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Abstract 

The integrated 3D gravity inversion was applied to obtain the crust and upper mantle density 

structure within the East Africa rift system including the Afar depression. The better 

knowledge of the crust and upper mantle structure is essential to characterize the processes of 

the plume-lithosphere interaction. The aim of this study was also to further develop the 

methodology of the gravity inversion constrained by seismic data. The region has a lack of 

consistent seismic refraction and gravity data coverage, and the existing data has insufficient 

resolution for detailed imaging of the lithosphere structure. The motivation of this study was 

initiated from this problem to apply a joint analysis of gravity data in the poorly studied 

African region and adjacent rifted continental margins. The gravity inversion for the crustal 

thickness has been performed in spectral domain after applying the required corrections: 

topographic effects, sediment thickness variation, and lithospheric thermal density structure 

related to rifting. The sensitivity of the iterative gravity inversion to the density of crystalline 

crust, thermal age of the lithosphere and other input parameters has been systematically 

studied. Following the comprehensive data processing and iterative inversion approaches the 

Moho depth, crustal thickness, lithospheric thinning and stretching factors were predicted. 

The independent seismic data and models were used to constrain the gravity inversion and for 

quality assessments. The shallowest depth of the Moho boundary (~20 km) is found beneath 

northern Afar, and the deepest (∼40 km) beneath the Ethiopian Plateau. Similarly, the 

Somalia plate has ~30-34 km thick crust near the Ethiopian Highlands and attenuated to ~20 

km towards southern Somalia close to Indian Ocean. The high lithospheric thinning (~0.5) 

and stretching factors (β ~ 3.5) are found in northern Afar. The obtained lithospheric density 

structure has been interpreted in terms of thermal and compositional variation of the African 

lithosphere. The spatial distribution of the lithosphere thinning factors (from gravity 

inversion) and lithospheric temperature anomalies (predicted using seismic tomography 

images) imply that the continental rifting within the East Africa region and Afar depression 

were significantly affected by dynamic processes in the upper mantle.  
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1 Introduction 

The study area includes the East Africa rift system and the Afar depression. Geographically 

the study area is located between -40
o
S – 40°N and 20 - 70°E. A more detailed study area is 

found at 0 – 20°N and 33 – 53°E. The Afar depression is the place where the Red Sea, Gulf of 

Aden, and the Main Ethiopian Rift interact. The interactions of the postulated Afar mantle 

plume (e.g. Furman et al., 2006) and lithosphere cause continental breakup and a transition to 

seafloor spreading.  The processes that affect the structure of crust-mantle transition are 

essential for the understanding of the tectonic and magmatic styles of rifting. This work is 

particularly focused on the process of lithospheric rifting and the role of mantle dynamics 

within the Afar depression. 

1.1 Purpose of study 

The goal of this master thesis is to constrain the crust and upper mantle structure beneath the 

East Africa and Afar region in particular by using an integrated 3D- gravity data inversion. 

The depth to the crust-mantle transition (Moho depth) beneath the East Africa has previously 

not been well resolved from limited gravity and seismic data.  

To achieve the objective of this thesis the following tasks have been accomplished: 

 Compile seismic refraction profiles, receiver functions data, and gravity data to 

constrain the gravity modeling for crustal thickness 

 Perform a sensitivity study to investigate the effects of input parameters and modeling 

assumptions   

 Determine the crustal thickness variations and whole-lithosphere thinning/stretching 

factors 

 Model the temperature structure of the lithosphere using a seismic topography model 

for the upper mantle and gravity anomalies 
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1.2 Motivation of study 

The seismic refraction data in Africa including the target area have a sparse coverage and 

variable resolution. A number of previous studies were based on these limited numbers of 

data. Different models were developed in areas where no data exist by extrapolation from 

limited number of data points. For example, the global CRUST5.1 model by Mooney et al., 

(1998) indicates that except of the East Africa rift system (black triangles in figure 1.1A) the 

whole Africa has no seismic refraction data. The CRUST1.0 Moho model developed by 

Laske et al., (2013) uses Moho depth information from maps, data points and oceans but it 

contains almost no data for the most of the entire region (Fig. 1.1B). The CRUST1.0 Moho 

depths (Fig. 1.1C) were obtained by extrapolation and the actual data are not publicly 

available.  

       

Figure 1.1: Seismic data coverage in Africa.  

A) seismic refraction data coverage in global CRUST5.1 model from Mooney et al., (1998) 

and B) Moho depth map of Africa from CRUST1.0 model of Laske et al., (2013) using 

information from maps, data points and oceans and C) Moho depth of Africa region from 

CRUST1.0 model of Laske et al., (2013) by extrapolations from the limited data points.  

1.3 Overview of previous studies 

A number of geodynamic studies have been focused on this tectonically dynamic area. 

