a sample rate of 50 Hz. The se-
lected earthquakes have magnitudes M, > 6.0 and epicentral distances between 30° and
90° (Figure 3.2). All the events were requested from the IRIS Data Management Center
(DMC)'.

'https://ds.iris.edu/ds/nodes/dmc/
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Figure 4.2: The locations of teleseismic earthquakes. Red circles are epicentre of individual
earthquakes used for the analysis with Mb >6.0 and epicentral distance between 30 to 90
degrees. The narrowest white circle denotes a distance of 30 degrees, while the medium
and larger white circles denote distances of 60 and 90 degrees, respectively.

4.3.2 The RFs analysis steps for imaging crust and upper mantle

In our study, we focused on investigating the regional velocity structure of the crust and up-
per mantle using high-quality seismic data from temporarily deployed stations in Ethiopia,
Eritrea, and Djibouti. Our analysis was based on the receiver function (RF) approach (Am-
mon et al., 1990; Langston, 1979), which is a well-established technique for locating P-
to S-wave conversions and their reverberations from interfaces in the crust and mantle
(Langston, 1979). Specifically, we applied the RF technique to identify the discontinuities

of the crust and upper mantle, as well as to map their depths and characteristics.

The raw data are processed using the Herrmann software (Herrmann and Ammon, 2002).
In order to ensure the accuracy and reliability of the data, various pre-processing steps
and corrections are employed in SAC formatted data. Firstly, a trend removal technique
is applied to eliminate long-term variations. This is followed by a tapering procedure,
which smooths the signal and minimizes abrupt changes that may cause distortion. Mean
removal is also used to eliminate the average value of the signal from the raw seismic data

(Ahmed et al., 2022). Subsequently, the instrumental frequency response is corrected by
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implementing a pole-zero function, which preserves the amplitude and phase alteration of

the recorded waveform.

We truncate the three component seismograms using a time window from 10 s before, to
40 s after the P arrivals and apply a Butterworth bandpass filter between 0.01 and 5 Hz to
decrease the impact of low-frequency noise on the RFs (e.g., Kibret et al., 2022). Selected
teleseismic seismograms are rotated to produce the radial (R), tangential (T), and vertical
(Z) components from the east-west, north-south, and vertical components, respectively.
A Gaussian parameter of 1.0 and a water level of 0.01 are used in computing all RFs
(Dugda et al., 2007; Langston, 1979). Each P-to-S RF is calculated from the frequency
domain deconvolution method (Ammon, 1991). We selected good signal-to-noise ratio
seismograms using the visual inspection method in which the radial component of the
seismogram obtained from the deconvolution of the vertical from the horizontal is clear
and where the direct P and the converted phases are found. The Ps conversion, which is
normally from the Moho is typically the dominating signal in the first few seconds of the
RF, followed by converted P-wave multiples inside the crust (e.g., Hammond et al., 2011;
Zandt and Ammon, 1995). Following the deconvolution, we stacked events as a vital part
of the RF process to increase the signal-to-noise ratio and decrease the need for damping
(e.g., Gurrola et al., 1995). The number of individual RFs for each stacked trace ranges
from 8 to 40.

4.3.3 Velocity Modelling from Stacked RF

We aimed to determine the 1D velocity model for each station from their calculated stacked
RF. To enhance the resolution of the images and improve the signal-to-noise ratio, we em-
ploy a technique of stacking multiple RFs. This involves combining various RFs obtained
from different back azimuths, as demonstrated in Supplementary Figure 4.5. We employed
an approach known as iterative deconvolution to reduce the variance between the observed
and the synthetic RF (e.g., Ligorria and Ammon, 1999). Synthetic seismograms were cal-
culated using the method of Randall (1989), which is based on the reflection-matrix tech-
nique of Kennett (1983) and Ligorria and Ammon (1999). The ak135 initial velocity model
which depicts a close-to-constant velocity layer for the lithosphere is utilized to get Vp and
Vs during the inversion (Kennett et al., 1995; Kibret et al., 2022). The ak135 model was
selected for the purposes of comparing the findings of this investigation with those of prior
studies conducted by authors in different areas (e.g., Kibret et al., 2022), as well as for its
facile usability with the CPS software. To calculate the appropriate final synthetic RF and
the corresponding 1D velocity model, we checked to see if the RF obtained from the global
initial ak135 velocity model (Kennett et al., 1995) matched the stacked RF (Supplementary
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Figure 4.3). We move on to the next iteration if the corresponding RF obtained from the
global starting ak135 velocity model and the stacked RF do not resemble one another. If
the mismatch between the stacking RF and the synthetic RF is bigger, then the derived 1D
velocity model obtained from this synthetic RF is rejected. Following the initial inversion,
starting with the initial model, all subsequent inversions are performed iteratively until the
misfit (the root mean square difference) between the stacked RF and the synthetic RF is
within the range of 0.01 to 0.05% (Gurrola et al., 1995; Ligorria and Ammon, 1999). This
process is repeated until we have the final 1D velocity model with a corresponding syn-
thetic RF that appears to be the best fit for the stacked RF. Finally, the best fit RF and its
corresponding 1D velocity models are automatically selected by comparing the percentage

of fit and visual inspection (Figure 4.3).
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Figure 4.3: Comparison of the observed RFs in blue with the synthetic RF in red for 17
seismic stations. P shows the direct phase, while Ps represent the converted phase, likely
from the Moho. The text to the left of the plots lists the name of the station, the Gaussian
width parameter, the percentage of model fit between the estimated and observed value,
and the applied ray parameters.

The 1D velocity models of Vp and Vs are also produced for each station by inverting best fit
synthetic RFs over a range of lower frequencies and ray parameters (Cassidy, 1992; Dugda
et al., 2007) (Figure 4.4). Velocities in the 1D models were solved at a depth interval of
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2km, and we plot and interpret the top 60km of the models. To interpret the crustal com-
position, we also calculated the Vp/Vs ratio at each 2km depth interval in the Vs model,
(Ligorria and Ammon, 1999) and using the average Vp (6.5 km/s) computed for the same
station (Hammond, 2014; Zhu and Kanamori, 2000). For this study, a variety of ray pa-
rameters between 0.04-0.069 and Gaussian width factors 1.0 were used. To help interpret
the deep crustal structure in 1D velocity models we plot the crustal thickness derived from
previous H-k stacking of RFs (e.g., Ahmed et al., 2022; Hammond et al., 2011; Wang
et al., 2021). We then re-interpreted the Moho in our 1D models by identifying the largest

velocity step within a similar depth range to the previous Moho estimates.
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Figure 4.4: 1D models resulted from RF inversion. The red arrows in Figures (A) and
(B) correspond to Moho discontinuities obtained from the inversion. The black arrows
in these figures represent the Moho depth calculated in the previous H-k RFs stacking
technique (Hammond et al., 2011). The black stars is used to show the stations do not have
previously calculated Moho depth values. Profile I represent the AA’ axis’ north-south
direction, whereas profile II displays the BB’ axis’ east-west direction.
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4.3.4 2D Velocity and Vp/Vs Ratios Models

Additionally, we employed the Delaunay triangulation interpolation method to estimate
unknown velocities based on several calculated velocities and created a 2D velocity model
(Kibret et al., 2022; Ping et al., 2009). The technique assumes there are no points inside
any triangle’s perimeter and works with three velocities at once. By triangulating and
contouring the estimated velocity data we imaged the 2D velocity versus depth plots. we
used this interpolation technique as implemented in the GMT plotting software (Kibret
et al., 2022; Wessel et al., 2019).

Geophysicists routinely use Vp/Vs data to interpret the presence of partial melt in the crust
and typically use Vp/Vs values of >1.9 as evidence (Ahmed et al., 2022; Ebinger et al.,
2017; Hammond, 2014; Kibret et al., 2022; Wang et al., 2021). We compute the cumulative
relative frequency (Ott and Longneckerv, 2001; Peck et al., 2008) of our Vp/Vs model
below a depth of 10 km to quantify the proportion of the mid and lower crust with a Vp/Vs
of >1.9. We remove the top 10 km from the analysis since high Vp/Vs ratios are more likely
associated with sediments. We use the Vp/Vs model acquired at 2km intervals on profiles
I and IT (9 stations on the NW plateau and 9 stations in Afar) by dividing the frequency of
each value by the total number of observations and then multiplying the relative frequency
by 100 to convert it to a percent (%) (e.g., Abdulla et al., 2014) (Table 4.1). The percentage
of cumulative frequency (PCF) is computed using the Vp/Vs data and its frequency below
a depth of 10 km. PCF represents the proportion of the mid and lower crust with a Vp/Vs
of >1.9, which is an important parameter in our study. Specifically, it provides valuable
information on the distribution of Vp/Vs ratios in the crust and can be used to identify areas

with anomalous values, which could be indicative of geological structures and processes.

Table 4.1: The table shows the names of stations, the percent of signal power fit between observed
and synthetic seismograms, and the number of receiver functions (RFs) used in the analysis during
the model fit calculations.

NW Plateau stations | NW Plateau stations | Afar stations | Afar stations
Range of Vs PCF Range of Vs | PCF

<1.5 14.29% <1.5 18.18%
1.5-1.6 19.39% 1.5-1.6 14.14%
1.6-1.7 30.10% 1.6-1.7 25.25%
1.7-1.8 19.90% 1.7-1.8 27.78%
1.8-1.9 15.31% 1.8-1.9 12.63%
>1.9 1.02% >1.9 2.02%
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4.4 Results
4.4.1 Receiver Function

Figure 4.3 shows our observed RFs in blue compared to the synthetic RFs in red. Overall,
we detected a clear Ps conversion in both Profiles I and II at delay times from 3 to 6 s,
with the arrival time of the Ps discontinuity in the observed stacked RF signal increasing
towards the NW plateau. Additionally, our synthetic RFs are very well matched to the
observed RFs, with a misfit score ranging from 97.05 to 99.88.

4.4.2 Velocity Models of the NW Plateau

The 1D models of the station on the NW plateau generally show a fairly simple veloc-
ity structure with increasing seismic velocity with depth. The profiles fall into 2 distinct
classes of characteristic S-wave velocities. Most of the stations (ADYE, SMRE, SEKE,
GASE. YAYE) show S-wave velocities of between ~3—4 km/s for the majority of the crust.
Slower velocities than this are in the top ~5 km for some of the stations. The second
class of stations shows somewhat faster velocities through most of the crust. Specifically,
stations EITE, CAYE, LALE, and BAHI show seismic velocities between ~4—4.7 km/s
through most of the crust. Again, slower velocities than this are commonly modelled for
the uppermost crust at these stations. The 1D models for most of the NW plateau stations
also demonstrate a relatively large velocity discontinuity seen at depths between 36 and 44
km (Figure 4.4A).

