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ABSTRACT

The dissertation utilizes a set of sophisticated computer programs
developed at the Geophysics group at Missouri S&T to characterize crustal
properties beneath the Afar Depression in Ethiopia where extensional
tectonics dominates. In this study, measurements of crustal thickness (H),
crustal mean V,/Vs [which is related to Poisson’s ratio (0)], and the
sharpness of the Moho (R) were determined using teleseismic data from 18
broadband seismic sensors that we deployed along a profile of 250 km long
with a station spacing of ~ 10 km. The stations had been recording
continuously for an entire year from December 2009 until December 2010.
The measurements were determined by stacking P-to-S converted waves
(PmS) and their multiples (PPmS and PSmS). Results suggest that the
average crustal thickness beneath the Afar Depression is about 28.56+0.28
km and the crust is characterized by large V,/Vs of 1.93+0.017 and smaller-
than-normal overall stacking amplitude of the P-to-S converted phases
beneath most stations. Our results suggest that the crust beneath the entire
study area is significantly thinned and extensively intruded by mafic dikes,
representing a transitional stage between continental and ocean crust. The
Tendaho Graben has the thinnest and most mafic crust, which is also
supported by the observation of gravity data which suggest that the active
magmatic areas are characterized by higher gravity anomalies while the
thicker crusts have smaller and negative anomalies. Thus, the crust beneath
the center of the Tendaho Graben is likely to be oceanic-type, and becomes

progressively more continental away from the center.
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1. INTRODUCTION

Seismological observations have offered valuable information to our
understanding of the nature of the Earth's crust and of the processes by
which it evolved. In particular, studying the variation in crustal thickness and
other characteristics such as crustal Poisson’s ratio and the sharpness of the
Moho provides important clues to the geologic and tectonic processes that
have been dominant in the region [Zhu and Kanamori, 2000; Gao et al.,
2004; Al-Damegh et al., 2005; Nair et al., 2006; Liu and Gao, 2010].
Although the understanding of the structure of the crust has been improved
significantly over the last decade, the origin and evolution of the Earth's crust
remain an unsettled topic among scholars [Storey et al., 1995; Windley,
1995; Kearey and Vine, 1996; Moores, 1998; Rudnick, 1995; Kerrich and
Polat, 2006; Kearey et al., 2009].

One of the most widely-used techniques to determine and understand
crustal structure and evolution on a regional scale is receiver function
analysis. A receiver function (RF) is a time series that isolates the response
of the earth’s structure near the receiver [Burdick and Langston, 1977;
Langston, 1977; Owens et al., 1984; Ammon, 1990]. It is routinely used to
obtain detailed layered structures of the crust and mantle. A typical RF is the
result of deconvolving the vertical component from the radial component for
a given event [Langston, 1979; Ammon, 1990; Sheehan et al., 1995]. The
radial component of a receiver function is an important source for

determining earth structure under isolated receivers [Ammon, 1990].



This study represents the latest attempt in the understanding of
crustal evolution and composition beneath the Afar Depression by
determining the crustal thickness (H), Poisson's ratio (o) and the amplitude
of the converted phases from the Moho (R), which is a measure of Moho
sharpness. The measurements were obtained by taking advantage of a
robust suite of computer programs developed at the Geophysical group at
Missouri S&T [Gao et al., 2002; Liu et al., 2003; Gao et al., 2004; Liu and
Gao, 2006; Nair et al., 2006; Liu and Gao, 2010]. Thousands of receiver
functions were computed and visually checked and were used to measure H,
Vp/Vs, and R. The Poisson’s ratio (o) was calculated using the formula
0=0.5[1-1/(®>-1)], where ® is the P and S wave velocity ratio [Tarkov and
Vavakin, 1982; Christensen, 1996; Chevrot and van der Hilst, 2003]. The
bootstrap method [Efron and Tibshirani, 1986; Press et al., 1992] was used
to estimate the standard deviations of the resulting parameters.

The Afar Depression represents the only emerged R-R-R triple
junction in the world other than Iceland [McKenzie et al., 1970]. It is located
at the junction of two propagating oceanic ridges (Gulf of Aden and Red Sea)
and a continental rift (Main Ethiopian Rift), where plate separation and
magmatic activity occur [Laughton, 1966; Gass and Gibson, 1969; Roberts,
1969]. In addition, some previous studies suggested that the Afar Depression
is the site where a transitional stage from continental rifting to seafloor
spreading takes place [Barberi and Varet, 1977; Varet, 1978; Schilling et al.,
1992; Hoffman et al., 1997]. The combination of these features makes the

Afar region one of the most tectonically significant settings on Earth for the



understanding of continental rifting and transition from continental to oceanic
crust.

Continental rifts and passive margins have strong effects on modifying
the shape of the Earth's surface. Understanding the mechanism of rift
formation has been always an on-going debate among scientists [Milanovisky
and Nikishin, 1984; McMullen and Mohraz, 1989; Zorin and Lepina, 1989;
Buck, 2004; Lv et al., 2010; Lu et al., 2011]. The effect of the lithospheric
structure on rifting has been highlighted by models of continental rift. The
most accepted explanation is due to the uplifted heat flow coming from the
mantle to the surface through flood basalt [Morgan, 1983; Liang-Ping et al.,
1985; Poort and Polyansky, 2002; Anderson, 2005]. Ebinger [2005] has
discussed that the relationship between the Ilithosphere and the
asthenosphere in shaping the rift systems through magmatism. Furthermore,
Buck [2004] noted the importance of magmatism in rift initiation by diking
events in the Afar Depression. He assumed that magma has been intruded at
the rift center where the lithosphere is the thinnest.

The nature of the crust and mantle beneath Afar has been a subject of
controversy for decades [Berckhemer et al., 1975; Barberi and Varet, 1977;
Vart, 1978; Makris and Ginzburg, 1987; Mammo, 2004, Dugda and Nyblade,
2006]. One group of researchers proposed that Afar represents a thin
oceanic-type crust [Varet, 1973; Barberi and Varet, 1977]. A second group
argued that the rift is in the proto-oceanic stages and does not represent
typical oceanic crust since older continental rocks are found there [Vellutini,

1990]. A third group of researchers argued that it is simply a thin continental



crust due to the upwelling of hot material arriving from the upper-mantle
beneath the Afar Depression [Berckhemer et al., 1975; Makris and Ginzburg,
1987; Dugda and Nyblade, 2006]. This study reports new estimates of
crustal thickness, Poisson’s ratio (o), and the amplitude of the PA-to-S
converted waves from of the Moho (R) in order to examine the nature and
origin of the crust in the Afar Depression using teleseismic data from 18

broadband seismic stations that we deployed along a 250 km profile.



2. GEOLOGICAL SETTING

2.1 REGIONAL TECTONICS

The Afar Depression (AD) has the shape of a triangle and covers an
area of ~ 200,000 km? (Figure 2.1) [Beyene and Abdelsalam, 2005] and is a
part of the Afro-Arabian rift system [Girdler, 1991; Prodehl et al., 1997]. The
depression is located at the northeast side of Africa between 10° to 15°N and
40° to 43°E [Mammo, 2004]. The Afar Depression is one of two locations (the
other being Iceland) where a rift-rift-rift triple junction found [McKenzie and
Morgan, 1969]. The region is located at the junction of two propagating
oceanic ridges (Gulf of Aden and Red Sea) and a continental rift (Main
Ethiopian Rift). It is surrounded by the Ali-Sabieh and Danakil Blocks on the
east and northeastern sides and by the Nubian and Somalian plates on the
south and the northeastern sides. It is commonly believed that AD represents
a transitional stage from continental rifting to seafloor spreading [Barberi et
al., 1972; Berckhemer et al., 1975; Hayward and Ebinger, 1996], and that
the undergoing interactions between the Red Sea and Gulf of Aden rifts are
responsible for the deformation pattern within the Afar Depression [Mohr,
1972; Tapponier et al., 1990; Manighetti et al., 2001].
2.2 GEOLOGY OF THE AFAR DEPRESSION

Surface rocks of the Afar Depression can be divided into four groups
(Figure 2.2): (1) Pre-rift assemblage consisting of Neoproterozoic crystalline
rocks, Mesozoic sedimentary rocks, and pre-Miocene volcanic and igneous
rocks (2) Miocene igneous rocks covering the Mesozoic sedimentary rocks

(3) Pliocene - Quaternary volcanic rocks covering most of the region and (4)
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Quaternary volcanic and sedimentary rocks [Barberi and Varet, 1977; Varet,
1978; Tefera et al., 1996; Acton et al., 2000; Beyene and Abdelsalam, 2005;
Mazzarini, 2007]. The oldest volcanic rocks (>4 Ma) crop out in the Ali-
Sabieh block and south of the Danakil block [Barberi and Varet, 1977; Audin
et al., 2004]. Afar is floored by dominantly basaltic volcanic rocks that are
related to rifting [Pilger and Rdsler, 1975]. The oldest Miocene igneous rocks
consist of deeply weathered and intensely faulted flood basalts occurring
around the Gulf of Tajura and Ali - Sabieh Blocks [Varet, 1978; Vellutini,
1990; Beyene and Abdelsalam, 2005]. Afar was covered by a thick sequence
of flood basalts (Afar Stratoid Series) during Pliocene and Pleistocene (~ 2.4-
0.8 Ma) [Barberi et al, 1972; Barberi et al., 1975; Christiansen et al., 1975;
CNR-CNRS, 1975; Varet, 1978; Courtillot et al., 1984].