According to previous studies of crustal and upper mantle structures of Afar and its 

surrounding area, the crust is getting thin towards northern Afar (e.g. Mammo, 2004; Mickus 

et al., 2007; Maguire et al., 2006; Tiberi et al., 2005). The result from EAGLE experiment 

(Bastow et al., 2011) presented the presence of crustal intrusions sourced from a partially 

molten upper mantle. A long-range seismic refraction study by Mechie and Prodehl (1988) 

and the analysis of receiver function from Dugda et al., (2005), Stuart et al., (2006) and 

A B C 



3 

 

Hammond et al., (2011) are confirmed that crust in northern Afar depression is more thinner 

than the southern part. Correspondingly, the Moho depth in northern Afar is shallower than 

the southern part.  

1.4 Physiography  

Afar depression has a triangle shape represent lowland compared to Ethiopian escarpment on 

the west, Danakil block on the east and northeast and Somalian plateau on the south (Fig. 

1.2). There is a significant physiographic contrast within the Afar depression. For example, in 

northern part, Erta’Ale Range has a highest elevation of  ~1150 meters above sea level 

(Beyene and Abdelsalam, 2005), whereas the nearby Danakil depression has deepest 

elevation of ~150 meters below sea level. In central Afar depression, Tendaho rift is the 

largest axial structure which shows average elevation of ~450 meters above sea level (Tesfaye 

et al., 2003). In southern part of the depression, the well-known NNE– trending discontinuous 

is Wonji Fault Belt (WFB) and has a mean elevation of ~700 meters above sea level (Tesfaye 

et al., 2003).  

 

Figure 1.2: Topography maps of East Africa and the Afar depression. The topography map of East Africa (A) 

and Afar depression and surrounding areas (B) produced from ETOPO1 data set of Amante and Eakins (2009). 

The dashed red line stands for the possible rift axis and white dashed line with black dots represent the fault 

blocks. The yellow dashed line in map A represents EARS. 

A B 

km km 
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1.5 Geological background 

Beyene and Abdelsalam (2005) summarized the geological formations of Afar depression as 

follows (Fig. 1.3): 1) Pre-rift complexes; 2) Syn-rift igneous rocks; 3) Pliocene–Pleistocene 

volcanic rocks; and 4) Quaternary volcanic and sedimentary rocks.  

The Pre-rift complexes (< 30 Ma) are lithological units that comprise of the Neoproterozoic 

crystalline basement rocks, Paleozoic–Mesozoic sedimentary sequences, and Eocene–

Oligocene volcanic rocks. They are exposed along the peripheries and plateaus surrounding 

the Afar depression and within the Danakil and Ali-Sabieh microblocks (Kazmin et al., 1978; 

Vail, 1985). The Syn-rift igneous rocks (~30 Ma) are also distributed within the Afar 

depression, Ethiopian plateau and around the eastern peripheries of the Afar depression. 

According to Beyene and Abdelsalam (2005) and Bosworth (2005), these types of rocks also 

comprise of Miocene volcanic rocks like Adolei (~22-14) Mabla (~14-10 Ma) and Dahla 

series (~8-6 Ma). 

The Pliocene–Pleistocene volcanic rocks are exposed in more than ⅔ of the Afar depression 

(Beyene and Abdelsalam (2005) and references therein). These volcanic rocks are commonly 

called the Afar Stratoid series. The Quaternary volcanic and sedimentary rocks are younger 

lithological units that include basaltic flows and shields, scoria cones, and alkaline to 

peralkaline silicic rocks. Because of the unique physiographic feature, Afar depression also 

includes Quaternary sedimentary and Evaporates rocks (Varet and Gasse, 1978). 
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Figure 1.3: Geological map and distribution of igneous rocks within the Afar depression (Beyene and 

Abdelsalam, 2005). The dashed black line represented the delineation of north, central and south Afar 

depression. 

  Regional tectonics   1.5.1

The Afar depression is a place where the triple junction formed by Red Sea and Gulf of Aden 

rifts and East African rift system.. The dynamics of continental rift of Afar depression was 

induced due to the mantle upwelling’s (Koptev et al., 2016). This region is characterized by 

intense volcanic activity. The East African Rift System (EARS) is not yet developed to 

spreading center like Red Sea and Gulf of Aden. However, it was suggested that some 

specific characteristics of the rift-to-drift transition can be observed in some rift segments 

(e.g., Hayward & Ebinger 1996). The EARS has 30 km wide and 60km long (Bosworth, 

2005) and it is a site of mantle upwelling driven seismic and volcanic activities (Koptev et al., 

2016). 

 The Gulf of Aden rift has an orientation of ENE -WSW and it’s connected the Owen fracture 

zone in the east (oceanic lithosphere) with Afar plume in the west (continental lithosphere) 
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(Bosworth, 2005). The Gulf of Aden rift was initiated in the mid-Oligocene (~ 30Ma) and 

became an oceanic rift as a result of the propagation of the Sheba Ridge from Indian Ocean 

into the African continent. Cochran (1981) also confirmed that spreading direction from 

Owen fracture zone to Shukra al Sheik discontinuity.  Bosworth (2005) suggested that the 

spreading was terminated for about 8 Ma when the spreading center reached the Shukra al 

Sheik discontinuity at ~10 Ma (Fig. 1.4, represented as SS with dashed line) and begins again 

at ~2Ma towards to the Gulf of Tadjoura. 