The 2D profiles provide a means to identify the spatial variability of the major variations
in Vs structure, and also to identify finer scale patterns. A significant area of anomalously
slow crustal Vs (<3.2km/s) is observed from ADYE, SMRE, and SEKE (Figure 4.5A1).
This region is the slowest in the middle of the feature beneath SMRE. While the magnitude
of the velocities varies in the anomaly, it generally shows a slightly slowest Vs in the mid-
crust at ~10-25 km depth. This region is flanked on either side by the faster crust (4—4.7
km/s). Vs at mantle depths of more than 40 km is slowest (<4.0 km/s) beneath regions of
the slower crust, while the higher Vs crust beneath EITE, CAYE, and LALE is underlain
by a faster mantle of >4.0 km/s.

The 2D Vp/Vs profiles for the NW plateau show that most of the crust has a Vp/Vs of 1.7
to 1.8 (Figure 4.5A2). The exceptions are regions in the mid-crust at ~10-25 km where
Vp/Vsis generally 1.8-1.9. This depth range of the high Vp/Vs is similar to the depth range
across which Vs is commonly slower, causing the local Vs inversion described above. In

addition, in the middle portion of the profile, Vp/Vs in the uppermost crust is locally as
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high as 2.0.

4.4.3 Velocity Models of Afar

The broad characteristics and pattern of variabilities in Vs in the Afar stations are quite
different from the NW plateau. Firstly, the overall Vs is generally relatively faster at the
majority of stations compared to the NW plateau (Figure 4.4). Except for the top Skm under
station AWEE, all stations have crustal Vs that are mostly between 3.5 and 4.5 km/s (Figure
4.4B). However, set within this simpler framework, far more dramatic local spatial and
depth variability is observed. For example, a noticeable feature common in the profiles is
that relatively fast velocities of ~4 km/s are reached at relatively shallow depths, resulting
in fairly minimal increases in velocity with depth through the crust (e.g. stations FINE,
LYDE, RAND). Some stations also show a very noticeable decrease in velocity at mid-
lower crustal depths (e.g. SAHE, LULE, SRDE).

Profile II displays the 2D Vs model that is under Afar and allows us to explore the spatial
variations of Vs characteristics identified in the 1D models above. As a reference point
geologically and in terms of variability in the Vs structure, the current locus of extension
(magmatic segment) is positioned between LULE and SAHE stations. Both these stations
have a similar seismic structure with a relatively fast (~4.5 km /s) Vs at a shallow (~6—
14 km) depth range, underlain by slower velocities at lower crustal depths (~15-25 km).
On either side of the current locus of strain within the rift, the Vs is generally slower,

particularly in the lower crust.
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(A) displays a 2D vertical slice taken from profile I of Figure
4.1 spanning the area from station EITE (in Eritrea) to GASE
along the NW plateau (from north to south).
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(B) displays a 2D vertical slice across the Afar profile II of Fig-
ure 4.1 from BAHI (at Bahir Dar near Lake Tana) to RAND in
Djibouti.

Figure 4.5: Blue denotes faster shear wave velocity, whereas red denotes slower shear wave
velocity. However, red denotes a high Vp/Vs ratio, whereas blue denotes a low Vp/Vs ratio.
The red inverted triangle represents the location of the magmatic segment in central Afar.
The 2D Vs and Vp/Vs models shown in Figure 4.5B1 and B2 were produced by inverting
RFs with an east-west alignment (profile II). Under profile II, the earthquake hypocentres
from Zwaan et al. (2020) are shown as black circles. The red solid line depicts the shear
wave velocity discontinuity shown in the 2D models. The solid black line above profiles I
and II may be seen as a 1D topographical map of those two profiles.

80



Vp/Vs of the Afar crust is mostly in the 1.7-1.8 range (Figure 4.5B2). In particular, the
east of Afar shows a distinct lack of variability in Vp/Vs from these values. In contrast
beneath the magmatic segment, the Vp/Vs at ~20-25 km depth is locally and markedly
high at over 2.0. Beneath the west of Afar, the Vp/Vs shows elevated values of up to ~1.9
at ~10-20 km depth. Vp/Vs is also locally elevated in the uppermost ~5 km in places.

4.4.4 Moho Depth of the NW Plateau

The Moho depth of the NW plateau is first calculated from the 1D Vs model and compared
with the Vp/Vs model from the 1D and 2D Vs models. The 1D Vs model and the 2D model
both show that the Moho is both an abrupt (ADYE:38km, SMRE:38km, LALE:40km,
GASE:42km, and BAHI:38km) and a gradational (EITE:38km, CAYE:44km, SEKE:38km,
and YAYE:42km) discontinuity (Figure 4.4A). The Moho is sharp beneath most of the NW
plateau stations. These strong velocity discontinuities are found beneath the bulk of NW
plateau stations at depths where they were previously thought to be Moho (Hammond et al.,
2011). The thickest crust (about 44 km) is seen at Eritrea’s furthest station, CAYE (Figure
4.4). The deepest Moho, 44 km, is imaged at the NW plateau border beneath the CAYE
and YAYE stations (Figure 4.5A). However, the NW plateau’s crustal thickness varies from
36 to 44 km.

4.4.5 Moho Depth of Afar

Both the 1D Vs and the 2D Vp/Vs models show the Moho depth beneath Afar. How-
ever, compared to the NW plateau, only about four Afar stations have strong velocity
discontinuities (KOBE:32, AWEE:25km, SRDE:26km, and SAHE:28km). Instead, be-
neath most of the Afar stations (FINE:24km, LULE:22km, DICE:28km, LYDE:43km, and
RAND:24km), a more gradational Moho is observed (Figure 4.4B). In Afar, the crustal
thickness ranges from 26 to 30 km (Figure 4.4B). Afar has a thinner crust than the NW
plateau (Figure 4.5B), with the AWEE station at the Tendaho graben in Central Afar hav-

ing the thinnest crust (26 km) in our region.

4.4.6 The Percentage of Cumulative Frequency

The percentage of cumulative frequency (PCF) is computed using the Vp/Vs data and its
frequency below a depth of 10km. The analysis shows that 2% and 1% of the Afar and NW
plateau crust, respectively, have Vp/Vs of >1.9 (Table 4.11).
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4.5 Discussion
4.5.1 Velocity Models of the NW plateau

We provide new independent constraints on crustal Vs and Vp/Vs structure beneath the
NW Plateau that build on previous S-wave imaging and RFs studies (Chambers et al.,
2019; Hammond et al., 2011) (Figure 4.5A). Our result shows that the regions of slow Vs
(<3.2 km/s) lie beneath the broader area of the NW plateau. In particular in profile I the
region between SMRE and SEKE is characterized by such velocities at 10-25 km depth.
These velocities are slower than expected. For example, silicic and intermediate rocks that
are most typical of continental crust have Vs at these depths in the range of 3.6 to 3.8 km/s
Birch (1960); Simmons (1964), with mafic rocks having typical Vs of >3.8 km/s at crustal
temperatures of 600°C (Chambers et al., 2019; Hacker and Abers, 2004). The velocities we
observe are significantly slower and require alternative explanations than simply variation

in rock types, such as warmer temperatures or the presence of a fluid phase.

Uniquely constraining the slow Vs as being from high temperature or the presence of fluids
is difficult without independent constraints. However, broadly speaking the reduction in Vs
with an increase in temperature in a range believable for the crust is insufficient to explain
the observations. For example, intermediate rocks at 600°C, more typical of lower crustal
conditions have Vs of ~3.7 km/s. We, therefore, turn to the presence of a fluid phase,
such as partial melt to explain the regions of especially slow Vs (e.g., Artemieva et al.,
2004). Direct support for our interpretation comes from our own computed Vp/Vs. In
general, regions with slow Vs (3.2 km/s) have a high Vp/Vs (1.85-2.1). Vp/Vs of typical
continental crust is <1.8 (Christensen, 1996; Hammond et al., 2011), while for mafic rock
itis 1.7-1.9 (Hammond et al., 2011). However, in localized places (1% of the NW Plateau
crust as shown by the PCF analysis (Table 4.1) we observe Vp/Vs of >1.9, which can only
really be explained by the presence of a fluid phase such as partial melt.

Independent constraints on the presence of partial melt at this mid-crustal depth range be-
neath the NW plateau are also supported by other studies (Chambers et al., 2019; Eshetu
et al., 2021; Hammond et al., 2011). For example, seismic imaging from ambient noise
and surface waves show slow Vs (~3.2 km/s) at 10 km depth beneath localized regions of
the NW plateau, which are interpreted as regions including partial melt (e.g., Chambers
et al., 2019). The presence of localized regions of partial melt beneath the NW plateau is
further supported by Ahmed et al. (2022) who observed bulk crustal Vp/Vs of >1.85 be-
neath limited stations in the area. Additionally, scattered deep crustal earthquakes and high

electrical conductivities below 10km beneath the NW plateau have been previously inter-
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preted as being magma or fluid-related Keir et al. (2009); Whaler and Hautot (2006). The
presence of melt in the NW plateau crust is somewhat unexpected, with potential explana-
tions for the melt source being from decompression melting of the asthenosphere directly
beneath a broadly extending plateau (Birhanu et al., 2016), or from lateral migration of

magma from beneath the rift (e.g., Ebinger et al., 2017).

4.5.2 Velocity Models of Afar

The uppermost crustal velocity structure beneath Afar is very variable (Figure 4.5B). Thick-
est regions of slow Vs (<3.2 km/s) and high Vp/Vs at depths of <6 km commonly corre-
late well with the position of sedimentary and volcanic material which agrees with previous
findings (Chambers et al., 2021; Hammond et al., 2011; Kibret et al., 2019). Below the up-
permost crust, the seismic velocity beneath Afar is fairly homogeneous except beneath the
current locus of strain at the magmatic segments. East of the magmatic segment, Vs is fairly
high (>4.0 km/s) and Vp/Vs is mostly 1.75-1.8, consistent with continental crust intruded
with now solidified mafic rock. West of the magmatic segment however, Vs is slightly slow
(~3.2-4.0 km/s) but with distinctively high Vp/Vs of ~1.8-1.9, more suggestive of mafic
crust including limited partial melt. This suggests asymmetry in present-day magmatic
modification of the crust beneath Afar, with ongoing processes more focused between the
magmatic segment and the western Afar margin. Beneath the magmatic segment, a distinc-
tive feature is slow Vs combined with especially high Vp/Vs (2.0) at depths of ~20-25 km
(i.e. lower crust), which is best explained by the presence of partial melt. The PCF analysis
shows that this region constitutes 2% of the crust (Table 4.1), and strongly points towards
the lower crust being a major and long-lived magma storage zone. In the upper crust be-
neath the magmatic segment, we observe high Vs (>4.5 km/s) but anomalously low Vp/Vs.
This combination is difficult to explain without the presence of a gas phase (Whittington
et al., 2009), which is consistent with vigorous magmatic degassing from solidifying in-
trusions, and also a vigorous hydrothermal system (Ebinger et al., 2017; Lee et al., 2016;
Roecker et al., 2017).