2.2.1 Northern Afar. The northern Afar, well-known as the Danakil
Depression (Figure 2.3), is a province with low altitude. The region turns out
to be narrower towards the Gulf of Zula and dominated by NNW-trending
structure [Beyene and Abdelsalam, 2005]. To the south, the region joins with
the southwestern and east-central Afar. Gibson et al. [1970] linked the
volcanic activity in the region to the NNW fracture pattern. Redfiled et al.
[2003] said that the Danakil Depression represents an area of extremely
weak crust. At Dallol, the central part of the region, the elevation goes down
to -120 m below sea level [CNR-CNRS, 1973]. The Quaternary volcanic rocks
in the region are characterized by shield volcanoes [Beyene and Abdelsalam,

2005].
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2.2.2 Southern Afar. The southwestern part is dominated by N to
NE-trending structure, while the southeastern part is dominated by
prominent E-W trending grabens and horsts [Beyene and Abdelsalam, 2005].
Next to the Somalian Plateau, the region has no marginal basins [Beyene and
Abdelsalam, 2005]. Chernet et al. [1998] proposed that the Trap Series in
this region had occurred at ~ 24 Ma.

2.2.3 Danakil Block. The Danakil Block has a length of ~ 500 km and
a width of ~ 100 km [Le Pichon and Francheteau, 1978; Sichler, 1980;
Courtillot et al., 1984; Vellutini, 1990; Souriot and Brun, 1992; Chu and
Gordon, 1998; Boccaletti et al., 1999; Collet et al., 2000; Eagles et al.,
2002; Manighetti et al., 2001; Tesfaye et al., 2003; Beyene and Abdelsalam,
2005 ]. It becomes wider from the Gulf of Tajura in the southeast to the Gulf
of Zula in the northwest and forms the highest topography in the central part
of it (~ 2130 m above sea level) [Beyene and Abdelsalam, 2005]. Chu and
Gordon [1998] interpreted that the Danakil Block is similar to a micro-plate
that has been pulled out into the Red Sea.

2.2.4 Ali-Sabieh Block. The Ali-Sabieh Block, sometimes referred as
the Aysha-Ali-Sabieh [Rouby et al., 1996], is the end of the boundary of the
Somalia Plateau located at the southeast of the Afar Depression. The Gulf of
Tajura separates the Danakil and the Ali-Sabieh Blocks [Beyene and
Abdelsalam, 2005]. The block is assumed to have rotated 90° clockwise over
the last 20 Ma for the duration of the opening of the Afar Depression
[Manighetti et al., 2001]. Part of the region is occupied by Neoproterozoic

rocks [Beyene and Abdelsalam, 2005], while flood basalts of 25-15 Ma occur



11

in limited parts of the block [Varet, 1978; Vellutini, 1990; Acton et al.,
1991].
2.3 GEOLOGY OF THE STUDY AREA

The 18 broadband seismic stations that we deployed lie between
11.31° to 12.05°N and 40.57° to 41.92°E and are located in the NE end of the
Main Ethiopian Rift (MER), the Tendaho Graben (TG), and the Dobi Graben
(DG).

2.3.1. The Main Ethiopian Rift (MER). The Main Ethiopian Rift is a
part of the East African Rift System and located between 5° to 9°N and
37°30° to 40°E [Woldegabriel et al., 1990; Kusky, 2005]. It connects the
Afar Depression to the Kenya Rift [Agostini, 2010]. The MER started to
develop during the Miocene [Davidson and Rex, 1980; WoldeGabriel et al.,
1990]. Generally, the region is characterized by NE trending structure across
the Ethiopian Plateau [Abebe et al., 2007; Keranen and Klemperer, 2008].
The opening rate across the Main Ethiopian Rift is ~ 4 mm/year [Bilham et
al., 1999]; this slow rate might be the outcome of rift opening by upwelling
mantle plume [Beyene and Abdelsalam, 2005]. The MER can be divided into
three divisions based on the surface geology: Northern MER, Central MER
and Southern MER [Keranen and Klemperer, 2008].

2.3.1.1 Northern Main Ethiopian Rift. Most of the northern Main
Ethiopia Rift is equipped with Mid-Miocene border faults [WoldeGabriel et al.,
1990; Wolfenden et al., 2004]. The NMER is underlain by Trap Series and
occupied by Late Miocene and Pliocene-Pleistocene sediments [Chernet et al.,

1998; McCoy and Heiken, 2000]. The initial extension started at 11 Ma
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[Wolfenden et al., 2004]. The boundary faults in this region are inactive and
mostly eroded [Casey et al., 2006; Keir et al., 2006; Wolfenden et al.,
2004]. Magmatic segments in the area are consisting of volcanoes, basaltic
fissure, and young fault belts [Keranen and Klemperer, 2008].

2.3.1.2 Central Main Ethiopian Rift. The CMER is mainly composed
of rift segments surrounded by decline extended faults [Keranen and
Klemperer, 2008]. The region occurred in the Late Miocene-Early Pliocene (~
6-8 Ma) [Bonini et al., 2005; Woldegabriel et al., 1991]. Bonini et al. [2005]
suggested that most tectonic activity in CMER occurred after 5 Ma from the
Miocene-Pliocene boundary. The oldest rocks found are basaltic ~ 29 Ma
[Bonini et al., 2005].

2.3.1.3 Southern Main Ethiopian Rift. Faulting in the SMER is
believed to be established by ~ 18 Ma [Ebinger et al., 1993]. Rift
development in the region is interconnected with the eruption occurred
between 19 and 11 Ma [George et al., 1998; George and Rogers, 2002]. The
motions of the Nubian and Somali plates effect the current extension of the
SMER [Acocella and Korme, 2002; Bilham et al., 1999]. The age of the oldest
volcanic rocks dated at 45 Ma [Davidson and Rex, 1980; George, 1997;
George et al., 1998; Ebinger et al., 2000].

2.3.2. The Tendaho Graben (TG). The Tendaho Graben, considered
being the largest depression of Central Afar, is ~ 150 km long and 25-50 km
wide and has been formed ~ 1.8 Ma [Barberi et al., 1975; Acton et al.,
1991]. It is considered to be a part of the southern extension of the Red Sea

structure connecting the Ethiopian Rift that is filled with Quaternary volcanics
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mainly basalts and fluvio-lacustrine sediments [Gianelli et al., 1998]. The TG
is characterized by normal and strike-slip faults and bordered by NW-SE-
trending faults that dip away from its axis [Abbate et al., 1995; Gresta et al.,
1997; Acocella, 2010]. Stratoid deposits cover most of the bedrock of the
graben [Lahitte et al., 2003b; Kidane et al., 2003]. The rift is filled with
lacustrine, alluvial deposits, and basalt flows [Aquater, 1996; Lemma et al.,
2010].