Bosworth (2005) summarized the evolution of oceanic rifting in Gulf of Aden in 

chronological order as follows: the spreading started at the Sheba Ridge at ~19-18 Ma and it 

moved in the westward direction into the central Gulf of Aden at ~16 Ma and later at ~10 Ma 

continued its propagation to the Shukra al Sheik discontinuity. The seafloor spreading 

propagated west of the Shukra al Sheik discontinuity, and the entire Gulf of Aden became an 

oceanic rift at ~ 2-3 Ma.  

The Red Sea has an orientation of NNE - SSW. Rifting began in the southernmost Red Sea by 

~27.5 - 23.8 Ma and distribute into the whole Red Sea at the ~24 Ma (Bosworth, 2005). 

Spreading also started in the south-central Red Sea at ~5 Ma. Currently the Red Sea spreading 

center continues its propagation towards the northern direction to connect with the Aqaba-

Levant transform, Gulf of Suez and Mediterranean Sea (Bosworth, 2005). In the future the 

Red Sea oceanic spreading center will be connected to the Gulf of Aden through Gulf of Zula, 

Danakil depression and Gulf of Tadjoura (Figs. 1.2, 1.4). 
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Figure 1.4: Main tectonic element within Red Sea - Gulf of Aden and East Africa (Bosworth, 2005). AFFZ = 

Alula -Fartaq fracture zone; D= Danakil horst; DA= Dahlak archipelago; ET= Ethiopian trap series; GOS= Gulf 

of Suez; GOA=Gulf of Aqaba; MER= Main Ethiopian Rift; SR= Sheba Ridge; SS= Shukra al Sheik 

discontinuity; SI=Socotra Island. 

  Tectonics of the Afar depression  1.5.2

Physiographical Afar depression is the lowest part of the Afar triangle and it extends ~200 

000 km
2
 (Beyene and Abdelsalam, 2005). The styles of tectonic deformation in the Afar 

depression are presumably associated with a mantle plume (McKenzie et al., 1972).  Afar 

depression is characterized by active tectonic processes such as magmatism, continental rifts 
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and extensions, and crust-mantle interactions which play a significant role in the process 

transforming continental rifting to seafloor spreading.  

It is believed that Afar mantle plume originate at the core-mantle boundary. The Afar elevated 

surface topography, rifting/faulting and volcanism are suggested to be caused by the high 

temperature (buoyancy) and melting anomaly in the upper mantle. The Afar dome started to 

rise at ~40 Ma because of the upwelling of the high heat flow (Gass, 1975). There is no clear 

information about the arrival of the Afar starting plume to the base of the lithosphere but the 

volcanism in the Afar depression started at ~30 Ma; some of the researchers e.g. Hofmann et 

al. (1997) indicate that the first arrival time of mantle plume could be at this time.  

The Ethiopia flood basalts were formed during a huge volcanism event from ~30 - 20 Ma and 

later on it significantly reduced from ~20 -15 Ma (Mohr, 1983b).  Following the opening of 

the Red Sea, another major volcanic event was started throughout the region at ~ 4.5 Ma 

(White and McKenzie, 1989 and references therein). According to White and McKenzie 

(1989) the areal coverage of the Ethiopian flood basalts is around 600,000 km
2

. 
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Figure 1.5: Main tectonic elements of the Afar depression (Beutel et al., 2010). The black dashed line shows the 

Tendaho Graben Discontinuity (TGD). 

1.6 Kinematics of the Afar Triple Junctions 

The Afar depression is an area of extensional deformation and it connects the three types of 

rift systems. In Ethiopia the first rifting was starts at the southern and central main Ethiopian 

rift in between 18 and 15 Ma (Ebinger et al., 2000). Whereas; in Red Sea and Gulf of Aden it 

was started at ~ 20 to 25 Ma (Menzies et al., 1992). The rifting of Red Sea and Gulf of Aden 

had developed to oceanic spreading centers (Manighetti et al., 1997). The main Ethiopian rift 

is still on transition to oceanic crust (Hayward & Ebinger, 1996). 
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The kinematics analysis of African (Nubian), Arabian and Somalian plates shows that 

significant amount of displacement and extension rate in between these three plates.  Beyene 

and Abdelsalam (2005) shows that the extension rate of Nubia and Somalia, Somalia and 

Arabia, Nubia and Danakil, Danakil and Arabia (southern), and  Danakil and Arabia 

(northern) is 6 mm yr
−1

, 17 mm yr
−1

, 12 mm yr
−1

, 7 mm yr
−1

,  and 12 mm yr
-1

 respectively 

(Fig. 1.6B).  