While the study of seismic wave velocities beneath EITE revealed a well-defined velocity
discontinuity at the Moho, with a noticeable difference between the velocities of the crust
and the mantle, the Vs at the Moho beneath KOBE and SRDE were found to be smaller
than those of the upper-to-mid crust. This may be due to high-velocity materials intruding
and solidifying in the region, or the Moho’s material properties may have been altered by
partial melting caused by the surrounding nature of the interface (e.g., Chambers et al.,
2019). Furthermore, the Vs distribution beneath the SAHE station, situated on the rift axis

where magmatic activity is observed, is scattered, indicating potential crustal heterogeneity
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resulting from repeated magmatic intrusion and solidification at different times as a similar
crustal property is observed beneath the Central Main Ethiopian Rift (MER) axis (e.g.,
Kibret et al., 2022). These observations provide further insight into the complex geological
processes occurring in the Afar region and suggest that future studies may benefit from
a more detailed investigation of the local geological features and their effects on seismic

wave velocities.
4.5.3 Moho depth and nature

We have derived a new, continuous Moho map by interpolating the RF constraints to char-
acterize the Vs and Moho variability for the NW plateau and Afar stations. To first-order,
the crustal thickness in our interpretation assumes the Moho depth at the base of the rela-
tively large velocity gradient (e.g., Bello et al., 2021; Clitheroe et al., 2000; Collins, 1999;
Collins et al., 2003; Fontaine and Kennett, 2013), and our Moho depths are consistent with
previous studies (e.g., Ahmed et al., 2022; Hammond et al., 2011). However, beneath most
of our stations in the NW plateau, the Moho is characterized by a sharp velocity contrast,
whereas in Afar, the velocity contrasts are more commonly gradational. The gradational
velocity gradient across the Afar Moho as compared to the NW plateau might be due to
the increasing lower crustal mafic intrusion, which reduces the velocity contrast between
crust and mantle. This agrees with previous findings that mafic intrusions in the lower crust
can alter the nature of the Moho to become more gradational (e.g., Hodgson et al., 2017;
Thybo and Artemieva, 2019). A similar observation is inferred beneath the southern Tan-
ganyika Rift of Ufifipa (e.g. Hodgson et al., 2017). The generally sharper Moho beneath
the NW plateau suggests magma modification of the lower crust is less common, pointing

towards spatially isolated supply from depth.

4.6 Conclusions

This study utilized teleseismic data collected from 17 broadband stations in Ethiopia and
Eritrea between 2000 and 2013 to investigate the crustal structure of the region. The results
revealed that the majority of the crust has faster Vs (4—4.7 km/s) with a regionally slower
Vs (3.2 km/s) and a high ratio of Vp/Vs (1.85-2.0) in the mid-crust of the NW Plateau
at a depth of 10-25 km. The analysis also identified homogeneous crust beneath most
of the Afar stations, except for faster material (4.5 km/s) observed in the upper-mid crust
beneath the magmatic segment, which is the current locus of extension. Conversely, the
magmatic segment of Afar revealed slower Vs (3.2 km/s) and a high Vp/Vs (2.0) at deeper
crustal depths (20-25 km). Furthermore, slow Vs (sim3.2 km/s) and a high Vp/Vs (>1.9)

were inferred beneath the NW Plateau, indicating the presence of partial melt. These results
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suggest the presence of mafic crust with fluid phases, such as partial melt, beneath Afar and
the NW Plateau. They have important implications for our understanding of the tectonic
processes and geodynamic evolution of the region. The study provides valuable insights
into the crustal structure and composition of the area and could pave the way for further

research.
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CHAPTER 5

CRUSTAL THICKNESS ESTIMATES BENEATH THE ETHIOPIAN PLATEAUS
AND NORTHERN MAIN ETHIOPIAN RIFT

Abstract

This study explores the lithospheric structure in the Northwest (NW) plateau, Northern
Main Ethiopian Rift (NMER), and Southeast (SE) plateau using Receiver Functions (RFs)
derived from teleseismic waveform data 30° — 30°. Both plateaus experienced uplift from
plume activity and flood basalt volcanism. The Nubian Plate on the western plateau has a
more mafic composition (Vp/V's ~ 1.6) compared to the Somalian Plate (Vp/V's ~ 1.6 to
1.8). High shear wave velocities (Vs) exceeding 4.5 km/s at depths of 7—30 km beneath the
NMER suggest intruded material, solidified mafic intrusions, or cooled magmatic intrusion.
The crust beneath the NMER also shows high Vp/V's values exceeding 1.9 below 35 km,
indicating potential partial melt from the upper mantle due to magmatic activity or different
crustal compositions. To the northwest of the NMER, regions with high Vs exceeding 4.5
km/s are underlain by lower Vs values of 3.0 — 3.3 km/s, while a high Vp/V's ratio of
1.9 — 2.0 1s observed at depths of 25 — 35 km. On the southeast side, high Vs values of 4.4
km/s at 15 km depth suggest intrusive material, accompanied by low Vs values and high
Vp/V s ratios exceeding 1.9, indicating partial melting or magmatic fluid release. Across
the rift axis, the crust thickness varies from 36 — 44 km in the NW plateau to 38 — 42
km in the SE plateau. These variations in crustal thinning and lithospheric composition
support the hypothesis of magma-assisted rifting as the region transitions from continental

to oceanic rift.

5.1 Introduction

The East African rift architecture is an ideal place to study the evolution of continental ex-
tension, lithospheric rupture, and focused continental deformation (Corti, 2009; Ebinger,

2005). Lithospheric Extension from continental rifting to sea-floor spreading due to the
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rise of magma and axial dyking (e.g., Ebinger and Casey, 2001) appear to cause compa-
rable amount of strain than normal faults (Rowland et al., 2007). Subsequently, however,
magma injection replaced mechanical failure as the dominant strain accommodation mech-
anism (Cornwell et al., 2010; Ebinger and Casey, 2001). The Nubian and Somalian plate
extension is driven by a combination of mechanical (Hayward and Ebinger, 1996); Hop-
per et al., 2004) and magmatic (Buck, 1991) extension. Furthermore, it is still unknown
how much of the Ethiopian rift extension is occupied by magma intrusion and where the
magma is kept in the crust below the rift. Geophysical observations such as MT (Whaler
and Hautot, 2006), seismicity investigations (Keir et al., 006b), and geochemical studies
(Rooney et al., 2005, 2007) indicate dyke intrusion largely facilitates extension in the MER
without marked crustal thinning (Bastow et al., 2010; Cornwell et al., 2010; Dugda et al.,
2005; Stuart et al., 2006). However, according to GPS data, 80 percent (Bilham et al.,
1999) of the current extension is concentrated in the magmatic segments where the locus
of extension is mainly focused due to dike intrusion (Ebinger and Casey, 2001; Keranen
etal., 2009). When tectonic forces are required to generate extension via faulting or ductile
stretching, the presence of melt-filled fractures caused by magma injection that weakens
the lithosphere allowing rifting (Bastow et al., 2010; Buck, 2004). This study constrains a
P to S wave receiver function analysis in one profile from 10 temporary seismic stations.
Therefore, the purpose of this work is to estimate the crustal structure of the NW plateau,
the NMER, and the SE plateau (Figure 1) using teleseismic data collected from 2000-2003
and 2008-2009.

Previous research has shown that the extension of the Nubian and Somalian plates is the
result of both mechanical and magmatic processes. However, the specific extent and lo-
cation of magma intrusion beneath the rift remain uncertain (Agostini et al., 2011; Corti,
2009, 2012; Ebinger et al., 2017). To address this knowledge gap, this study aims to pro-
vide insight into the crustal structure of the Northwestern plateau, the North MER, and the
Southeastern plateau by analysing teleseismic data collected from 2000 to 2002 and 2008
to 2009. Specifically, we employed a P to S wave receiver function analysis using signals
from teleseismic earthquakes with magnitudes greater than 6 mb and epicentral distances
between 30° and 95° (Figure 5.3). By using purely passive sources seismic signals, we can
analyse the crustal thickness and internal structure of the NMER and neighbouring plateaus
(Ahmed et al., 2022; Chambers et al., 2019; Hammond, 2014; Hammond et al., 2011). Our
primary focus is to understand how magma has influenced the mid- to lower crustal struc-
ture of the study area located beneath the rift and plateaus. We constructed 2D Vs and 2D
Vp/Vs profiles to illustrate the solidified and melted regions of the rift and plateaus (Ki-

bret et al., 2022, 2023). It is worth noting that although similar receiver function studies
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have been conducted in the rift and adjacent plateaus using a different alignment profile,
this study specifically emphasizes the study area along a single profile (Figure 5.1).

NW PLATEAU,
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Figure 5.1: Location map of the temporary seismic stations in the MER, Northwestern and
Southeastern plateau. The green inverted triangles are stations locations. The red polygon
in the inset map to the top left is the study area. The MER refers to the Main Ethiopian rift.
The seismic data from these white stations are obtained from the Ethiopia Afar Geoscien-
tific Lithospheric Experiment (EAGLE) and Afar Consortium Network (AFAR) projects.
Small red circles are locations of earthquakes for the time period 1960 to end of 2022 are
downloaded from http://www.iris.washington.edu
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The results of our analysis will provide insight into the distribution and extent of magmatic
intrusion in the region and how it may be affecting the lithosphere’s ability to accommodate
strain. By understanding the crustal structure, we can also gain a better understanding of
the tectonic processes that are driving the extension in the East African Rift system. Our
study is a valuable contribution to the ongoing efforts to unravel the complex geological

history and evolution of the region.