2.3.3. The Dobi Graben (DG). The Dobi Graben, a narrow and deep
basin, is ~ 50 km long and ~ 12 km wide and characterized by NW-SE-
trending normal faults structure [Tesfay et al., 2008; Acocella, 2010; Beyene
and Abdelsalam, 2005]. The DG is located at the east-central block of the
Afar Depression and dominated by flood basalts [Beyene and Abdelsalam,
2002]. The DG bedrock consists of stratoids and the development of it is of
the same period of the Tendaho Graben [Acton et al., 2000]. Moreover, DG is

smaller and has a steeper inclination than the TG [Ali, 2001].
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3. PREVIOUS GEOPHYSICAL STUDIES OF THE AFAR CRUST

3.1 REFRACTION DATA

Previous seismic refraction data described the southern part of Afar as
having a crustal thickness between 28-30 km whereas it is merely about 15
km in the Danakil depression (Figure 3.1) [Berckhemer et al., 1975; Prodehl
and Mechie, 1991; Prodehl, et al., 1997]. An earlier seismic refraction profile
across southeastern Afar shows a thin oceanic-type crust, with increase of V,
from 6.8 km/sec at 6-10-km depth up to 7.3 km/sec at 20-km depth [Ruegg
and Lepine, 1973]. Ruegg [1975] proposed that the upper lithosphere
beneath the Djibouti region is an oceanic type. Berckhemer et al. [1975]
conducted deep seismic refraction surveys to estimate the crustal structure
in Afar, and found that the crustal thickness varies from 14 to 26 km and
that the bulk of the Afar crust has seismic velocity ranging from 6.6 to 6.8
km/s. They also reported that crustal thickness thins from 26 to 23 km
towards the Red Sea. Their interpretation suggests a crustal thinning as well
as upwelling of hot material arriving from the upper-mantle beneath Afar.
3.2 GRAVITY DATA

Gouin [1970] found out, using seismic and gravity data, that the total
anomalies of the free-air gravity are just about zero over Afar and that the
Bouguer values are, in general, negative and proportional to elevation. He
suggested a typical continental crustal thickness structure under the Afar
Depression. Makris et al. [1972, 1975] proposed the existence of an
attenuated continental crust beneath Afar. The results of the seismic and

gravity data collected by Makris and Ginzburg [1987] clarified that Afar is
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underlined by a thin transitional lithosphere. They also observed low seismic
velocities structure. By using gravity and topography data, Mammo [2004]
concluded that the crustal of Afar is thin and it is intermediate-crustal-type.
He also noticed that the crust happens to be thinner towards the north and
east directions. Results from Bouguer gravity data point out crustal thinning
in Afar region with an average thickness of ~ 25 km [Makris and Ginzburg,
1987; Woldetinsae and Gotze, 2005]. In addition, by using inverse modeling
of gravity data, Tiberi et al. [2005] estimated a low crustal thickness of 23
km in Afar Depression and 24 km south of it.
3.3 SEISMIC DATA

Niazi [1968] has suggested, using data from teleseismic earthquakes,
a continental-crust model for the Afar Depression. His crustal model includes
a normal, double-layers continental crust of 35 km thickness covered by 0.5
km thick unconsolidated sediments. From the analysis of surface waves,
Searle [1975] found out that Poisson’s ratio varies from 0.25 to 0.29 within
the crust beneath Afar, whereas Ruegg [1975] characterized the eastern
division of Afar, from deep seismic sounding studies, by an exceedingly high
value of Poisson’s ratio that reaches 0.33. Dugda et al. [2005] revealed,
using receiver function analysis from seismic data, that the crust beneath
Afar is just about 25 km thick. They also reported, from a temporary
broadband station located at Tendaho area, a high crustal Poisson’s ratio of
0.36. By applying receiver function analysis, Stuart et al. [2006] interpreted
a mafic crust along with the presence of partial melt (where V,/Vs > 1.95)

near the Afar Depression. Dugda and Nyblade [2006] characterized the crust
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beneath Afar by fairly uniform thickness varying between 20-25 km. Their
method of receiver function analysis verified a high Poisson’s ratio
throughout most of the crust and is an indication of a mafic composition.
They interpreted the presence of new igheous rock in the crust as a part of
the extensional process in the region. Benoit et al. [2006] revealed that a
low wave speed anomaly alighs with the Afar Depression and the Main
Ethiopian Rift in the uppermost mantle by using P-wave tomography. They
also proposed a shift of the low wave speed anomaly to the west with depth.
Dugda et al. [2007] obtained shear velocity models from the joint inversion
of Rayleigh Wave Group Velocities and Receiver functions and showed crustal
thickness ranging from 25 to 35 km beneath the Main Ethiopian Rift and the
Afar Depression. They also observed that the lithospheric mantle has a
maximum shear wave velocity of 4.1-4.2 km/s and extends to a depth of at
most 50 km. Hansen et al. [2009] estimated the lithospheric thickness
beneath station ATD and found that it is 34 km by using S-Wave receiver
functions. They found that this thin lithosphere, observed at this station, is
consistent with the transition from continental to oceanic rifting at the Afar
Depression. They linked their findings with the presence of the mantle plume
which is the reason for the thin lithosphere. Most of the above conclusions
pointed out that the crust beneath Afar is mainly thin and it has been
modified by both magmatic processes and the accumulation of mafic rock in

the mid-to-lower crust.
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Figure 3.1. Topographic map of the Afar Depression showing previous

determinations of crustal thickness
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4. RECEIVER FUNCTION ANALYSIS

Receiver function analysis is a robust method used to determine the
Earth’s crustal structure (Figure 4.1) [Langston, 1977; Vinnik, 1977; Clouser
and Langston, 1995; Liu et al., 2003; Gao et al., 2004; Liu and Gao, 2006;
Nair et al., 2006; Liu and Gao, 2010]. It utilizes the teleseismic earthquake
waveforms, recorded at a three components seismometer, to image the
crustal structures beneath isolated seismic stations [Ammon, 1991]. The
analysis detects the crustal/mantle boundary by identifying P-to-S converted
waves and their multiples from the Moho. A receiver function can be
calculated by deconvolving the vertical component from the radial component
for a given event [Phinney, 1964; Langston, 1977; Ammon, 1991; Sheehan
et al., 1995; Dueker and Sheehan, 1998; Ramesh et al., 2002; Gilbert et al.,
2003; Wilson et al., 2005]. Primary conversion (PmS or Ps) and multiple
phases (PPmS which is also called PpPs, and PSmS which is also called PpSs)
can frequently be observed (Figure 4.2). Multiples phases are weaker than
the Ps wave and therefore they are occasionally hard to recognize [Yuan et
al., 2002]. Crustal thickness and the average crustal V,/Vs ratio can be
estimated by the identification of the crustal multiples [Zandt et al., 1995;
Zhu and Kanamori, 2000]. The V,/V; ratio is a valuable measure of crustal
composition (using its relation to Poisson’s ratio) [Zandt et al., 2004; Behn
and Kelemen, 2006].

In this study, a procedure based on the Zhu and Kanamori [2000] H-k

stacking technique was applied, where H is the Moho depth and @ is the ratio
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Figure 4.2. The ray paths of the converted PmS wave and the multiples

phases

increments of 0.1 km and candidate ®; from 1.70 to 2.10 in increments of
0.0025 were used. For each (H;, ®;) the moveout of PmS, PPmS and PSmS
were calculated using the method of Nair et al. [2006]. The following
equations (1-4) were used to calculate the moveout of PmS, t;? [Sheriff and

Geldart, 1993; Dueker and Sheehan, 1998; Nair et al., 2006].

(= [V, @16)7 - =V, ()7 - p*1dz ®
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Where p is the P wave ray parameter, H; is the depth of the candidate
discontinuity, ®; is the candidate V,/Vs, and Vy(z) is the P wave velocity at

depth z.

The moveout, t,? of PPmS is calculated using:

= [ V@1 8)7 - p7 + |V, ()7 - p*1dz @

And that of PSmS, t;'?, is:

W =1 2Jv,@79)7 - p ¢z ©

The receiver functions at each of the stations are then stacked using:

A(H;, ¢,) = Zwlsk (tl(i’j)) +W,S, (tét'j)) — W3S, (téi’j)) (4)
kel

where n is the number of radial receiver functions from the station, Si(t) is
the amplitude of the point on the kth receiver function at time t after the first
P arrival (where t = t;, t; or t3), and w;, w,, and ws are weighting factors that

satisfy wi; + w, + w3 = 1 [Zhu and Kanamori, 2000 and Nair et al., 2006].
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We used 0.5, 0.3, and 0.2 for the weighting factors, respectively. A
reference crustal velocity Vp(z) of 6.3 km/s was chosen for the Afar
Depression. Radial receiver functions from hundred of events were stacked
along the travel time curves of the converted and reflected phases at the
Moho. Position's ratio (o) was calculated using the formula 0=0.5[1-1/(®?*-
1)], where ® is the P and S wave velocity ratio [Tarkov and Vavakin, 1982;
Christensen, 1996; Chevrot and van der Hilst, 2000]. To determine the
apparent sharpness of the Moho beneath a station, we measure R, which is
the ratio between the stacking amplitude corresponding to the optimal pair of
(H, ®) and the mean amplitude of the direct P wave on the radial
components. The sharpness of the Moho is associated with the thickness of
the transition layer between the crust and the mantle. From the analysis of
refracted seismic arrivals, the transition layer is not more than 2 km thick in
stable areas [Nakamura and Howell, 1964]. To estimate the standard
deviations of the resulting parameters, we used the bootstrap method [Efron
and Tibshirani, 1986; Press et al., 1992]. The results were obtained by using
the computer programs developed at the Geophysical group at Missouri S&T
[Gao et al., 2002; Liu et al., 2003; Gao et al., 2004; Liu and Gao, 2006; Nair

et al., 2006; Liu and Gao, 2008].
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5. DATA