 
Figure 1.6: GPS velocities and fault kinematics in the Afar depression. A) Structural map of the Afar depression 

showing anti-clockwise rotation of the Danakil Block while hinged to the Nubian Plate in the northwest and to 

the Arabian Plate in the southeast. Double-headed arrows indicate extension and spreading, open half arrows 

indicate shear couple and solid half arrows indicate strike-slip motions. B) Relative plate motion and extension 

in the Afar Depression. Where, the open double head arrows indicate plate motions. Single-head solid arrows 

indicate direction and magnitude of displacement of identified points in mm/year, with respect to a fixed position 

in Addis Ababa (Beyene and Abdelsalam, 2005). 
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2 Gravimetry: basic theory and methods 

2.1 Basic theory 
 

In the basic gravity theory, the Newton’s gravity law is considered as the base of gravity 

measurements. The magnitude of the gravitational force F between two masses is proportional 

to the mass and inversely proportional to the square of their separation: 

2
r

GMm
F 


                      (2.1)     

Where G is universal gravitational constant has 6.6710
-11

Nm
2
kg

-2
, M and m are the two 

masses and r is the distance between their centers of mass. Gravitational acceleration of 

spherical Earth is: 

2r

GM
g 


            (2.2) 

Where M is the mass of the Earth and r is the radius of the Earth. The measured acceleration 

can be understood as a result of effect of the gravity and centrifugal force, 

sg 2 


             (2.3) 

Where g is centrifugal acceleration,  represents the angular velocity and s stands for the 

perpendicular distance from point observation to rotational axis. 

cosrs                         (2.4) 

Where r stands for the radial distance from point observation to the center of the Earth and   

is the latitude of the observation point. 

 

  Gravity measurements 2.1.1
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The gravity value is measured by gravimeters. It has ms-2 SI unit or equivalently newton per 

kilogram (Nkg
-1

). The more practical gravity unit is milliGal (mGal) which is in c.g.s.. The 

two gravimeters are either absolute or relative meters where the absolute meter measure is the 

whole magnitude of the gravity field and the relative meters also measure the difference in 

gravity between two stations. The Absolute gravimeters yield very accurate but time- 

consuming measurements. The relative gravimeters are the most common and applied for 

both in static (land, borehole and water bodies) and dynamic (moving platforms) applications. 

The earth’s gravity (g) is measured at the surface of the Earth. But g varies because of the 

variations in latitude, elevation, topography of the surrounding terrain, earth tides and 

subsurface density variations. The gravity measurement may made by satellite gravity survey, 

marine gravity survey and land observations. Therefore, the following various corrections to 

observed gravity should be carried out.  

  Gravity data corrections 2.1.2

The different types of gravity corrections are latitude, drift, elevation (free-air, Bouguer and 

terrain), Isostasy and Eotvos corrections. 

Drift correction 

In any gravity measurement locational the observed gravity can slightly varies with time. The 

variation could be due to tidal effects, instrument drift and other reasons. In practice, this drift 

variation is corrected by visiting the base stations at intervals of one to three hours during the 

gravity survey. 

Eotvos correction 

This is a type of correction for data measured on a moving vehicles, ships and aircrafts. The 

most important factors needed for Eotvos correction are velocity of moving objects and the 

geographical latitude of measuring point. Therefore, this motion-related effect must be 

accounted for in gravity measurements made on moving platforms. The Eotvos correction is 

given by below (Blakely, 1996): 

2004154.0sincos503.7  Eg                 (2.5) 

Where ʋ is velocity in knots ~1.852 km/h, α is heading with respect to true north, λ is latitude, 

and gE is in mGal. 
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Tidal correction 

Earth-tide is caused by the attraction of sun and moon. The attraction of the sun and the moon 

may affect to the gravity we measure at the stations. The maximum amplitude of gravitational 

variations caused by tidal effects is 0.3 mGal in every 12 hours. Since these variations are 

slow and smooth, their effects is corrected together with the instrumental drift correction. 

Normal gravity 

The normal gravity, g0, at latitude,  has been calculated from the standard World Geodetic 

System (WGS84) formula. The standard reference gravity field is given by the following 

equation (Blakely, 1996): 

 
sin90130066943799.01

138639sin0.001931851
149.78032677

2

2

0








g     (2.6) 

where g0 is in ms
-2

.       

Free-Air Correction 

During the gravity measurement in a given station, all the elevation variations with respect to 

sea level should be adjusted. The correction with an elevation differences is expressed 

underneath: 

h

hhggF





5

0

103086.0

)/(
                                                              (2.7) 

Where h is height above sea level in meter and 
Fg in ms

-2
, assuming a spherical Earth but 

free- air correction does not consider the masses between the measurement points and the 

reference ellipsoid. 

Application of the free-air correction provides the free air anomaly given by (Blakely, 1996):  

0gggg Fobsfa                                   (2.8) 
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Where gobs is stand for observed gravity, Fg is free-air correction and g0 is normal gravity. 

The free-air correction has accounted for the variation in elevation of the measurements but 

not for the additional mass represented by topographic edifice, and even for the crustal root 

which isostatically supports the topography. 

Bouguer correction 

The free-air correction and theoretical gravity ignore mass that may exist between the 

measuring points and sea level. The Bouguer is responsible to correct the effect of this mass. 