5.2 Previous constraints on crustal structure and seismicity
5.2.1 Previous crustal structure studies

Constraints on the crustal structure observed solidified materials beneath parts of the NW
plateau from several geophysical techniques including ambient noise (Chambers et al.,
2019; Eshetu et al., 2021), radial seismic anisotropy (Chambers et al., 2021; Kendall et al.,
2006), H-k stacking of receiver functions (Ahmed et al., 2022; Dugda and Nyblade, 2006;
Hammond, 2014; Hammond et al., 2011; Wang et al., 2021), magnetotellurics (e.g., Sam-
rock et al., 2018, 2015), and gravity modelling (Cornwell et al., 2006; Lewi et al., 2016;
Mabhatsente et al., 1999; Mammo, 2013; Mickus et al., 2007; Tessema and Antoine, 2004;
Woldetinsae and Gotze, 2005). The high seismic velocities in the seismic studies and the
high positive Bouguer anomalies in the gravity studies favours an interpretation of their
origin being a solidified mafic intrusion (Chambers et al., 2019; Cornwell et al., 2006; Ma-
hatsente et al., 1999; Tiberi et al., 2005). Likewise, some research found high Vp/Vs ratios
and high seismic velocity zones along the rift axis, which were interpreted as signs of the
presence of a molten fraction in fractures within solidified mafic intrusions (e.g., Daly
et al., 2008). Moreover, the EAGLE active source experiment also observed a fast Vp
layer in the lower crust coupled with a dense lower crust beneath the northwestern plateau
(Chambers et al., 2019; Cornwell et al., 2006; Mackenzie et al., 2005; Maguire et al., 2006).
In contrast, ongoing magmatism and partial melt in the lower crust are also observed from
the different geophysical studies such as magnetotelluric (Whaler and Hautot, 2006) and
seismic anisotropy (Bastow et al., 2010; Kendall et al., 2005; Paulatto et al., 2010). The
western rift boundary (Nubian plate), which has a crust that is thicker (40—43 km) than the
eastern flank (Somalian plate) (38—40 km), is thought to have a mafic crust with partial melt
and Vp/Vs >2.0. In general, there is a strong association between the locations of slow Vs
from seismology and high conductivities, providing more evidence that these anomalies
are produced by partial melt (Chambers et al., 2019; Whaler and Hautot, 2006). However,
the deeper high conductivity anomalies are thought to be formed by partial melt in the sub-

volcanic plumbing system, whereas the shallowest anomaly is thought to be created by
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hydrothermal fluids (Ebinger et al., 2017; Hiibert et al., 2018).

In Table 5.1, we provide a summary of earlier discoveries of the crustal thickness deter-

mined from the seismic and gravity methods.

Table 5.1: A Summary of the findings of previous receiver function studies and gravity modeling to
calculate the Moho depth in MER, Southeastern and Northwestern plateau.

. Moho (km) Moho (km)
Location Source ) Source
RFs Gravity

Cornwell et al. (2006);
Emishaw et al. (2017);
Mickus et al. (2007);
Tiberi et al. (2005);
Mahatsente et al. (1999);
Mammo (2013)

Dugda et al. (2005);
MER 2740 Keranen et al. (2009); ~32-38
Mackenzie et al. (2005)

Dugda et al. (2005);

Stuart et al. (2006); Mabhatsente et al. (1999);

Cornwell et al. (2010); Tessema and Antoine (2004);
E plateau | 32-44 34-38

Hammond et al. (2011); Cornwell et al. (2006);

Hammond (2014); Mickus et al. (2007)

Mackenzie et al. (2005)

Mabhatsente et al. (1999);
Mammo (2013);

Tessema and Antoine (2004);
Cornwell et al. (2006);
Woldetinsae and Gotze (2005);
Mickus et al. (2007)

Hammond et al. (2011);
W plateau | 3848 Stuart et al. (2006); 38-51
Wang et al. (2021)

Compared to the NW plateaus, the MER has a typically thinner crust and a greater Vp/Vs
ratio (Ahmed et al., 2022; Chambers et al., 2019; Hammond et al., 2011). Beneath the rift
valley crust, Vs is heterogeneous laterally and with depth. In particular, slow Vs and high
Vp/Vs ratio is localized beneath volcanic centres in the upper-mid crust but ubiquitously
slow in the lower crust. In particular, slow Vs and high Vp/Vs ratio are restricted to the
upper-mid crust beneath volcanic centres but are pervasively sluggish in the lower crust
(Chambers et al., 2019; Hammond et al., 2011; Kibret et al., 2022). Prior seismic and
gravity investigations have increased our understanding of a wide zone of heavily intruded
mafic crustal underplate and/or frozen magmatic segment in the axis of the MER south of

Fentale Volcano with seismic velocities similar to oceanic crust (Daly et al., 2008; Dugda
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et al., 2005; Ebinger and Casey, 2001; Keranen et al., 2004; Mackenzie et al., 2005; Stuart
et al., 2006; Tiberi et al., 2005). Additional magnetotelluric (MT) investigations in the
CMER have revealed high conductivity anomalies linked with hydrothermal fluids and
young surface volcanism in the topmost crust at ~1-2 km and the upper crust at ~3-6
km depth (e.g., Whaler and Hautot, 2006). Similar deep high conductivity anomalies,
interpreted as evidence of partial melt in the subvolcanic plumbing system, were found in
the mid-to-lower crust at depths of 15-25 km beneath the rift axis (Desissa et al., 2013;
Ebinger et al., 2017; Hammond, 2014; Hiibert et al., 2018; Johnson, 2012; Kibret et al.,
2022, 2023). Generally speaking, there is a good correlation between the areas of slow Vs
from seismology, low-density material from gravity measurements, and high conductivities

from MT, providing credence to the idea that these anomalies are caused by partial melt.

This study analyses data from a single profile aligned 10 temporary broadband seismic
stations along the North-South direction in order to provide crustal thickness and Vp/Vs
result using station-specific mean crustal Vp. Using these values, we then constrain the
distribution of melting to investigate the nature of the crust underlying the plateaus and
the MER. By evaluating the crustal composition and melt characteristic of the MER and
the adjacent plateaus, we then try to provide the typical rifting characteristic of the region.
This work tries to characterize additional constraints on the hypothesis that the rifting of
the MER is highly facilitated by the solidified intrusion and localized melt.
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5.2.2 Previous Seismicity Studies
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Figure 5.2: The faults which cut lavas, magmatic segments in the Miocene border faults
around MER. Fault plane solutions scaled to local magnitude of 1.17-5.3 (adapted from
Keir et al., 2006a).

The evidence presented in Figure 5.2 strongly supports the notion that faults exhibiting
a normal dip-slip mechanism are prevalent in the earthquake focal mechanisms studied
in Ethiopia. These faults predominantly align in a north-to-northeast (NNE) direction.
Through detailed analysis of these focal mechanisms, it is consistently observed that the
orientation of the minimum compressive stress corresponds closely to an eastward azimuth
of approximately 103 degrees from North. This alignment is further supported by the

convergence of geodetic data and global plate kinematic constraints, providing substantial
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reinforcement to the correlation between them (Keir et al., 2006a).

5.3 Data and Methods
5.3.1 Data

We use data from temporary seismic deployments in the Main Ethiopian Rift (MER) and
surrounding plateaus. The data were acquired from the legacy temporary network project
that was conducted from 2000 to 2002 and 2008 to 2009 recorded by three-component
broadband Guralp CMG-6TD and Guralp CMG-ESPCD seismometers with a 50-Hz sam-
pling rate. The data were collected from the Ethiopian Broadband Seismic Experiment
(Nyblade, 2002), the Ethiopia Afar Geoscientific Lithospheric Experiment (EAGLE) (Bas-
tow et al., 2005). We downloaded the teleseismic waveform data from the Incorporated

Research Institutions for Seismology (IRIS) Data Management Center (DMC) archive.

Figure 5.3: The red circular symbols represent the locations of teleseismic earthquakes that
occurred between 2000-2002 and 2008-2009 with a magnitude greater than or equal to 6
mb and within epicentral distances between 30° and 95° which is denoted by brown circles.
The red triangle in the centre of brown circles represent the study area. These earthquake
data were recorded by the Ethiopia Afar Geoscientific Lithospheric Experiment (EAGLE)
and Afar Consortium Network (AFAR) projects.
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5.3.2 Method

Receiver function (RF) technique, a popular time-series method to image the crust and up-
per mantle and seismic velocity (Ammon, 1991; Ammon et al., 1990; Dugda et al., 2005;
Kibret et al., 2019, 2022; Langston, 1979). When a seismic wave strike an interface be-
tween two layers the have possible case of being converted from the direct P to S wave. The
RF is calculated by the deconvolution of the radial or transverse component of the seismo-
gram from the vertical component. Therefore, the method makes use of the amplitude and
timing of the P to S wave conversions (Ps) and reverberation from discontinuities under-
neath a seismic station (Figure 6-2) (Ammon, 1991; Langston, 1979) to get interpretable
results that constrain the underlying geology. We show the schematic diagram of the direct
P phase and the converted wave forms in the radial receiver function calculation obtained

from the deconvolution of vertical with radial component at a seismic station (Figure 6-2).

P Free Surface
(A) (B)
P-Wai
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PpPs S-wai
Layer

PsPs + PpSs F’IDPS}P/S_'_Pg(F’ P’/s
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Figure 5.4: (A) is a receiver function that shows the direct P-wave and the reverberations
(Ps, PpPs, PsPs + PpSs) and (B) is a graphical representation ray diagram of receiver func-
tions identifying the major P- to S converted phases that illustrates the direct P, Ps, PpPs
and PpSs phases that comprises the receiver function for a single half-space.

The study applied RFs technique which utilized teleseismic earthquake with a magnitude
of > 6.0 and epicentral distance of 30° to 90° Ammon (1991); Langston (1979). The range
of epicentral distance helps to avoid triplication caused by multiple arrivals in the direct P-
wave occurring at distances <30° and multiplication from core mantle boundary for signals
with epicentral distances >90° (Figure 5.3). The signals used in the study are those which
show clean P arrival and is cut with a cosine taper function for a length of 50 s (10 s before

and 40 s after onset of the P-wave arrival).

The parameter determining width of the Gaussian filter was set to o = 1.0 for each de-
convolution. Then, a low-pass Gaussian filter removes high-frequency noises that are not

filtered by the deconvolution to acquire better P onset arrival time. To get better quality of
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P-to-S converted phases and its multiples all selected and pre-processed RFs in one station

are stacked before the beginning of 1D velocity inversion.