We deployed 18 Glralp CMG-3T broad-band seismometers with the
help of the Program for Array Seismic Studies of the Continental Lithosphere
(PASSCAL) Instrument Center and the Geological Survey of Ethiopia (GSE) in
December 2009. The stations we deployed were along a profile of 250 km
long with a station spacing of ~ 10 km. Stations locations are shown in
Figure 5.1 and listed in Table 5. The instruments recorded data at 100
samples per second for a 12-month period of operation from December 2009
to December 2010. The CMG-3T is a compact three-component broadband
that consists of three sensors in a sealed case, which measure the
north/south, east/west and vertical components of ground motion. Each
sensor is sensitive to ground vibrations in the frequency range of 0.003 - 50
Hz [Glralp Systems Limited, 2009]. The stations have been visited and
serviced twice, in June 2010 and December 2010. The dataset consists of
approximately 1400 three-component seismograms from earthquakes in the
epicentral distance range of 30° - 180° and have magnitude greater than 5.2
(Figure 5.2). Hundreds of earthquakes were recorded with great quality. Data
from these events have been converted into radial and transverse receiver
functions using the procedure of Ammon et al. [1990]. The seismograms
were band pass filtered in the 0.05-1.5 Hz range to improve signal to noise

ratio. Figure 5.3 shows some photos taken from the field.
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Figure 5.1 Locations of seismic stations in the Afar Depression
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Figure 5.2 Locations of the seismic events used in the Afar Depression
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6. RESULTS

Observations of H, R, and o were obtained at most of the stations.
P-to-S conversions from the Moho can be observed on the majority of the
stations from stacked receiver functions. The results were organized into two
categories (A and B) based on the quality of the H-k plots. Those in category
A (ADO1, AD02, AD03, AD04, ADO5, AD08, AD13, AD15, AD16, AD17, and
AD18) display a clearly defined single peak in the H-k plots, and therefore
both H and ® can be determined with high confidence. The arrival of PmS for
category A, was in the time window of 3-4.5 s. Category B stations (ADOQ6,
ADO7, AD09, AD10, AD11, AD14, and AD19) show clear PmS but not PPmS
and PSmS. Thus an optimal pair of (H, k) cannot be determined. For those
stations, an estimate of the crustal thickness (H,) was obtained using a ® of
1.85 which is approximately the averaged V,/Vs found at category A stations.
The results of the H-k stacking are divided into three divisions: Stations SW
of TG (AD01-ADO0O5), TG stations (AD06-AD13), DG and the adjacent horsts
stations (AD14-AD19).
6.1 STATIONS SOUTHWEST OF THE TG

The crustal thickness beneath these stations ranging from 25.33+0.11
km (ADO5) to 35.22+0.33 km at AD02. The ® values range from 1.844 at
ADO3 to 1.988 at both ADO05. The R values observed are from 0.069 (AD04)
to 0.181 (ADO1).
ADO1: The station is located at 11.315°N and 40.571°E with elevation of 580
m and represents an A quality station. A total of 86 receiver functions have

been stacked. The amplitude of the PmS phase is weak between the ranges
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30°-100° with the arrival times from about 2.8 s to 3.2 s. The amplitude of
the PmS phases increase for events from the northwest (320°-340°) of the
station with arrival times vary from about 1 s to over 4 s. The back-azimuth
range of 120°-180° shows a strong arrival of this phase that is observed at
3.8 s to 4.2 s after the direct P-wave (Figure 6.1.a). The ray-piercing points
are mainly distributed in the east and northeast and some are in the
northwest and southeast directions (Figure 6.1.b). From the H-k plot, a well
defined peak can be observed which is marked by the black dot (Figure
6.1.c). The resulting optimal Moho depth is 31.77+0.19 km, the
corresponding V,/Vs is 1.937+0.013 and the resulting R value is
0.181+0.019.

ADO2: The station is located at 11.35°N and 40.688°E with elevation of 523
m and represents an A quality station. A total of 134 receiver functions have
been stacked. The first positive peak of PmS on the radial receiver function
can be observed from ~ 1 s in the back-azimuth of 10° (Figure 6.2.a). The
peak becomes weaker between the ranges of 40°-100° with the arrival times
from 2 s to 3.5 s. The back-azimuth range of 190°-260° shows a strong
arrival of PmS phase that is observed at 3.8 s to 5 s after the direct P-wave.
Most of the events originated from the north-east, east and west, with few
events back azimuth coverage from the northwest (Figure 6.2.b). From the
H-k plot, a well defined peak can be observed which is marked by the black
dot (Figure 6.2.c). The resulting optimal Moho depth is 35.23+0.1 km, the
corresponding V,/Vs is 1.852+0.007 and the resulting R value is

0.089+0.006.
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Figure 6.1. (a) Radial receiver functions plotted against the back-azimuth
(BAZ) for ADO1. Gray thin lines are individual RFs, and red thick lines are

stacked RFs in 15° azimuthal bins.
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Figure 6.1. (Continued) (b) The distribution of ray-piercing points of the PmS
phase for ADO1l. (c) H-k plots for station ADO1l. The red line shows the
stacking amplitude for ®=1.73. The blue line was obtained using the optimal
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Figure 6.2. (a) Radial receiver functions plotted against the back-azimuth
(BAZ) for AD02. Gray thin lines are individual RFs, and red thick lines are

stacked RFs in 15° azimuthal bins.
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Figure 6.2. (Continued) (b) The distribution of ray-piercing points of the PmS
phase for AD02. (c) H-k plots for station AD02. The red line shows the
stacking amplitude for ®=1.73. The blue line was obtained using the optimal

.
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ADOQ3: The station is located at 11.42°N and 40.77°E with elevation of 488 m
and represents an A quality station. A total of 87 receiver functions have
been stacked. Most of the back-azimuth ranging from 40°-90° shows arrivals
of PmS phase that are observed at 4 s to 5.2 s after the direct P-wave
(Figure 6.3.a). Most of the events originated from the north-east, east and
west, with few events back azimuth coverage from the northwest (Figure
6.3.b). From the H-k plot, a well defined peak can be observed which is
marked by the black dot (Figure 6.3.c). The resulting optimal Moho depth is
32.58+0.33 km, the corresponding V,/Vs is 1.844+0.024 and the resulting R
value is 0.078+0.013.

ADO4: The station is located at 11.54°N and 40.841°E with elevation of 483
m and represents an A quality station. A total of 62 receiver functions have
been stacked. The amplitude of PmS phase is show small amplitudes
between the ranges of 60°-100° with the arrival times from about 2 s to 2.5 s
(Figure 6.4.a). For the same back-azimuth ranges, strong Pms phases arrival
are observed at 4.7 s to 5 s. The small-amplitude phases that arrive before
the Pms phases might represent P-to-S conversions within the crust. The
amplitude of the PmS phases increase for events from the northwest (160°-
270°) of the station with arrival times vary from about 2.8 s to over 3.3 s.
The ray-piercing points are mainly distributed in the east and northeast and
some are in the southeast directions (Figure 6.4.b). The resulting optimal
Moho depth is 30.93+0.15 km, the corresponding V,/Vs is 1.987+0.005 and

the resulting R value is 0.069+0.009.
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Figure 6.3. (a) Radial receiver functions plotted against the back-azimuth
(BAZ) for ADO3. Gray thin lines are individual RFs, and red thick lines are

stacked RFs in 15° azimuthal bins.
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Figure 6.3. (Continued) (b) The distribution of ray-piercing points of the PmS
phase for AD03. (c) H-k plots for station ADO3. The red line shows the
stacking amplitude for ®=1.73. The blue line was obtained using the optimal
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Figure 6.4. (a) Radial receiver functions plotted against the back-azimuth
(BAZ) for ADO4. Gray thin lines are individual RFs, and red thick lines are

stacked RFs in 15° azimuthal bins.
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ADO5: The station is located at 11.61°N and 40.906°E with elevation of 451
m and represents an A quality station. A total of 155 receiver functions have
been stacked. There is a clear positive phase at ~ 5 s in the back-azimuth of
30° (Figure 6.5.a). The peak becomes weaker between the ranges of 40°-
100° with the arrival times from 3.2 s to 3.5 s. The back-azimuth range of
190°-260° shows a strong arrival of PmS phase that is observed at 3.5 s to
3.8 s after the direct P-wave. Most of the events originated from east with
few events back azimuth coverage from the northwest (Figure 6.5.b). From
the H-k plot, a well defined peak can be observed which is marked by the
black dot (Figure 6.5.c). The resulting optimal Moho depth is 25.33+0.11 km),
the corresponding V,/Vs is 1.988+0.004 and the resulting R value is
0.128+0.01.
6.2 THE TG STATIONS