In Bouguer correction, all the measuring points are on the flat and smooth plate with infinite 

horizontal expansion called Bouguer plate. The thickness and density of the mass between sea 

level and measuring surface are completely uniform. The gravitational attraction of an infinite 

horizontal slab of rock material of thickness equal to the station height h and density ρ (2670 

kg.m
-3

) was computed using the known Bouguer slab correction formula (Blakely, 1996): 

h

hGgsb





5101119.0

2 
                                                                (2.9) 

Where h is the thickness of the slab in meter and gsb in m.s
-2

.  

The Bouguer anomaly computed by neglecting the terrain correction is known as the simple 

Bouguer anomaly given below (Blakely, 1996): 

0ggggg sbFobssb                   (2.10) 

 Where obsg is the observed gravity, Fg is free air correction, sbg is simple Bouguer 

correction and g0 is the theoretical gravity. 

Terrain correction 

Since Bouguer correction is assumed that the surrounding topography of the measuring point 

is flat but survey sites with complex topographic varieties are not considered. The terrain 

correction tg is required because it considers the impacts of topographic mountains and 

valleys. The complete Bouguer gravity anomaly, cbg is obtained after we apply the terrain 
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corrections to the simple Bouguer gravity. The terrain correction equation is given 

underneath: 

0gggggg tsbFobscb   ,                 (2.12) 

Where obsg is observed gravity, Fg  is free-air correction, sbg  simple Bouguer correction, 

tg  is terrain correction and g0 is theoretical gravity. 

  Forward gravity problem 2.1.3

 

The forward method is used to calculate gravity anomalies from relatively simple models by 

integrating process. The formula of gravitational attraction is derived from the gravitational 

potential U (Blakely 1996):  

            dv
r

PU
V




 , 

dv
r

r

UPg

V





2

ˆ

)(

                          (2.14) 

Where ρ is the density,   is the Newton’s gravitational constant and r is the distance between 

the mass point and the observation point,  is volume.  

Mostly it uses three integration techniques to calculate the vertical gravity attraction in three-

dimensional mass. These are volume, surface and spectral integrations. The following simple 

sketch (Fig. 2.1) shows the three-dimensional body with density  ',',' zyx  and observed at 

point  zyx ,, .  
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Figure 2.1: 3D forward gravity problem setup.  

 

The vertical gravity attraction along the z-direction in Cartesian coordinates is expressed in 

Blakely (1996): 

 
z

U
zyxg




,, , where U is the gravitational potential at point P
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   ,                   (2.15)                                         

Where      222
''' zzyyxxr   

It is also generalized to the following equation: 
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dzdydxzzyyxxzyxzyxg  ,                        (2.16) 
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Practically it is difficulty to repeatedly compute the above equation (2.15). Therefore, to 

approximate the whole three-dimensional body one should divide it into a number of known 

geometrical shapes so that to easily apply the volume integral of equation (2.15). Therefore 

the above volume integral of equation (2.15) becomes a summation equation as expressed in 

Blakely (1996):   

         mn

N

n

nmg 



1

,                                                                                                      (2.17) 

Where gm is the vertical attraction at the m
th

 observation point, ρn is the density of part n, and 

mn is the gravitational attraction at point m due to part n with unit density. 

The anomalous body may have horizontal cylinder, sphere, rectangular prisms and other 

several shapes of bodies. 

 Forward method for two-dimensional bodies 

The anomaly for the simple horizontal cylinder beneath the subsurface is computed by the 

following simple formula: 

22

22
ZX

Z
RgZ


 

                 (2.18) 

Where gZ (mGal) is the vertical component of gravitational force,   is universal gravity 

constant = 6.6710
-11

m
3
kg

-1
s

-2
, ∆ρ (kg/m

3
) is the density contrast of the horizontal cylinder, 

R (m) is the radius of the cylinder,  Z (m) is the depth of the center of cylinder and X (m) is 

the location of calculation point. 

 Forward method for three-dimensional bodies 

The attraction at any external point of a homogeneous solid sphere to the attraction of a point 

mass located at its center and can be computed from the following simple sketch: 
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by substitute the value of sinθ from the sketch by substitute the value of g and   3

3

4
RM  

Therefore,  
2

3

22

3
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                          (2.20) 

Where gz (mGal) is the vertical component of gravitational force;   is universal gravity 

constant = 6.6710
-11

m
3
kg

-1
s

-2
; ∆ρ (kg/m

3
) is the density contrast of the sphere; V (m

3
) is the 

volume of the sphere; Z (m) is the depth of the center of sphere X (m) is the location of 

computing point. 

Forward gravity modelling by volume integration  

To approximate a volume of three-dimensional mass, we have to slice it into a number of 

rectangular prisms. The gravitational attraction of a single rectangular prism for the 

observation point   is found by integration of equation (2.15) over the limits of the prism. 