During the inversion, the study applies ak135 VM (Kennett et al., 1995) as the initial VM to
calculate the best fit velocity structure. By using the initial VM and the Gaussian width pa-
rameter of ~1.0 (Ammon, 1991; Ammon et al., 1990; Randall, 1989; Zandt and Ammon,
1995) the synthetic RFs and the corresponding 1D velocity values are iteratively calculated
from the stacked RFs using the open-source code from Computer Programs for Seismology
(CPS) (Herrmann and Ammon, 2002; Kibret et al., 2022; Stuart et al., 2006). The iteration
halts when the synthetic receiver function (blue colour) begins to repeat itself without hav-
ing significant modification during fitting process with the observed receiver function (red
colour) (Kibret et al., 2019; Ligorria and Ammon, 1999). The final level of best fit calcu-
lated RF is checked by using both visual inspection and the calculated percentage of signal
power fit. Accurate calculations of the crustal thicknesses from Vs and Vp/Vs are made
using synthetic RF from all ten stations under the MER and the surrounding NW and SE
plateaus (Figure 6-6).

The 1 D VM for each station is changed to the 2 D VM for the profile using the Delaunay
triangulation interpolation method. This technique uses a number of known calculated
velocities to predict a number of unknown velocities (Kibret et al., 2022; Ping et al., 2009).
The 2 D velocity versus depth plot and interpolation are estimated and modelled using the
GMT plotting tool (Wessel et al., 2019).

The Moho depth, crustal thickness, and the Vp/Vs ratio are all significantly influenced by
the average crustal Vp values (Youssof et al., 2013). The average Vp values for each station
are applied to identify the crustal material properties and Moho discontinuities at the P-to-S
wave conversions point. The topography of the Moho along the profile is evident as the line
drawn through the 2 D Vp/Vs and 2 D Vs strong contrast at the bottom of the lower crust
(Figure 6-6).

5.4 Results and Discussions
5.4.1 Results

Observed and Synthetic Receiver Functions

Figure 5.5 plots the observed and synthetic receiver function with degree of fit >90%.
Crustal thicknesses, Vs and Vp/Vs at every 2 km depth are calculated from synthetic RFs of
the ten stations under the MER and the surrounding NW and SE plateaus (Figure 5.7). The
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first results which are calculated in the inversion processes are the simple stack observed
RF models that contains the arrival times of the Ps and the remaining multiple phases.
Hence, the synthetic RF models are iteratively generated with the corresponding VM until
we obtain the best fit model that take the possible highest percentage of fit, which are
>90% (Figure 5.5 and Table 5.2). The red RF models are the observed waveform and the
blue ones represents the synthetic models. The observed RFs models are obtained from the
deconvolution of the radial component from the horizontal component of the teleseismic

earthquakes.

Figure 5.5 shows a relatively excellent fit between observed and calculated RFs. The in-
verted VM shows normal crustal properties beneath the NW plateaus station, but high-
velocity values (>4.0km/s) are recorded beneath INEE station. A very slow Vs value was
obtained below the high-velocity zone at depths of 26—40 km, which is unusual compared
to previous studies in the area. The slow Vs material reaching a depth of ~40 km suggests

the possible presence of free fluid phase in the continent.
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Figure 5.5: Receiver functions of 10 stations which were deployed in the NW plateau,
MER and SE plateau. The red RF models represent the observed while the blue RF in the
background are the synthetic waveforms. The delay time contrast given for the P wave for
all stations is ~10 s. The direct P arrival with the largest amplitude is denoted by the letter
P, and the converted form of P to S is the letter Ps. The station name is represented by the
four alphabetic words to the left of each RF, and the three numbers, from top to bottom,
stand for the Gaussian parameter, the percentage of fitness, and the ray parameter of the
receiver functions.
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Table 5.2: Values of Vs at various depths beneath four permanent broadband Stations which are
deployed at various geological structures such as rifting and uplifted plateaus. Locations of the
stations and resulting values for Moho and the Vp/Vs ratio.

Station | Lat. N° | Long. E° | Elevation (m) Number | Percentage | Moho
of RFs of fit (%) depth (km)
GASE | 11.68 38.99 2933 31 96.7 42
AKEE | 10.89 39.20 3253 27 99.0 36
INEE | 9.895 39.24 2647 6 90.8 44
KOTE | 9.387 39.50 2932 25 98.2 36
AREE | 8.990 39.51 1776 21 98.3 36
BORE | 8.845 39.65 1182 24 98.7 38
NAZA | 8.568 39.40 1701 8 94.8 46
DIKE | 8.262 39.70 2712 25 98.2 40
ADEE | 7.791 39.99 2470 25 98.9 44
GOBA | 7.027 40.00 2640 21 97.5 42

The 2D velocity model (VM)

Figure 5.6 shows the 1 D Vs models of each station. We built one profile that spans the
MER from the NW plateau to the SE plateau. Then, the 2D profiles in Figure 5.6 are plotted
using the Delaunay triangulation technique. The blue synthetic RFs in Figure 5.5 are used
to compute the 1D VM for the depth range of 2 to 60 km. The blue-colour nearly vertical
line is the ak135 initial VM (Kennett et al., 1995) in a homogeneous half-space medium.
The ak135 initial VM represents a Vs of ~4.48 km/s is an approximate average velocity of
global VM (Kennett et al., 1995).
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Figure 5.6: The Vs models obtained by inverting receiver functions for the 12 seismic
stations. The inversion results in these plots were obtained using programs by Ammon
(1991). The Moho is interpreted as the depth at which there is a sharp increase in Vs.
The black arrow displays the estimated Moho obtained from the Vs velocity gradient. The
Moho depth is indicated by the second number in the bracket, while the first number in the
bracket denotes the Vs value at the Moho discontinuity.

At the GASE station, the Moho depth was estimated to be 42 km, and the corresponding Vs
value was ~3.8 km/s. Whereas, the relatively shallower Moho depth of ~36 km observed
beneath AKEE station, with a similar Vs value of 3.8 km/s. At the INEE station, a deep
Moho depth of ~44 km was observed, with a very high velocity discontinuity. At the KOTE
station, a very small velocity discontinuity was observed at an estimated Moho depth of
around 4.4 km/s. In contrast, a remarkable velocity discontinuity was observed beneath the
AREE station, where the velocity jumps from 3.6 km/s to approximately 4.0 km/s. Beneath
the BORE station, the velocity was observed to be homogeneous, without any remarkable
velocity discontinuity. However, a small discontinuity was observed at a depth of around
38 km, with a value of approximately 3.6 km/s. Next to the BORE station, beneath the
NAZA station, a high velocity material was observed at the most shallow depth, from 5
to 20 km, which was underlain by a low velocity material to a depth of around 46 km.
However, beneath NAZA, a high velocity discontinuity was observed at the deepest depth.
Finally, relative high velocity discontinuities were observed beneath the DIKE, ADEE, and
GOBA stations at depths of 40 km, 44 km, and 42 km, respectively, with corresponding Vs
values of 4.0 km/s, 4.2 km/s, and 4.0 km/s.

The Two Dimensional Vs and Vp/Vs Models

The 2D Vs and Vp/Vs models (Figure 5.7) displays interesting geological features of the
Northwestern (NW) plateau and the Main Ethiopian Rift (MER) region. In the NW plateau,
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a high-velocity material is observed at a depth of 12 to 22 km + 2 km from the surface,
with a velocity of >4.3 km/s, in contrast to the lower-velocity materials beneath the INEE
station, which is a relatively low-elevation area. Below this high-velocity material, a low-
velocity material of <3.4 km/s covers a vast area ranging from the location of INEE station
to the AKEE station. However, in this area the Moho interface is observed beneath this

low-velocity material.
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Figure 5.7: (A) shows the 2D Vs model drawn from the 1D Vs result using the Delaunay
triangulation technique. The black line above Figure A represents the topography of the
region on which the profile passes. (B) indicates the 2 D Vp/Vs plot. The black line in
the 2 D plot of both models show the Moho interface indicated in the 1D models of the Vs
model.

On the other hand, in the MER region, a very high-velocity material is localized beneath the
topmost crustal layer, ranging from the AREE, BORE, and NAZA stations, for the entire
depth range. This high-velocity material of >4.6 km/s is observed without any discontinu-
ity throughout the upper-to-mid and lower crusts (Maguire et al., 2006; Mahatsente et al.,
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1999), except at the interface where the Moho interface is observed on the NW and SE

plateaus.

The study indicates that the low-velocity material observed beneath the INEE and AKEE
stations to be high Vp/Vs material. Furthermore, a high Vp/Vs material was observed in
the deepest layer of the lower crust, beneath the NMER, with a discontinuity observed at
the interface between this material and the high Vs material. The Moho layer, which lies
underneath the rift zone, is identified as high Vp/Vs material in the region. Additionally,
the Vs at depths shallower than 30km beneath the NMER is >4.6km/s, which is toward the
higher end of globally prevalent velocities. However, beneath the NMER, there is a slow
Vs body at a deeper depth beneath the high Vs material in the study (Figure 5.6).

The Moho Interface

The results show significant variations in the Moho depth and velocity structure in the
study area. The deeper Moho depth observed at the INEE station, along with the sharp
velocity discontinuity. The KOTE station, on the other hand, showed a relatively homo-
geneous lithospheric structure, with a small velocity discontinuity observed at a shallow
Moho depth.

5.4.2 Discussion
The Moho Interface

The deeper Moho depth observation at the INEE station, along with the sharp velocity
discontinuity, suggests a significant change in the composition and/or temperature of the
lithosphere at this location (Chambers et al., 2019; Cornwell et al., 2010; Stuart et al.,
2006). This could be indicative of a complex tectonic history or the presence of a deep-
seated geological feature in the area. The relatively shallower Moho depth observed at the
AKEE station, despite having a similar Vs value to the GASE station, could be attributed
to differences in the crustal composition and tectonic history between the two locations.
Homogeneous lithospheric structure, beneath the KOTE station with a small velocity dis-
continuity observed at a shallow Moho depth could be indicative of a more stable and

uniform tectonic setting in the area (Kibret et al., 2022).

Lithospheric structure and Compositions

The results obtained from the iterative inversion technique show significant variations in
the lithospheric structure and composition at different depths in the study area Ebinger
and Sleep (1998); Stuart et al. (2006). The remarkable velocity discontinuity observed
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beneath the AREE station indicates a significant change in the lithospheric composition
or structure at this depth, which could be related to tectonic activity or the presence of
a geological feature. The absence of a significant velocity contrast at the BORE station
suggests a more uniform composition and structure of the lithosphere in this region, which
could be attributed to a stable tectonic setting. However, the small discontinuity observed
at a depth of around 38 km could indicate some heterogeneity in the lithospheric structure
at this location, possibly related to the Northern Main Ethiopian rift, where melting and
intrusion are usually observed (Cornwell et al., 2006, 2010; Keranen et al., 2009).