The crustal thickness beneath these stations ranging from 23.49+0.17
km (ADO08) to 27.40+0.47 km at ADQ09. The ® values range from 1.921 at
ADO6 to 2.071 at ADOS8, both are A category stations. The R values observed
are from 0.017 (AD09) to 0.302 (AD10).
ADOG6: The station is located at 11.68°N and 40.94°E with elevation of 460 m
and represents a B quality station. A total of 86 receiver functions have been
stacked. The amplitude of PmS phase is weak between the ranges of 40°-
110° with the arrival times from about 3 s to 3.2 s. The amplitude of the PmS
phases increase for events from the southwest (120°-150°) of the station
with arrival times vary from about 2.5 s to over 3.7 s. The back-azimuth

range of 200°-260° shows an arrival of this phase that is observed at 3.5 s to
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stacking amplitude for ®=1.73. The blue line was obtained using the optimal
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Figure 6.6. (a) Radial receiver functions plotted against the back-azimuth
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3.7 s after the direct P-wave (Figure 6.6.a). The ray-piercing points are
mainly distributed in the east and northeast and some are in the northwest
directions (Figure 6.6.b). From the H-k plot, a well defined peak can be
observed which is marked by the black dot (Figure 6.6.c). The resulting
optimal Moho depth is 24.15+0.33 km and the resulting R value is
0.066%0.015.

ADO7: The station is located at 11.73°N and 40.99°E with elevation of 395 m
and represents a B quality station. A total of 90 receiver functions have been
stacked. The first positive peaks of PmS phase on the radial receiver function
can be observed from ~ 3 s and 3.3 s in the back-azimuth of 40°-155°
(Figure 6.7.a). The amplitude becomes larger between the ranges of 200°-
245° with the arrival times from 3.1 s to 3.3 s. The back-azimuth range of
190°-260° shows a strong arrival of PmS phase that is observed at 3.8 s to 5
s after the direct P-wave. Most of the events originated from the north-east
with few events back azimuth coverage from the northwest (Figure 6.7.b).
From the H-k plot, a well defined peak can be observed which is marked by
the black dot (Figure 6.7.c). The resulting optimal Moho depth is 24.29+0.21
km and the resulting R value is 0.32+0.021.

ADOS8: The station is located at 11.78°N and 41.03°E with elevation of 391 m
and represents an A quality station. We have been able to stack 604 receiver
functions using data from this and two other seismic stations belong to YZ
and ZE networks. A strong arrival of PmS phase is observed clearly along
most of the back-azimuth range for this station. The arrival times are mainly

observed in the range of 3.5 s and 3.7 s (Figure 6.8.a). Most of the events
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originated from the northeast and others are from the northwest, southeast,
and southwest (Figure 6.8.b). From the H-k plot, a well defined peak can be
observed which is marked by the black dot (Figure 6.8.c). The resulting
optimal Moho depth is 23.49+0.1 km, the corresponding V,/Vs is
2.071£0.009 and the resulting R value is 0.20+0.005.

ADOQ9: The station is located at 11.82°N and 41.05°E with elevation of 385 m
and represents a B quality station. A total of 90 receiver functions have been
stacked. The amplitude of PmS phase is weak between the ranges of 45°-95°
with the arrival times from about 3.5 s to 3.8 s (Figure 6.9.a). For the back-
azimuth ranges 110°-140° the amplitude of this phase become larger and
can be observed at 3.7 s to 4 s. The ray-piercing points are mainly
distributed in the east and northeast (Figure 6.9.b). From the H-k plot, a well
defined peak can be observed which is marked by the black dot (Figure
6.9.c¢). The resulting optimal Moho depth is 27.40+£0.47 km and the resulting
R value is 0.017+0.009.

AD10: The station is located at 11.80°N and 41.14°E with elevation of 370 m
and represents a B category station. A total of 50 receiver functions have
been stacked. There is a clear positive phase at ~ 3 s in the back-azimuth of
30°-95° (Figure 6.10.a). The back-azimuth range of 210°-240° shows an
arrival of PmS phase that is observed at 2 s to 3.3 s after the direct P-wave.
Most of the events originated from the north and the northwest (Figure
6.10.b). From the H-k plot, a well defined peak can be observed which is
marked by the black dot (Figure 6.10.c). The resulting optimal Moho depth is

25.95+0.37 km and the resulting R value is 0.301+0.015.
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Figure 6.9. (a) Radial receiver functions plotted against the back-azimuth
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stacked RFs in 15° azimuthal bins.
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Figure 6.10. (a) Radial receiver functions plotted against the back-azimuth
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stacked RFs in 15° azimuthal bins
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AD11: The station is located at 11.74°N and 41.30°E with elevation of 370 m
and represents a B category station. A total of 109 receiver functions have
been stacked. The amplitude of PmS phase can be observed between the
ranges of 40°-90° with the arrival times from about 3.7 s to 4 s (Figure
6.11.a). The amplitude of this phase was difficult to identify for events from
the southwest and the northwest (210°-320°). The ray-piercing points are
mainly distributed in the east and northeast and some are in the northwest
(Figure 6.11.b). From the H-k plot, a well defined peak can be observed
which is marked by the black dot (Figure 6.11.c). The resulting optimal Moho
depth is 27.37£0.15 km and the resulting R value is 0.257+0.023.
AD13: The station is located at 11.96°N and 41.31°E with elevation of 352 m
and represents an A quality station. A total of 97 receiver functions have
been stacked. The peak of PmS phases are weak between the ranges of 20°-
50° (Figure 6.12.a). The same phase can be observed clearly from 3 s to 3.5
s in the back-azimuth range of 70°-110°. Most of the events originated from
the north-east, east with few events back azimuth coverage from the
southwest (Figure 6.12.b). From the H-k plot, a well defined peak can be
observed which is marked by the black dot (Figure 6.12.c). The resulting
optimal Moho depth is 25.37+0.68 km, the corresponding V,/Vs is
1.948+0.027 and the resulting R value is 0.127+0.011.
6.3 THE DG AND THE ADJACENT HORSTS STATIONS

The stations are characterized by crustal thickness between 27.64

(AD14) and 31.99 (AD18) km and ® values between 1.870 (AD19) and 1.984
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Figure 6.11. (a) Radial receiver functions plotted against the back-azimuth
(BAZ) for AD11. Gray thin lines are individual RFs, and red thick lines are

stacked RFs in 15° azimuthal bins.
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Figure 6.11. (Continued) (b) The distribution of ray-piercing points of the
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Figure 6.12. (a) Radial receiver functions plotted against the back-azimuth
(BAZ) for AD13. Gray thin lines are individual RFs, and red thick lines are

stacked RFs in 15° azimuthal bins.
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(AD14). The amplitude ratios (R) ranging from 0.068 (AD19) to 0.265
(AD17).

AD14: The station is located at 11.94°N and 41.45°E with elevation of 422 m
and represents a B quality station. A total of 72 receiver functions have been
stacked. Most of the back-azimuth ranging from 40°-100° shows small
arrivals of PmS phase that are observed at 4 s to 5.2 s after the direct P-
wave (Figure 6.13.a). The amplitude of the same phases increases after ~ 4
s, for the same back azimuth range. Most of the events originated from the
north-east, east with few events back azimuth coverage from the northwest
(Figure 6.13.b). From the H-k plot, a well defined peak can be observed
which is marked by the black dot (Figure 6.13.c). The resulting optimal Moho
depth is 27.64+0.25 km and the resulting R value is 0.13+0.011.