Therefore, the gravitational anomaly of the three-dimensional body at any point could be 

approximated by summing the effects of all the prisms as described in equation (2.17). For 

example, the vertical gravitational attraction of a rectangular prism with uniform density ρ 
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and its dimensional limits of ,, 2121 yyyxxx   and 21 zzz  has given below (Blakely 

1996): 

 
'''
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                (2. 21) 

For simplicity the observation point is moved to the origin. 

 

An example of 3D and 2D gravity anomaly modeling computed from a simple spherical and 

cylindrical causative objects sourced at the depth of 6 km and density of -200kgm
-3

 (Fig. 2.2). 

The numerical curve is fitted with the analytical curve of cylinder in 2D and sphere in 3D. 

 

Figure 2.2: Comparison of numerical and analytical results.  

This syntetic simple model was computed using matlab for practice. 
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Fourier forward methods 

Fourier forward method is important to model the gravitational anomalies caused by different 

kinds of sources.  It is an effective method to approximate the gravity response from the given 

model by summation of all the harmonic components with different wavelengths. To compute 

the gravity attraction more efficiently the forward modeling uses the fast Fourier transform 

(FFT). The Fourier technique is important for calculation of the gravitational attraction of a 

horizontal layer and helpful to estimate the depth of the potential field sources. The spectral 

method forward modeling is one method of forward modeling which is particularly important 

to compute the gravity response of a crustal and mantle layers.  

For example the derivation of Fourier transform of the vertical attraction of gravity due to a 

point mass m is given below (Blakely 1996): 

Since rz
mg z

1




 

 and the Fourier transform is also: 
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In addition the point mass the Fourier forward also uses to calculation the whole body mass 

located between surfaces  yxz ,1  and  yxz ,2  summarized below (Blakely 1996): 
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                (2.23) 

According to Blakely (1996) this equation is important to calculate the isostatic residual 

gravity anomalies and it can also help to find the shape and location of potential field sources. 

  Inverse gravity problem 2.1.4

The inverse gravity problem is the opposite of the forward gravity problem. This is the 

calculation of the density distribution from the initial gravity anomaly. It is helpful to 

determine physical parameters which are not directly observed. This inverse gravity problem 

is more difficult than that of the forward problem because of its non-uniqueness. This 

problem has more than one possible solutions as a result it needs some prior information that 

constraints the problem. 

In the forward method, one can easily notice that the gravity data correction starts from the 

simple drift correction and goes to more difficult correction due to terrain and topographic 

variations. But the free-air anomaly still needs to further corrections before the inverse 

problem method is applied. The Parker method (equation, 3.3) was used to compute the 

gravity anomaly due to topographic variations. Since the target is to get gravity anomaly 

exactly from the effects of lateral crustal thickness variations, the effects of lithospheric 

thermal and sediment density variations must be removed. The corrections of all the above 

effects are summarized in the following formula of Chappell and Kusznir (2008): 

 

                                                                                      (2.24) 

Where the free air anomaly,  is produced from the satellite gravity data,  is the 

mantle residual anomaly due to crustal variation; is the lithosphere thermal gravity 

anomaly;  is the gravity anomaly due to changes in sediment thickness and density and 

the  is anomaly from the lateral changes in bathymetry and topography. 

  

stbfaamra ggggg 

faag
mrag

tg

sg

bg



22 

 

 

 

 

 

 

 

 

Deliberately left 



23 

 

3 3D Integrated gravity inversion 

The inversion of free-air gravity data is an important approach for understanding the 

geodynamic processes of both oceanic and continental crusts. The free-air anomaly data (Fig. 

3.2A) must be corrected for the gravity effect of topography (Fig. 3.2B), sedimentary 

thickness (Fig. 3.2C) and the lithospheric thermal gravity anomaly in the rifted continental 

margin (Fig. 3.15). The resulted mantle residual gravity anomaly after those corrections was 

used as an input for the gravity inversion.  

The lithosphere thermal gravity anomaly was computed iteratively using lithosphere thermal 

model (McKenzie 1978). In continental lithosphere the thermal gravity anomaly was 

computed by using mainly two important parameters i.e., continental rifting age and 

lithospheric stretching factor (β) as shown in figure 3.1 below. The stretching factor 






1

1
 

was determined from lithospheric thinning factor (γ) which is computed from the first order 

gravity inversion result after topographic correction only. To determine the thinning factor, 

first the Moho depth was calculated from gravity inversion without lithosphere thermal 

gravity correction (Fig. 3.1). Then crystalline crustal thickness was computed by adding 

basement thickness to the resulted Moho depth (Fig. 3.1). After the crustal thickness was 

computed the lithosphere thinning factor can be calculated using the following equation: 

before

after

crustcryst

crustcryst

.

.
1 , where tcryst.crus  stands for the crystalline crust thickness after rifting 

and beforetcryst.crus stands for the crystalline crust thickness before rifting. This iterative 

approach of computing lithosphere thinning factor and thermal gravity anomaly was done 

repeatedly until the optimal solution was required. 

 The second step of gravity inversion was done for computing Moho depth by incorporating 

lithosphere thermal gravity anomaly computed from the first trial without thermal gravity 

correction. This inversion process was repeated until the misfit was minimized.  