The High Vs Materials

The high velocity material observed at the most shallow depth beneath the NAZA station,
which was underlain by a low velocity material at a depth of around 46 km, suggests a
layer of denser intruded material at the shallowest depths (e.g., Stuart et al., 2006), which
is then underlain by less dense material at greater depths. The high velocity discontinuity
observed at the deepest depth beneath NAZA indicates a significant change in the litho-
spheric composition or structure at this depth, which could be related to a deep-seated
geological feature or tectonic activity. This observation may be attributed to frozen mafic
rock in a high Vs through the lower crust could be due to recent magmatic activity beneath
the NMER and the Northwestern plateau (Kibret et al., 2019; Mackenzie et al., 2005).

Specifically, our observation to the NW side of the MER might support previous findings
that the magma-driven modification of the crust (Bastow et al., 2008; Chambers et al., 2019;
Eshetu et al., 2021; Keranen et al., 2009). Our finding of high Vs beneath the MER and the
plateau region might strengthen the previous understanding of extensive extent of intrusion
into the upper crust along the NW plateau and NMER (Bastow et al., 2008; Chambers
et al.,, 2019). The crustal intrusion beneath the MER is mainly composed of solidified
mafic intrusions beneath the magmatic segments, which is consistent with previous beliefs
(Cornwell et al., 2010; Kibret et al., 2023). The slow Vs body beneath the high Vs material
in Figure 5.6 is interpreted as evidence for the presence of partial melt. The observed crustal
structure beneath NW plateau is consistent with the interpretation that the crust beneath the
northwestern side of Afar and the MER has been significantly modified by magmatism
(Bastow et al., 2011, 2008; Kendall et al., 2005; Keranen and Klemperer, 2008; Kibret
etal., 2022, 2023). However, the intrusion into the upper crust along the western side of the
NMER might be more significant than previously thought. The high-velocity zone beneath
INEE station could be due to the presence of cooled magmatic intrusion or deep-seated

magma reservoirs.
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The high Vs materials beneath the NMER (>4.2km/s) are consistent with the presence of
upper-lower crustal mafic intrusion . The cause for the existence of the intrusion under
the rift floor could be partial melting in the lithosphere. The observed Vs beneath the
MER shows that the crust is continental, with mainly solidified mafic intrusions beneath
the magmatic segments. The low Vp/Vs material in Figure 5.6 is also observed in light
of independent constraints of high conductivities observed in MT studies and gives new
insights into the storage of melt under an on-axis volcano like previous observation in the
CMER (Chambers et al., 2019; Hiibert et al., 2018; Samrock et al., 2018, 2015).

The high-velocity material in the MER could be due to the availability of high-velocity
intruded material. Most Vs and depth H beneath the NW plateau are similar to the global
average crustal structure, suggesting that the crust on the Southeastern side of the MER has
not been significantly modified by plate thinning and intrusion supporting previous studies
in which the crustal thickness beneath the SE plateau seems to be homogeneous at about
42 km =+ 2 km, with Vs of ~4.5 km/s. The result strengthens previous geophysical studies
(Dugda et al., 2005; Hammond et al., 2011; Mahatsente et al., 1999; Mammo, 2013; Stuart
et al., 2006) contrasting the crustal material of the NMER >4.6 km/s.

The Low Vs Materials

The slow Vs material beneath the NW plateau could be due to low Vs partial melting or
the release of magmatic fluid from the mantle. The high availability of magmatic material
beneath the NW plateau compared to the MER is indicated by the existence of melt and/or
fluid beneath AKEE and INEE stations . The source of the low velocity beneath these sta-
tions could be the accumulation of hot H2O-rich fluid composition in the lower crust or the
induction of partial melting of suitable composition (e.g., Reed et al., 2014). Likewise,
beneath INEE and AKEE stations the observation of a low Vs and a high Vp/Vs materials
might be due to the availability of partial melting (Kibret et al., 2019; Maguire et al., 2006).
This discovery is consistent with prior research that has identified partial melting beneath
the Northwestern plateau (Chambers et al., 2019; Keranen et al., 2009; Kibret et al., 2023).
Furthermore, at the deepest layer in the lower crust, beneath the NMER, high Vp/Vs ma-
terial has been observed, and a discontinuity has been noted at the interface between the
high Vs material and this layer. Seismic velocities beneath the NMER (>4.2km/s) are con-
sistent with the presence of upper-lower crustal mafic intrusion. This matches with our 1D
velocity model (Figure 5.6). The cause for the existence of the intrusion under the rift floor
could be partial melting in the lithosphere (Jentzsch et al., 2000). This shows that the crust

beneath the MER is continental, with mainly solidified mafic intrusions beneath the mag-
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matic segments as previously believed in the MER (Keranen et al., 2009). Beneath the high
Vs material, there is a slow Vs body at the deeper depth.

This low Vp/Vs material in Figure 5.6 is also observed in light of independent constraints
of high conductivities observed in MT studies and gives new insights into the storage of
melt under an on-axis volcano like previous observation in the CMER (Hiibert et al., 2018).
A similar low Vs and high Vp/Vs is observed in Afar, Semera and interpreted as evidence
for the presence of partial melt (Ahmed et al., 2022; Desissa et al., 2013; Kibret et al., 2019;
Lewi et al., 2016). This interpretation is strengthened by InSAR analysis beneath the MER
and shows a broad zone of significant volcanism, and the mantle beneath is characterized
by high temperatures and partial melt (Biggs et al., 2011). In light of previous results, the
observed crustal structure beneath NW plateau is consistent with the interpretation that the
crust beneath the northwestern side of Afar and the MER has been significantly modified
by magmatism. Our results suggest that intrusion into the upper crust along the western

NMER might be more significant than previously thought.

Our two-dimensional image (Figure 5.7) provides valuable insights into the subsurface
structure beneath the axial volcanic systems of the Northern Main Ethiopian Rift (NMER).
Notably, at a depth of approximately 35 km, we observe a distinct region characterized by
low shear wave velocities (Vs) and high Vp/V s ratios exceeding 1.9. This observation
suggests the presence of partial melt in this depth range, which may have a direct connec-
tion to the uppermost crust. The existence of such partial melt supports previous models
proposing the coexistence of high and low Vs materials at various depths throughout the
rift (Chambers et al., 2019; Kibret et al., 2022; Stuart et al., 2006). This finding further rein-
forces the notion that the upper and lower crust beneath the rift flanks, where volcanic and
hydrothermal activities are ongoing at the surface (Korostelev et al., 2015), are influenced

by these variations.

Additionally, our study reveals the presence of a substantial body of material with high Vs
values exceeding 4.6 km/s within the depth range of 7-30 km. This finding aligns with
previous models and indicates the occurrence of high Vs materials throughout the rift, al-
though the exact depth range remains undefined (Chambers et al., 2019; Kibret et al., 2022;
Stuart et al., 2006). This high Vs material likely contributes to the strengthening of both
the upper and lower crust. We propose that the low Vs material observed beneath this high
Vs region represents a solidified magmatic intrusion in the actively developing rift valleys.
It is widely believed that the initial extension in the region is primarily accommodated by
border faulting, gradually localizing to narrower segments of axial volcanism as the rift

valley widens (e.g., Ebinger and Casey, 2001; Korostelev et al., 2015).
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The Moho depth

The relative high velocity discontinuities observed at depths of 40 km, 44 km, and 42 km
beneath the DIKE, ADEE, and GOBA stations, respectively, suggest significant changes in
the lithospheric composition and/or structure at these depths. The change in lithospheric
composition in turn could be related to tectonic activity or the presence of geological fea-
tures. Moreover, our empirical findings have divulged that the Moho depth in the study
areas ranges between 38 and 44 4+ 2km (Dugda and Nyblade, 2006; Eshetu et al., 2021;
Keranen et al., 2009; Kibret et al., 2022; Mahatsente et al., 1999; Stuart et al., 2006), a close
approximation to prior estimates. The Moho layer, which is present beneath the rift zone,
is supported by the observation of high Vp/V's material in this region. Furthermore, our an-
alytical investigations have unearthed some notable anomalies in the crustal structure. For
instance, the Moho depth beneath the NMER (BORE and NAZA) displays an anomalously
high Vs value of >4.5km/s (Keranen and Klemperer, 2008; Kibret et al., 2022) which could
be mafic intrusion clearly evident in the upper crust (Keranen and Klemperer, 2008), en-
veloping the entire crust except for the uppermost layer. Additionally, our findings reveal
that the seismic velocity structure of BORE is markedly disparate from the global average
continental crust and from other stations in the profile. This finding alludes to the existence
of unique geological processes occurring in this area, signifying a focal point for further

research.

Overall, these results provide valuable insights into the crustal structure and composition
in the Northwestern plateau and the Main Ethiopian Rift region, and can help advance our

understanding of the geological processes that have shaped these regions.

5.5 Conclusion

P-to-S Receiver Functions (RFs) were computed using teleseismic data (magnitude >6.0
and epicentral distance between 30 and 90 degrees) collected between 2000-2003 and
2008-2009 in 10 transient broadband stations in the NW plateau and the NMER. The
study explores the lithospheric structure of the Northwest (NW) plateau, Northern Main
Ethiopian Rift (NMER), and Southeast (SE) plateau using advanced techniques. The
plateaus have experienced uplift from plume activity and flood basalt volcanism. The crust
thickness on the Somalian plate is about 42 km, while the western plateau has a thicker
crust ranging from 38 to 42 km. The Nubian Plate on the western plateau has a more mafic
composition (Vp/V's ~ 1.6) compared to the Somalian Plate (Vp/V's ~ 1.6 to 1.8). Be-
neath the NMER, high shear wave velocities (Vs) exceeding 4.5 km/s at depths of 7 — 30

km may originate from various sources such as intruded material or cooled magmatic intru-
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sion. The crust beneath the NMER also exhibits high V' p/V s values exceeding 1.9 below
35 km, suggesting partial melt connected to the upper mantle. These observations indi-
cate ongoing magmatic activity or distinct pre-rift crustal compositions. Moving northwest
of the NMER, regions with high Vs exceeding 4.5 km/s are underlain by lower Vs values
ranging from 3.0 to 3.3 km/s, while a high Vp/V's ratio of 1.9 — 2.0 is observed at depths
of 25 — 35 km. On the southeast side, the crust demonstrates elevated Vs values of approxi-
mately 4.4 km/s at a depth of 15 km, suggesting possible intrusive material. Low Vs values
and high Vp/V s ratios exceeding 1.9 in this area may be associated with partial melting
or magmatic fluid release. Across the rift axis, the crust thickness varies from 36 — 44 km
in the NW plateau to 38 — 42 km in the SE plateau. These findings highlight substantial
variations in crustal thinning and lithospheric composition, indicating a connection to on-
going tectonic activity. The results support the hypothesis of magma-assisted rifting as a

plausible explanation for the transition from a continental to an oceanic rift in this region.
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CHAPTER 6

GENERAL DISCUSSION

The tectonically active region of Ethiopia and its surrounding areas have been a subject of
interest for geologists and geophysicists due to the intraplate volcanism, magmatism, in-
trusion, partial melting, and crustal heterogeneity that have been observed in the Afar and
the MER rift systems (Dugda and Nyblade, 2006; Keranen and Klemperer, 2008; Kibret
et al., 2022; Pik et al., 2003). Although much of the plateau in the study area is covered
by widespread flood basalt volcanism that started around 30 million years ago, the com-
plex interplay between tectonic, magmatic, and geological processes makes these regions
fascinating for research. Therefore, Geoscientists combine data from various sources to
gain a better understanding of the underlying processes that are shaping these dynamic and

rapidly evolving regions.