AD15: The station is located at 11.88°N and 41.71°E with elevation of 88 m
and represents an A quality station. A total of 28 receiver functions have
been stacked. The first positive peak of PmS on the radial receiver function
can be observed from ~ 3-3.8 s in the back-azimuth of 40°-110° (Figure
6.14.a). The peak becomes weaker between the ranges of 220°-290°. Most of
the events originated from the east and southwest (Figure 6.14.b). From the
H-k plot, a well defined peak can be observed which is marked by the black
dot (Figure 6.14.c). The resulting optimal Moho depth is 30.46+0.4 km, the

corresponding V,/Vs is 1.878+0.033 and the resulting R value is 0.12+0.021.
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AD16: The station is located at 11.82°N and 41.75°E with elevation of 118 m
and it represents an A quality station. A total of 62 receiver functions have
been stacked. Most of the back-azimuth ranging from 55°-150° shows
arrivals of PmS phase that are observed at 3 s to 5 s after the direct P-wave
(Figure 6.15.a). Most of the events originated from the east and the
northeast (Figure 6.15.b). From the H-k plot, a well defined peak can be
observed which is marked by the black dot (Figure 6.15.c). The resulting
optimal Moho depth is 30.68+0.28 km, the corresponding V,/Vs is
1.895+0.018 and the resulting R value is 0.146+0.013.

AD17: The station is located at 11.74°N and 41.84°E with elevation of 150 m
and represents an A quality station. A total of 54 receiver functions have
been stacked. The amplitude of PmS phase is show small amplitudes
between the ranges of 40°-140° with the arrival times from about 2 s to 2.5 s
(Figure 6.16.a). For the same back-azimuth ranges, strong Pms phases
arrival are observed at 3.7 s to 5 s. The small-amplitude phases that arrive
before the Pms phases might represent P-to-S conversions within the crust.
The amplitude of the PmS phases for events from the southwest (200°-235°)
of the station arrive between 2 s to 3 s. The ray-piercing points are mainly
distributed in the east and the southwest directions (Figure 6.16.b). From the
H-k plot, a well defined peak can be observed which is marked by the black
dot (Figure 6.16.c). The resulting optimal Moho depth is 29.04+0.12 km, the
corresponding V,/Vs is 1.981+0.006 and the resulting R value is

0.256+0.026.
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Figure 6.16. (a) Radial receiver functions plotted against the back-azimuth

(BAZ) for AD17. Gray thin lines are individual RFs, and red thick lines are

stacked RFs in 15° azimuthal bins.
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Figure 6.16. (Continued) (b) The distribution of ray-piercing points of the
PmS phase for AD17. (c) H-k plots for station AD17. The red line shows the
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.
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AD18: The station is located at 11.91°N and 41.79°E with elevation of 452 m
and represents an A quality station. A total of 119 receiver functions have
been stacked. There is a clear positive phase at ~ 1.5 s in the back-azimuth
of 20° (Figure 6.17.a). The peak becomes weaker between the ranges of 70°-
100° with the arrival times from 2.5 s to 3 s. The back-azimuth range of
130°-190° shows a strong arrival of PmS phase that is observed at 3 sto 4 s
after the direct P-wave. Most of the events originated from east and
northeast with few events back azimuth coverage from the southwest (Figure
6.17.b). From the H-k plot, a well defined peak can be observed which is
marked by the black dot (Figure 6.17.c). The resulting optimal Moho depth is
31.99+0.26 km, the corresponding V,/Vs is 1.916+0.019 and the resulting R
value is 0.103+0.011.

AD19: The station is located at 12.05°N and 41.93°E with elevation of 435 m
and represents a B quality station. A total of 60 receiver functions have been
stacked. The amplitude of PmS phase is weak between the ranges of 210°-
250° with the arrival times from about 3 s to 4 s (Figure 6.18.a). The ray-
piercing points are mainly distributed in the east and northeast and some are
in the southwest directions (Figure 6.18.b). From the H-k plot, a well defined
peak can be observed which is marked by the black dot (Figure 6.18.c). The
resulting optimal Moho depth is 30.52+0.26 km and the resulting R value is

0.068+0.014.
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Figure 6.17. (a) Radial receiver functions plotted against the back-azimuth
(BAZ) for AD18. Gray thin lines are individual RFs, and red thick lines are

stacked RFs in 15° azimuthal bins.
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6.4 GRAVITY MODELING

From the observed Bouguer gravity anomaly data, Mickus [2011]
created a two-dimensional gravity model (Figure 6.19). The resulting gravity
model shows a 24-28 km thickness of the lower crustal layer beneath
Tendaho Graben (TG). His gravity model uses 3.05 g/cm?® density of the
lower crust, which is slightly higher than the lower crustal density in the
IASP91 earth model [Kennett and Engdahl, 1991]. The gravity minimum
occurs over the area of maximum elevation, while values of Bouguer
anomalies increase towards the TG. For example, the gravity pattern
increases from a minimum of some -82 mGal to about -50 mGal in the TG,
whereas values reach -56 mGal in the DG. The gravity anomaly varies
between -50 to -63 mGal at the Tendaho and the Dobi grabens. The
complete Bouguer anomalies map has revealed a distinct high in the TG
sector and a low in the southeastern sector where elevation is higher and the
crust is thicker than others. The main results suggest that the active
magmatic areas (i.e. Tendaho Graben) are characterized by higher gravity
anomalies and the areas having thicker crust (i.e. AD02) are described by
lower gravity anomalies. The results also show the existence of a mafic upper
crustal layer beneath the TG. Overall, the results indicate that gravity

anomaly and crustal thickness are inversely related.
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6.5 RECEIVER FUNCTION MIGRATION

Generally, migration techniques have been applied in reflection
seismology to produce considerable image quality and work best in areas
with dense data coverage [Stolt, 178; Berkhnout, 1982; Claerbout, 1992;
Gray and May, 1994; Chen et al., 2005; Wilson and Aster, 2005; Wilson et
al., 2005]. The techniques are used to reduce receiver functions deconvlution
instability and aimed to map the true subsurface origin [Abers, 1998; Eaton
et al., 2002, Wilson and Aster, 2005]. Kirchhoff coda migration method is
frequently used for imaging the crust and the upper mantle structure
[Revenaugh, 1995]. However, the method can not deal with lateral velocity
variations; it only uses a constant velocity of each depth interval [Cehn et
al., 2005]. Wilson and Aster [2005] suggested that the depth of the migrated
receiver functions depend on the velocity model. Figure 6.20 shows a cross
section of the migrated receiver function. The main feature of the migrated
image shows well observed PmS converted phases along the profile. Overall,
PmS phases generated at the Moho occur at the range of 24-34 km depth
across the entire study area. The study observed that the crust beneath

AD11 is thinner compared to those observed at AD15 and AD16.
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6.6 SUMMARY OF RESULTS

The results of this study are consistent with a good number of previous
determinations of crustal characteristics. Previous seismic refraction surveys
revealed a crust with a thickness ranging from 14-30 km [Ruegg and Lepine,
1973; Berckhemer et al., 1975; Prodehl and Mechie, 1991; Prodehl et al.,
1997]. Dugda et al. [2005] stacked receiver functions at TEND seismic
station and concluded that the average crustal thickness is 25 km. They also
reported a high crustal Poisson’s ratio of 0.36. Once more, Dugda and
Nyblade [2006] characterized the crust beneath Afar by a fairly uniform
thickness varying between the ranges of 20-25 km. Their method of receiver
function analysis verified a high Poisson’s ratio throughout most of the crust
which is an indication of a mafic composition. They interpreted the presence
of new igneous rock in the crust as a part of the extensional process in the
region. To observe the crustal characteristics, the study plots elevation, H,
V,/Vs, and R values in a NE-striking band (Figure 6.21). The observed crustal
parameters go well with the high elevation. Crustal thickness beneath the
Dobi Graben varies between 29.04 km (AD17) and 32 km (AD18), and
Poisson’s ratios for the crust vary between 0.300 (AD19) and 0.329 (AD17).
Beneath the Tendaho Graben, the Moho depths vary between 23.49 km
(AD08) and 27.40 (AD09) km, and Poisson’s ratios vary between 0.292
(ADO03) and 0.348 (ADO08). Many previous studies have proposed that the
thinned crust beneath Afar region is caused by the high temperature in the
mantle [Searle and Gouin, 1971; Ruegg, 1975; Makris and Ginzberg, 1987;