3.1 Methodology of the integrated gravity inversion 
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After all the necessary data processing procedures were applied, the inversion process was 

started using the Parker’s method (equation, 3.3). The inverse method of Oldenburg (1974) is 

applied to calculate the topography of the Moho boundary: 

                      (3.1)                               

Where is the topography of the interface at the reference at the depth z0; F is a Fourier 

transform notation, is the free-air gravity anomaly; G is the universal gravity constant, 

Nm
2
kg

-2
, k is a wavenumber and is the density contrast at the Moho. 

The first approximation of the topography interface ( ) is started by assuming of . 

Then result of  is used again in the equation to evaluate a new estimate of . This is 

repeatedly done but the convergence of this inversion equation is controlled using Minakov 

(2012) method:  

,                                                                                       (3.2) 

Where n is an iteration number, is an estimate of the Moho depth undulations with 

reference to the mean Moho depth, is the gravity effect because of the current Moho 

depth estimate, is the crustal density and is the density of olivine at 0 
o
c.  

The integrated inversion methodology (Fig. 3.1) is summarized as follows: 1) Mantle residual 

anomaly (MRA) was obtained after free air anomaly was corrected from gravity effect of 

topography and sediments as it indicates below in section 3.4.1 & 3.4.2 respectively.  2) 

Gravity inversion was started without thermal gravity correction and from this step Moho 

depth, crystalline crust thickness and crustal stretching factor were calculated. 3) Thermal 

gravity anomaly was computed using stretching β factor from the previous step and crustal 

rifting age; then after gravity inversion was done with thermal gravity correction. This process 

was done until best misfit was achieved. But in Afar depression and nearby areas the Moho 

depth misfit was large and it was not solved using thermal gravity correction. This large misfit 

was solved by incorporating another new gravity anomaly correction derived from seismic 

tomography model from Schaeffer and Lebedev (2013). 
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 Figure 3.1: A flow chart of the integrated gravity inversion approach. The blue arrow shows the gravity 

inversion before and after thermal gravity correction. The yellow arrow indicates that the inversion process after 

gravity correction from seismic tomography was applied. 

3.2 Data sources 

The gravity data coverage of the study area is between -40 - 40 degree latitude and 20 - 70 

degree longitude. The input data used for integrated gravity inversion are topography and 

bathymetry (Fig. 3.2B) data obtained from ETOPO1 of Amante and Eakins (2009); free-air 

gravity data (Fig. 3.2A) taken from a high resolution grid and map of the earth’s gravity 

anomalies of Bonvalot et al., (2012); sediment thickness (Fig. 3.2C) from Laske et al., (2013); 

crustal age data (Fig. 3.2D) from Gaina et al., (2013) and seismic tomography data(Fig. 3.2E)  

from Schaeffer and Lebedev (2013). All these data are processed and presented as Mantle 

Residual Anomaly (MRA) to use as an input for integrated gravity inversion processes. The 

CRUST 1.0 model from Laske et al., (2013) and Moho depth information from seismic 

refraction of EAGLE experiment (Maguire et al., 2006) and from receiver function study of 

Hammond et al., (2011) are used to constraints inverted Moho depth result of this work. The 

Seismic tomography data played very important role in controlling the large Moho misfit 

particularly in the Afar depression and nearby areas. 
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Figure 3.2: Input data used in the gravity inversion of this study. (A) Free-air gravity anomaly taken from 

Bonvalot et al., (2012) shows distribution of gravity anomaly ranging from -100 to 100 mGal. Because of the 

different sources of free–air gravity anomaly, the map indicates that most of the negative values are concentrated 

in water bodies and positive values are concentrated in continental part. (B) Topography and bathymetric map 

from ETOPO1 of Amante and Eakins (2009) showing physiographical land scape with minimum elevation of -

4km at oceanic part and maximum elevation is at continental part like in Ethiopian highlands and further down 

in Kenya and Tanzania and further up in northern part of the region at Afghanistan and Iran mountains. (C) 

Sediment thickness from Laske et al., (2013) showing distribution of sediment thickness in the region. The 

significant amount of sediments ~ 7km are concentrated in particular places like in offshore of Somalia, 

Mediterranean Sea and Arabian Gulf.  (D) Crustal age from Gaina et al., (2013) showing the updated sea floor 

spreading age which is also indicates an older and a younger oceanic crust age as indicated in the color bar. This 

age grid was set to 30 Ma in order to study continental crust particularly the events of Large Igneous flood 

basalts that were happed in 30 Ma. (E) Seismic tomography from Schaeffer and Lebedev (2013) showing gravity 

anomaly effect derived from lateral variation of seismic shear wave velocity in study area. The red colors 

indicate the negative gravity anomaly parallel to slower shear wave speed in seismic tomography model and the 

blue colors also indicate positive gravity anomaly which corresponding to the fast speed of the shear wave 

tomography model.  