6.1 Plume-Related Influences

From a plume-related perspective, our research has discovered unusual features character-
ized by high-velocity materials (Vs > 4.5 km/s). These findings indicate the presence of
solidified magma that has played a significant role in facilitating the process of rifting. In
particular, we have observed a magmatic plume aligned with the rift axis in active rifted
areas like the Main Ethiopian Rift (MER) and Afar, where rifting, faulting, and volcanic
activity are prominent. These regions undergo continental rifting and weakening of the
Earth’s outer layer, which result from a combination of seismic activity and geological pro-
cesses such as the stretching and erosion of the Earth’s crust, intrusion of magma, and the
influence of a mantle plume (Bastow et al., 2011, 2008; Chambers et al., 2019; Dugda and
Nyblade, 2006; Keranen et al., 2009). However, our knowledge of the specific locations
and magnitudes of plume-related effects, including the distribution of solidified magma and
thermal erosion, is still limited. Therefore, further investigation is essential to enhance our

understanding of these plume-related phenomena in these regions.
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In our previous chapters, particularly in Chapter 3, 4, and 5, we have conducted a thorough
examination of how the plume influences faulting, tectonic extension, crustal heterogeneity,
and deformation. We have drawn insights from previous studies and made careful compar-
isons to ensure the accuracy of our findings. Our study incorporates existing knowledge
of key parameters like V), and density, and we have conducted detailed analyses of con-
ductivity within the study area (Dugda et al., 2005; Hiibert et al., 2018; Johnson, 2012;
Lewi et al., 2016; Mackenzie et al., 2005; Maguire et al., 2006; Mahatsente et al., 1999;
Mammo, 2013; Samrock et al., 2018, 2015). By studying the underlying materials beneath
each observation point and interpreting the overall geological profile, we aim to uncover
the powerful internal forces that shape the Earth’s surface. This research helps us deepen
our understanding of these dynamic processes and unravel the intricate mechanisms that
drive the initiation and progression of rift development (Rogers et al., 2000; Woldegabriel
et al., 1990; Wolfenden et al., 2004).

In Chapters 3, 4, and 5, we have conducted detailed analyses of unusual features that we
call anomalous bodies. These bodies have unique characteristics related to the location of
magmatic plumes and their effects. We have also found that these anomalies are associated
with continuous geological processes, such as faulting, volcanism, and dyking. By studying
seismic velocity measurements, we have been able to identify structures in the crust of the
Main Ethiopian Rift (MER) and Afar with both high and low velocities (Ahmed et al.,
2022; Dugda et al., 2007; Keranen et al., 2009; Kibret et al., 2022, 2023). This analysis has
provided valuable insights into how these structures contribute to the development of rifts
(Ahmed et al., 2022; Chambers et al., 2019; Keranen et al., 2009).

Our investigation has primarily focused on the Afar and MER rift systems, as they are
closely associated with mantle upwellings and the process of continental break-up (Bastow
etal., 2010, 2005; Chambers et al., 2019; Keir et al., 2006b). By carefully analyzing veloc-
ity contrasts using parameters such as Vs and Vp/Vs, we have uncovered the influence of
magmatic materials on the complex evolution of rifting (Keir et al., 2009, 2006a). More-
over, our study has not only identified these remarkable anomalies but has also provided
valuable insights into their specific distribution in space. We have observed that these
anomalies are predominantly concentrated along the rift axis, as shown in Figure 3.8 in
Chapter 3, where intense geological activities are visible on the Earth’s surface (Hammond
et al., 2013). It is important to recognize that these geological activities have implica-
tions beyond just the development of rifts. They intersect with various aspects, including
geohazards, geothermal phenomena, and volcanic eruptions, which have significant impli-

cations for governmental plans and decision-making in terms of development (Hiibert et al.,
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2018; Samrock et al., 2018, 2015). Therefore, our findings not only provide insight into the
complex nature of these phenomena but also offer valuable guidance for making informed

decisions in these domains.

6.2 Magmatic Intrusion & Partial Melting

The creation and development of rift systems like the Afar and MER are greatly influenced
by the presence of molten rock and the melting of rocks in the Earth’s crust (Hammond,
2014; Hammond et al., 2011; Hodgson et al., 2017; Hutchison et al., 0501). This process
occurs when magma from deep within the Earth interacts with the crust, causing certain
parts of the crust to partially melt. As the magma rises to the surface, it forms volcanoes
in regions like the Afar and MER (Ahmed et al., 2022; Chambers et al., 2019; Ferguson
et al., 2013; Rooney et al., 2014, 2011). By understanding these processes and how dif-
ferent layers of the Earth’s crust interact, we gain valuable insights into the formation and
characteristics of these unique geological features. It also helps us better grasp the powerful

forces that shape our planet and contribute to its ongoing transformation.

In the Afar and MER rift systems, we observe an asymmetrical pattern of partial melting,
with more frequent melting occurring in the southwestern plateau compared to the NW
plateau (Chambers et al., 2019; Keranen et al., 2009; Rooney, 2017). This asymmetry
highlights the strong link between magmatic activity and the tectonic processes driving the
formation and evolution of these rift systems. By studying these interactions and processes,
we can improve our understanding of the complex forces at play, which shape our world and
contribute to ongoing changes. This knowledge is essential for preparing and mitigating
risks associated with volcanic and tectonic activity. It allows us to implement effective

safety measures and build resilience in communities located near volcanic regions.

6.3 Fault-Magmatic Interplay

The interaction between solid rock and magma has important implications for the Earth’s
surface. It can create new faults, reactivate existing faults, and change the paths of magma
underground. This interplay affects the physical and chemical properties of the Earth’s
crust, as well as volcanic activity and seismic events related to the movement of magma
near the surface (Greenfield et al., 2019a,b; Ogden et al., 2021).

Understanding how faults and magma interact is crucial for gaining insights into the com-
plex processes that shape our planet’s surface and drive its evolution. In rifted areas like
Afar and MER, especially on the NW side of the rift, dense faults and intrusions are closely
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linked to magmatic activity (Ahmed et al., 2022; Chambers et al., 2021; Keir et al., 2009).
Observing magmatic intrusions in the form of sills and other intrusive bodies is a crucial in-
dicator of active magmatic processes in these areas (Ferguson et al., 2013; Hamling et al.,
2009; Wright et al., 2012). Geophysical techniques such as gravity surveys, seismic re-
flection surveys, and passive-source seismological mapping help us observe these intrusive
bodies and gain a better understanding of their characteristics (Ahmed et al., 2022; Bastow
et al., 2008, 2005; Hammond, 2014; Hammond et al., 2011; Kibret et al., 2019, 2022; Lewi
etal., 2016; Mackenzie et al., 2005; Maguire et al., 2006; Mahatsente et al., 1999; Mammo,
2013).

The magmatic intrusions in rifts and plateaus not only shape the physical features of the
region but also play a significant role in seismic activity. As strain builds up in the Earth’s
crust across the MER, magma intrudes at depths of around 10 kilometers, while faulting
or dike intrusion occurs in the brittle seismogenic zone (Keir et al., 2006b). Exploring the
intricate connection between magmatic processes and tectonic activity provides valuable
insights into the forces that shape the different lithospheric zones of the NEARS (North
East African Rift System) and how they interact.

In the remarkable landscapes of Afar and MER, we have made incredible discoveries about
the magmatic plumbing system in the upper crust. By comparing cutting-edge techniques
like InSAR and seismicity analysis, we have found that anomalous bodies tend to align
with active areas where episodic intrusions have been detected, particularly around vol-
canic segments. This provides valuable insight into the complex processes driving these
rift systems. What’s even more fascinating is that this magmatic system is not confined to
one region but also extends to the MER, suggesting that magma bodies exist in the shal-
low crust of volcanic centers and have longer lifespans than previously believed. These
groundbreaking discoveries, supported by the seminal work of Gleeson et al. (2017), pro-
vide a new understanding of the dynamic processes that shape the interaction between rifts

and plateaus.

6.4 Crustal Low Vs: A Causal Connection

Our observations of slow Vs (<3 km/s) at shallow depths beneath Afar, MER, and the
plateau margin, which are consistent with previous research (Benoit et al., 006b), suggest
that the crust in these areas is primarily composed of sedimentary and volcanic layers. We
have also found support for this conclusion through gravity analysis, which has identified
low-density lacustrine and clastic volcanic systems (Cornwell et al., 2006; Wolfenden et al.,
2004).
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Furthermore, the presence of low Vs (<3.5 km/s) in the lower crust above the Moho in-
terface (<45 km) indicates the existence of less modified mafic crustal material with fel-
sic intrusion or partial melt (Vp/V's > 1.9), which is commonly found in regions where
partial melting occurs (Chambers et al., 2019). This provides valuable insights into the

geodynamic processes of the rift systems and the role played by magmatism.

At depths of 20 — 25 km below the magmatic segment, we have observed slow Vs and high
Vp/V's, indicating the presence of partial melt, which serves as a major and long-term
magma storage zone. Recent studies have confirmed that these regions are indicative of
partial melting and have an influence on fault activity and thermal effects in the lower crust
(Annen et al., 2006; Chambers et al., 2019). The presence of partial melt carries significant

implications for the evolution of the rift system, necessitating further research.

In addition, the widespread distribution of melt-rich lower crust, as evidenced by slow Vs
(< 3.5 km/s) in Afar, MER, and the NW plateau (Bastow et al., 2005; Ebinger, 2005;
Wright et al., 2006), allows for significant transport of melt along the rift. The coexistence
of slow Vp/V s regions alongside fast Vs areas suggests the presence of subvolcanic melt
reservoirs that episodically deliver melt through mafic intrusion along the rift axis (Albino
and Biggs, 2021; Biggs et al., 2011).