Knox et al., 1999]. Those observations are in general agreement with our
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results that show that the average crustal thickness (Figure 6.22) is
28.56+£0.28 km, ® values (Figure 6.23) for the entire study range from
1.844 to 2.071 with an average of 1.94+0.017, and the Poisson’s ratio
ranging from 0.29 to 0.34. Our crustal thickness, Poisson's ratio, and the
amplitude of the converted Moho Sharpness (Figure 6.24) are summarized in
Table 6. The Poisson’s ratio of 0.310 we obtained is also consistent with the
estimations collected by Ruegg (1975) of 0.28 to 0.33, Zandt and Ammon

[1995] of 0.29, and Dugda and Nyblade (2006) of 0.30.
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83

7. DISCUSSION

7.1 CRUSTAL COMPOSITION

Previous petrological studies suggested that the upper continental
crust is mostly felsic in composition [Christensen and Mooney, 1995]. The
estimations of V,/Vs conducted in this study were used to constrain the lower
crustal composition. Seismological observations and studies of lower crustal
rocks have offered valuable information of the lower crustal components
[Farmer et al., 1989; Holbrook et al., 1992; Percival et al., 1992; Rudnick,
1992]. The composition of the crust can be examined on the basis of mineral
physics experiments that have suggested that felsic minerals have a V,/V;
value of 1.76 or smaller, intermediate minerals have a V,/Vs between 1.76
and 1.81, and mafic minerals have V,/Vs values that is larger than 1.81
[Tarkov and Vavakin, 1982; Christensen, 1996; Chevrot and van der Hilst,
2000].

The determination of Poisson's ratio, the elastic deformation
parameter, is crucial for understanding the nature of the Earth's crust. In
general, the ratio is an indicator of lower crust composition and depends on
both temperature and pressure [Christensen, 1996]. For seismic analyses,
Poisson’s ratio is calculated using the formula 0=0.5[1-1/(®%-1)], where
®=V,/Vs [Tarkov and Vavakin, 1982; Christensen, 1996; Chevrot and van
der Hilst, 2000]. It ranges from 0.05 to 0.20 for extremely tough materials
and reaches a value of 0.5 for fluids having no shear strength [Gretener,
2003]. Moreover, low values of Poisson's ratio are typical found in high

strength rocks such as basalt and quartzite [Engelmark, 2000]. The ratio
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decreases by 0.2% at temperatures in the range of 0° to 400° for olivine and
increases by 0.8% to 11% for other varieties of olivine [Christensen, 1996].
The study uses Poisson’s ratio as a general indicator of bulk crustal
composition. Granitic rocks have a Poisson’s ratio of about 0.24, whereas
intermediate composition rocks (e.g., diorite) have values of around 0.27,
and mafic rocks (e.g., gabbro) about 0.30 [Tarkov and Vavakin, 1982;
Christensen, 1996]. For an oceanic crust, Poisson’s ratio can reach as high as
0.32 [Bratt and Solomon, 1984]. A Poisson’s ratio higher than 0.30 is
uncommon in continental areas and frequently indicates the existence of
partial melt within continental settings [Watabane, 1993; Owens and Zandt,
1997].

Based on the earlier classifications, the study indicates that the crust
layer is composed mainly of mafic material and the rock layer to be more
brittle. In a global study, Zandt and Ammon [1995] concluded that the crust
of ancient shields is characterized by a relatively high Poisson's ratio (0.29),
which is indicative of mafic material in the lowermost crust. The results from
our study, as well as those of Berckhemer et al. [1975], Makris and Ginzburg
[1987], Tiberi et al. [2005] and Stuart et al. [2006], all point to the
existence of diking and intrusion. Stuart et al. [2006] demonstrated that
V,/V;s ratio increases to larger than 2.0. (Poisson’s ratio, o > 0.33) and is an
indication of partial melt. The amount of mafic material in the crust, which is
a significant parameter, relies on mafic intrusion and/or underplating
[Lachenbruch and Sass, 1978; Klemperer et al., 1986; Thompson and

McCarthy, 1986]. The high @ is an indication of a crust with an average mafic
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composition that is more brittle than an "ordinary" continental crust. We
suggest that mafic addition is a dominant process in the modification of
crustal composition in the Afar Depression.
7.2 SPATIAL VARIATION OF Vp/Vs OBSERVATIONS

The H-k technique provides an estimate of average crustal V,/Vs which
can be directly converted into Poisson’s ratio. The ® distribution is
remarkably large throughout the area. Rooney et al. [2005] proposed that
the occurrence of the high V,/Vs ratios require partial melt in the crust. The
observed ® values in this study seem to have a clear relationship with the
crustal thickness (i.e. thinner crust corresponds to larger (V,/Vs) (Figure 7.1).
For instance, stations of thicker crusts like AD0O2 (35.23 km) and ADO3
(32.58 km) show small values of ®, where it is 1.852 for AD02 and 1.844 for
ADO03. On the other hand, the thinnest crust (at AD08) has the largest ®. The
crust beneath the center of the Tendaho Graben, where V,/V; is the highest,
is thin and likely to be oceanic-type and it turns out to be continental-type
away from the center where the values of V,/Vs is less than the center of the
TG. The crustal Vp/Vs increases dramatically as large as 2.071 in the Tendaho
Graben, which corresponds to an increase of Poisson's ratio from 0.298 to
0.348, suggesting a more mafic crust beneath it. The mean values of Vp/Vs in
SW of TG and the TG are considerably larger than those in the DG. For that
reason, it is likely that magma source exist in the crust which led to rises the

values of o.
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7.3 CRUSTAL THICKNESS VARIATIONS ACROSS THE ARRAY

The crustal thicknesses determined from receiver function analysis in
this study show an average of 28.56+0.28 km. Crustal thickness beneath the
Dobi Graben varies between 27.64 km (AD14) and 32 km (AD18), while
beneath the Tendaho Graben the Moho depths vary between 23.49 km
(ADO08) and 27.40 km (ADOQ9) (Table 7.1). The TG has the thinnest and most
mafic crust which is also revealed by gravity and magnetic data. Previous
studies have proposed that the thinned crust beneath the Afar region is
associated with the presence of the mantle plume [Searle and Gouin, 1971;
Ruegg, 1975; Makris and Ginzberg, 1987; Knox et al., 1999]. Our
estimations of H, based on the receiver functions and the gravity data, are in

agreement with previous studies. The resulting crustal thicknesses show that
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the TG stations have thinner crust comparing with those in SW of TG and the
DG. Dugda et al. [2005] stacked 48 receiver functions to measured H at
TEND station near AD08. They concluded that the average crustal thickness
is 25 km with Vp/Vs mean of 2.12. Their results are consistent with our
resulting crustal thickness (23.49+0.17 km) and V,/Vs value (2.071+0.009)
at AD08. Our observations concerning the variations of crustal thickness
follow the trends of northeast thinning of the crust between (AD04-ADO0S8).
The greatest crustal thickness is found beneath station AD02 (~ 35.23 km)
where the elevation is the second highest one (~ 523 m). The second thicker
crust is at AD0O3 (~ 32.58 km) where the elevation is 488 m above sea level.
The observed crustal thickness results show that at elevations higher than
480 m, the resulting crustal thickness become larger than 30 km. Most of

those stations are located in the SW of TG.

Table 7.1 The resulting crustal thickness (H), V,/Vs, and Poisson’s ratio (o)

for the three divisions for the Afar Depression

Lat. Long. | Hev

I

) . H ' ;
Station —oth [ Bt [ (m) [ (k) [ S| © [ 5D R STD mto | Quality
ADO1 | 11.32 |40.571| 580 | 31.77 | 0.19 |1.937| 0.013 | 0.181| 0.019 | 0.318 A
SWofTG | AD0DZ | 11.3540.688] 523 | 35.23 | 0.20 |1.852| 0.007 | 0.089| 0.006 | 0.294 A
ADO3 | 11.42 |40.766| 488 | 32.58 | 0.33 | 1.844| 0.024 | 0.078] 0.013 | 0.292 A
ADO4 | 11.54 |40.841| 483 | 30.93 | 0.15 | 1.987| 0.005 | 0.069 | 0.009 | 0.330 A
ADO5 | 11.61 |40.906] 451 | 25.33 | 0.11 |1.088] 0.004 | 0.128| 0.01 0.331 A
Mean 31.17 | 0.214| 1.922 | 0.0106| 0.109 | 00114 | 0.313
AD06 | 11.68] 40.04 | 460 | 24.15| 0.33 | 1.021| 0.041 | 0.066| 0.015 | 0.314 B
ADO7 | 11.73 | 40.09 | 395 | 24.29 | 0.21 | 193 | 0.01 | 0.32 | 0.021 | 0.317 B
ADOS | 11.78 |41.028| 391 | 23.49 | 0.17 |2.071]| 0.009 | 0.2 | 0.005 | 0.348 A
TG ADOO | 11.82 | 41.05| 385 | 274 | 0.47 |1.045| 0.042 | 0.017| 0.009 | 0.320 B
ADIO | 11.8 |41.137| 370 | 25.05| 0.37 |1.866] 0.015 | 0.302| 0.015 | 0.298 B
AD11 | 11.74 |41.296| 370 | 27.37 | 0.15 |1.964| 0.01 | 0.257] 0.023 | 0.325 B
ADI3 | 11.96 | 4131 | 352 | 25.37 | 0.68 |1.048| 0.027 |0.127| 0.011 | 0.321 A
Mean 2543 | 0.34 | 1.949] 0.022 | 0.184 | 0.0141 | 0.320
AD14 | 11.04 |41.455] 422 | 27.64 | 0.25 | 1.984| 0.000 | 0.13 | 0.011 | 0.330 B
AD15 | 11.88 |41.707| 88 | 30.46| 04 |1.878| 0.033 | 0.12 | 0.021 | 0.302 A
oG ADIG | 11.82 |41.753| 118 | 30.68 | 0.28 |1.895]| 0.018 | 0.146] 0.013 | 0.307 A
AD17 | 11.74 |41.837| 150 | 29.04 | 0.12 | 1.081| 0.006 | 0.265| 0.026 | 0.329 A
AD18 | 11.01 |41.791| 452 | 31.99| 0.26 |1.916] 0.019 | 0.103| 0.011 | 0.313 A
ADIO | 12.05|41.926] 435 | 30.52 | 0.36 | 1.87 | 0.016 | 0.068| 0.014 | 0.300 B
Mean 30.05 | 0.278]1.921|0.0168| 0.139| 0.016 | 0.313
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7.4 MOHO SHARPNESS

The sharpness of the Moho is associated with the thickness of the
transition layer between the crust and the mantle. Analysis of refracted
seismic arrivals suggested that the transition layer is not more than 2 km
thick in stable areas [Nakamura and Howell, 1964]. Within active regions,
the transition is most likely less sharp [Green and Fallon, 1998]. A clear
observation of PmS and its multiples reflect a sharp Moho. Overall, The Afar
depression has smaller-than-normal (~ 0.14+0.014) stacking amplitude of
the P-to-S converted phases beneath most stations. However, the values are
slightly higher in the TG stations than others, having an average of 0.184.
7.5 EVOLUTION OF THE CRUST

Several studies have confirmed that magmatic processes in the Afar
Depression continue to the present day [Tadesse et al., 2003; Keri et al.,
2005; Ayele et al., 2007; Brazier et al., 2008; Keri et al., 2009]. However,
the nature of Afar crust has been a subject of debate among scholars
[McKenzie et al., 1970; Barberi and Varet, 1975, 1977; Vellutini, 1990;
Cochran, 1981; Kazmin and Byakov, 2000]. Mohr (1978) suggested that the
early Afar crust represents an oceanic-type except that it was remodeled by
mantle plume. He also noted that the crustal thickening depends on the
extreme magmatism found in the region. Dudga and Nyblade [2006]
suggested that the Afar lithosphere is composed of new igneous rock
associated with dike injection. A recent detailed geochemical and isotopic
study conducted by Teklay et al. [2010] suggested that the lower crust

beneath Afar contains Neoproterozoic mafic igneous rocks.



89

Our estimates of the crustal structure are in good agreement with the
results of previous studies in the region [Berckhemer et al., 1975; Prodehl
and Mechie, 1991; Prodehl, et al., 1997; Mammo, 2004]. Dugda et al. [2005]
revealed, using receiver function analysis from seismic data, that the crust
beneath Afar is just about 25 km thick. They also reported, from a temporary
broadband station located at Tendaho area, a high crustal Poisson’s ratio of
0.36. Moreover, Dugda and Nyblade [2006] characterized the crust beneath
Afar by fairly uniform thickness varying between 20-25 km. Their method of
receiver function analysis verified a high Poisson’s ratio throughout most of
the crust and is an indication of a mafic composition. They interpreted the
presence of new igneous rock in the crust as a part of the extensional
process in the region.

The crustal thickness determined from the method of receiver function
analysis in this study shows an average of 28.56+0.28 km. The crustal
thickness varies from 23.49+0.17 km (ADO08) to 35.23+0.29 km (AD02). At
most of the stations, it is possible to identify the depth to Moho which is
sampled by P-to-S conversions (PmS) and by later reverberations. We
observed that the crustal thicknesses beneath stations southwest of the TG
(ADO1-ADO05) are thicker than those in the other two areas with having an
average of 31.17 km. The crustal thickness measurements beneath the DG
and adjacent horsts (AD14-AD19) have, to some extent, similar average
value of H (30.05 km). However, the maximum amount of thinning was
observed at the center of the TG (AD06-AD13). The V,/Vs distribution is, in

fact, high all over the study area. Stations AD04, ADO5, AD08, AD14 and
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AD17 have high values of V,/Vs, with the highest in the entire study area at
ADO08 (2.07). The distribution of V,/Vs for the TG shows that the values are
the highest in the center of the graben as well as the percentage amount of
diking which indicate that the center of the graben has the highest heat
source comparing to the areas away from it. The following formula was used
to determine the percentage amount of diking (B) and was based on the

average values of V,/Vs for continental crust (1.78) and oceanic crust (2.1):

5_ (#-178)
0.32

: where gis the resulting V /V, (5)
Figure (7.2) shows a cross-section plot for the calculated percentage of
diking for A stations in the Afar Depression. The results show that the area of

maximum diking is located at the center of the Tendaho Graben. While,

stations located in the Dobi Graben ranging from 30-60 percentage of diking.
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Figure 7.2 The calculated percentage of diking for A stations in the Afar

Depression

Based on our observations, it is likely that diking plays an important

role on the resulting parameters of H, V,/Vs;, and o. For example, the
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resulting crustal thickness show that it is the thinnest at the center of the TG
and it becomes thicker moving away from it. Moreover, the highest V,/V;
value is found beneath ADO8 which indicate that presence of heat source is
associated with the presence of diking. It is reasonable to hypothesize that
the high ® and low H values observed in the TG are due to the high amount
of diking intruding the crust and is likely to be considered as an oceanic-type
and the amount of diking decreases moving away from the centre of the TG
and the crust becomes progressively more continental. In addition, the
presence of extensive dikes could also explain the smaller-than-normal
overall stacking amplitude of the P-to-S converted phases beneath most
stations due to the decreased velocity contrast areas. Our results suggest
that diking is more likely the source which causes the elevation of ® values
and the thinning of the crust beneath the center of the Tendaho Graben.

The highly observed values of ® beneath most of the stations in this
study are supported by the result of Mohr [1989] who argued that 65% of
Afar Depression lithosphere has been injected with mafic dikes. As we have
noted, the highest value of V,/Vs was found beneath the center of the TG and
is associated with the existence of high amount of diking. Therefore, this
research summarizes that magma rising in form of vertical dikes influenced
the study area which caused deformation and depression, and disturbed the
crust mantle boundary. Consequently, thinner crust has been formed
beneath the Afar Depression relative to the surrounding area. Therefore, the
rising diking in the center of the TG disturb the Moho boundary and makes it

less sharp.
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8. CONCLUSIONS

The Afar Depression is characterized by a crustal thickness of
28.56+0.28 km, high crustal Poisson’s ratio of 0.32, and smaller-than-
normal overall (x0.14+0.014) stacking amplitude of the P-to-S converted
phases beneath most stations. The observed ® values in this study seem to
have a clear relationship with the crustal thickness (i.e. smaller H
corresponds to large V,p/Vs). The high Poisson’s ratios throughout the study
area and the smaller-than-normal R measurements indicate that the crust is
more mafic in composition than a typical continental crust, probably due to
extensive intrusion of mafic dikes into the crust. Our results suggest that the
crust beneath the entire study area is significantly thinned and extensively
intruded by mafic dikes, representing a transitional stage between
continental and ocean crust. The Tendaho Graben has the thinnest and most
mafic crust, which is also supported by the observed Bouguer anomaly data
that suggest that the active magmatic areas (i.e. Tendaho Graben) are
characterized by higher gravity anomalies while the thicker crusts (i.e. AD02)

have small and negative anomalies.
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