Regarding the regions of slow Vs (< 3.2 km/s) beneath the NW plateau, we hypothesize
that they can be explained by the presence of a fluid phase or warmer temperatures (Kibret
et al., 2023). Computed Vp/V's values provide further support for the existence of par-
tial melt in specific localized areas beneath the NW plateau. This finding is additionally
confirmed by seismic imaging, deep crustal earthquakes, electrical conductivities, and bulk
crustal V' p/V's observations (Bastow et al., 2005; Chambers et al., 2019; Dugda and Ny-
blade, 2006; Dugda et al., 2005; Keir et al., 2006b; Keranen et al., 2009; Samrock et al.,
2018, 2015).

6.5 Crustal High Vs: A Causal Connection

Our 1D Vs modelling discovered seismic Vs variations at depths of 6-25 km in the Afar
and MER rift systems (Kibret et al., 2022, 2023). High Vs values (up to ~4.5 km/s) in
the upper to mid-crust of the Wonji fault belt and Afar rift axis indicate active magmatic
intrusions (Cornwell et al., 2006; Mahatsente et al., 1999; Rooney et al., 2014, 2011; Tiberi
et al., 2005). This suggests a significant role of magmatism in deformation and evolution
(Cornwell et al., 2006, 2010; Keranen et al., 2004; Mackenzie et al., 2005; Mahatsente
et al., 1999).
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Notably, high Vs values exceeding 4.5 km/s beneath the NMER establish a connection
between elevated Vs and magmatic intrusion, providing insights into continental rifting

processes compared to adjacent plateaus (Birhanu et al., 2016; Stamps et al., 2015).

In the CMER crust, high Vs materials (>4.5 km/s) indicate an upper crustal magmatic
plumbing system within the MER, similar to the Main Ethiopian Rift, and the presence
of magma reservoirs near volcanic centers (Cornwell et al., 2006; Gleeson et al., 2017;
Maguire et al., 2006; Mahatsente et al., 1999).

The interplay between magma-induced pressure and partially molten materials plays a cru-
cial role in rifting initiation and the transition to seafloor spreading (Bastow et al., 2011;
Ebinger and Casey, 2001; Makris and Ginzburg, 1987; Rooney et al., 2007; Stuart et al.,
20006).

High Vs materials (>4.5 km/s) in the mid-to-lower crust beneath the NMER and CMER
provide insights into rifting mechanisms (Chambers et al., 2019; Lavayssiere et al., 2018).
The EAGLE experiment observed a fast Vp layer in the lower crust and a dense lower crust
beneath the northwestern plateau, while receiver function analysis revealed reverberations
from the underplate boundaries (Cornwell et al., 2006; Lavayssiere et al., 2018; Mackenzie
et al., 2005; Maguire et al., 2006; Stuart et al., 2006). Extensive magmatic intrusion enables
magma transport along the rift, influencing fault activity and thermal effects (Chambers
etal., 2019).

6.6 The NW and SE Plateau crustal structure

The southeastern plateau of Ethiopia exhibits a uniform crustal structure with higher Vs
values and minimal slow Vs observations, indicating stable continental crust (Thompson
etal., 2010; Youssof et al., 2013, 2015). In contrast, the northwestern plateau shows a sharp
contrast between the plateau and rift, with significant magmatic modification (Chambers
et al., 2019; Mackenzie et al., 2005).

The presence of melt beneath the northwestern plateau can be attributed to decompression
melting of the asthenosphere or lateral migration of magma from the rift. Slow Vs and high
Vp/Vs regions are explained by the presence of a fluid phase, such as partial melt, sourced

from the asthenosphere or rift migration.

The findings of slow Vs and high Vp/Vs beneath the northwestern plateau and partial melt
in Afar shed light on rift-related magmatic processes, highlighting the role of pre-existing

weaknesses and partial melt in accommodating extension. This supports the distinct crustal
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structure of the northwestern plateau compared to Afar and contributes to our understanding

of rift system evolution and geodynamic processes.

In Afar, the uppermost crust exhibits variability, with slow Vs and high Vp/Vs observed
in regions containing sedimentary and volcanic materials, consistent with previous stud-
ies (Chambers et al., 2021; Hammond et al., 2011; Kibret et al., 2019). The lower crust
is generally uniform, except in magmatic segments where strain is concentrated. East of
the magmatic segments, high Vs and Vp/Vs consistent with intruded mafic rock are ob-
served, while slower Vs and high Vp/Vs suggest mafic crust with limited partial melt to the
west. This asymmetry in magmatic modification suggests ongoing processes between the

magmatic segment and the western Afar margin.

In the upper crust beneath the magmatic segment, high Vs and anomalously low Vp/Vs
indicate the presence of a gas phase and vigorous magmatic degassing from solidifying
intrusions and a hydrothermal system (Ebinger et al., 2017; Lee et al., 2016; Roecker et al.,
2017; Whittington et al., 2009).

6.7 Moho Depth

We constructed a continuous Moho map by interpolating RF constraints, capturing the
variability of Vs and Moho in the NW plateau and Afar. Our interpretation assumes Moho
depth at the large velocity gradient, consistent with previous studies (Ahmed et al., 2022;
Bello et al., 2021; Clitheroe et al., 2000; Collins, 1999; Collins et al., 2003; Fontaine and
Kennett, 2013; Hammond et al., 2011). Results revealed a well-defined velocity disconti-
nuity at the Moho, but with smaller Vs values compared to the upper-to-mid crust at certain
stations like KOBE and SRDE. This suggests intrusion and solidification of high-velocity

materials or properties of the Moho altered by partial melting.

The NW plateau stations exhibit a sharp velocity contrast at the Moho, while the Afar
region shows a more gradational Moho. We observed a gradational velocity gradient across
the Afar Moho, possibly due to increasing mafic intrusion in the lower crust, reducing
the contrast with the mantle. This is consistent with previous studies indicating mafic
intrusions can alter the Moho to be more gradational (Hodgson et al., 2017; Thybo and
Artemieva, 2019). We also found scattered Vs distribution beneath the rift axis, indicating
potential crustal heterogeneity from repeated magmatic intrusion and solidification. Further
investigation of local geological features and their impact on seismic wave velocities is

warranted.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

In this study, we analyzed teleseismic data from 44 broadband stations in Ethiopia and
Eritrea (2000 — 2017) to investigate the region’s crustal structure. Receiver function (RF)
analysis was used to determine the Vs structure beneath profiles in NMER, CMER, Afar,
NW plateau, and SW plateau. Our goal was to identify crustal structure, Moho depth, and

the presence of lithospheric materials like magmatic intrusions and partial melting.

The uppermost crust exhibits low Vs (~ 2—3 km/s), indicating sedimentary and/or volcanic
layers. In the rift valley, Vs varies laterally and with depth. Slow Vs and high Vp/Vs
ratios are observed beneath volcanic centers in the upper-mid crust, while the lower crust
generally displays slow Vs. These observations align with previous studies that suggest the

presence of a small fraction (< 5%) of partial melt in the lower crust.

The NW plateau region’s crustal structure and composition provide intriguing insights into
its geodynamic evolution. Most of the NW plateau has faster Vs (4 — 4.7 km/s) compared
to the rest of the region. However, in the mid-crust (10 — 25 km depth), Vs is slower (3.2
km/s), and the Vp/Vs ratio is high (1.85 — 2.0). This suggests the presence of partial melt
covering over 1% of the crust, indicating mafic crust with fluid phases beneath the NW
plateau. These findings have significant implications for understanding tectonic processes
and the region’s geodynamic evolution, potentially contributing to magmatic activity and

extension.

In contrast, the SE Plateau exhibits a more homogeneous and faster Vs, with a distinct and
sharp velocity contrast at the Moho interface, indicating minimal crustal modification from
magmatism. The Afar region also shows homogeneous crust, except for faster material
(4.5 km/s) in the upper-mid crust beneath the magmatic segment, where current extension

is occurring. These findings shed light on the crustal structure and composition of these
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regions and pave the way for further research on their geodynamic evolution.

The study reveals significant differences in seismic properties between the Eastern and NW
plateaus. The SE Plateau displays homogeneous and faster Vs, with a distinct and sharp
velocity contrast at the Moho, indicating minimal crustal modification from magmatism.
In contrast, the NW plateau exhibits a more heterogeneous structure, with most of the crust
showing faster Vs but also regionally slower Vs and higher Vp/Vs ratios in the mid-crust
(10 — 25 km depth).

7.2 Future Work

The author’s thesis convincingly demonstrates how the Receiver Functions technique is
effective in studying what lies beneath the Earth’s surface and its importance in under-
standing ongoing rifting. This method helps us accurately measure the thickness of the
crust and composition of the lithosphere, giving us valuable insights that support findings
from other geophysical methods like gravity modelling, magnetotelluric techniques, and

ambient seismic noise tomography.

One significant discovery from the thesis is the presence of partial melting in specific loca-
tions deep within the crust, which may extend further up. This finding helps us understand
the causes and effects of this phenomenon in unusual areas. To make our models of Vs
and Vp/Vs more accurate, future research should focus on refining the Receiver Functions

technique and exploring other complementary geophysical methods.

Looking ahead, ongoing research is crucial for us to gain a deeper understanding of the
crust’s structure, the distribution of partial melt, and how they influence seismic activity in
the broader East African rift region. While our study provides valuable insights, there is
still much to learn about the complex geological processes at work in this area. Future in-
vestigations should aim to develop detailed models of the underground magmatic plumbing
system in volcanic regions like the MER, NW plateau, and Afar. Additionally, studying the
relationship between partial melt and seismic activity can provide crucial insights into how
rifting occurs. It’s important that these efforts prioritize international collaboration and em-
power local scientists, as their expertise and knowledge will contribute to comprehensive

research outcomes.

7.3 Recommendations

As we delve deeper into understanding the captivating geological processes of the East

African rift, it becomes evident that collaboration on a global scale is vital. To unravel the
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intricate crustal structure and distribution of partial melt, we need to join forces and tap
into our collective expertise. While our study has uncovered valuable insights, there is still

so much more to explore.

For a sustainable and enduring research effort, it is paramount that local scientists take the
lead and guide us forward. By incorporating their knowledge and expertise, we can gain a
richer understanding of the region’s geology and appreciate the cultural and environmen-
tal factors that make it truly unique. Through collaborative and inclusive teamwork, we
can unlock the full potential of this remarkable area and continue making groundbreaking
discoveries that benefit the scientific community and society as a whole. Together, we can

pave the way for an exciting future of exploration and innovation.
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