A) Free – Air Anomaly B) Topography C) Sediment thickness 

D) Crustal Age E) Mantle gravity effect 

mGal 
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3.3 Constraints for gravity inversion 

The Crust 1.0 Moho depth from Laske et al., (2013) was also used as constraints for the 

inversion process because CRUST1.0 model was constrained by active sources seismic data. 

Other constraints are also compiled from crustal thickness observation of active sources 

experiments of EAGLE project (Maguire et al. 2006) and receiver function studies 

(Hammond et al., 2011). This kind of data was important to make control on the reliability 

and accuracy to estimate the Moho depth from gravity inversion. Before the inversion process 

was started, two initial parameters were determined from previous seismic and receiver 

function studies in the study area. The crustal thicknesses from other previous geophysical 

methods are summarized in table 3.2 and figure 3.3. Therefore, the reference mean depth, z0 is 

22 km and  mean density contrast, is 480 kg m
3
 which is estimated from average density 

of the entire crust (2850 kg m
-3

,) and mantle (3330 kgm
-3

). 

 

Table 3.1: Moho depth within the Afar depression from previous studies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Method Afar depression References  

northern southern 

Seismic 

Refraction 

 

15 - 20km 

 

>25km 

 

Prodehl & Mechie (1991) 

 

Gravity 

25km Makris and Ginzburg (1987) 

23km 24km Tiberi et al. (2005) 

Receiver 

function 

16km 26km Hammond et al. (2011) 

25km Dugda et al. (2005) 
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Figure 3.3: Previous crustal thickness models of Afar and surrounding areas. The top map shows 

the location of the observation points and the bottom indicates the crustal thickness sections of the Afar 

depression and surrounding areas by Hammond et al (2011). He also included other previous studies of receiver 

functions see table 3.2 below. 
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Table 3.2: Locations of Crustal transects from receiver function analysis 

The location of 

crustal sections 

longitude latitude Work done by 

1 39°42'12.47"S 9°50'21.66"N Maguire et al. (2006) 

2 39°53'10.96"S   9°56'28.57"N Makris & Ginzburg (1987) 

3 40° 8'31.15"S 9°22'21.07"N  

Mackenzie et al. (2005) 4 40°31'16.99"S   9°57'21.90"N 

5 41°12'52.49"S 10°54'46.87"N Makris & Ginzburg (1987) 

6 40°44'29.81"S 11°50'8.23"N  

Hammond et al. (2011) 7 40°43'30.26"S 13°16'40.18"N 

8 40°16'3.06"S 14° 6'39.37"N  

Makris & Ginzburg (1987) 9 41°26'54.73"S 13°14'21.33"N 

10 41°35'48.48"S 12°16'17.45"N Hammond et al. (2011) 

11 42°14'39.08"S 12°23'47.25"N Makris & Ginzburg (1987) 

12 41°16'4.16"S 17° 8'0.25"N  

Mechie et al.(1986) 13 41°40'59.69"S 18°13'50.71"N 

14 34°28'8.63"S 25°56'28.40"N Gaulier et al.(1988) 

15 49°33'59.63"S 13°36'53.35"N Laughton & Tramontini (1969) 
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3.4 Data analysis and results 

The gravity inversion results shown below at every data processing steps were processed and 

presented using MATLAB R2016b software. The routines for this 3D gravity inversion was 

adopted from Minakov et al., (2012) and implemented for the East Africa region and nearby 

continental rifted margins. All the necessary corrections were done to obtain the Residual 

Mantle Bouguer Anomaly (RMBA) and it was filtered by a low- pass Butterworth filter with 

100km cut-off wavelength before gravity inversion was started.   

  Topography correction  3.4.1

The topography gravity effect bg is computed using Parker (1973) method: 

,                                           (3.3)                           

Where  is topography of the interface at reference depth z0; F is a Fourier transform 

notation, G is universal gravity constant, Nm
2
kg

-2
, k is a wavenumber and is 

density contrast at the Moho depth. 

The topography correction (Fig. 3.4A) was subtracted from free-air anomaly (Fig. 3.2A) and 

the residual Bouguer anomaly (Fig. 3.4B) applied to the first order gravity inversion to 

compute Moho depth topography.   

The Gravity effect of topography (Fig. 3.4A) indicates that Nubian, Somalian and Arabian 

plates have high gravity effect of topography ~300 mGal. The main Ethiopian rift has ~ 200 

mGal gravity anomalies and this value decrease to 100 mGal in southern Afar until the 

Tendaho rift (Fig. 1.2). The central and northern Afar has relatively low value of topography 

gravity effect ~50 mGal. The Red Sea and Gulf of Aden have ~ -100 to -200 mGal value of 

topography gravity anomaly. This difference of gravity value is mainly due to the elevation 

difference a measuring point relative to the mean sea level. To correct this difference, 

subtraction of gravity anomaly effect was applied for those above the ellipsoid surface and 

addition for those below ellipsoid surfaces.  
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Figure 3.4: Gravity effect of topography. A) The negative gravity anomalies are observed in water bodies of the 

region whereas positive gravity anomalies are distributed in continental part. (B) Calculated Bouguer anomaly 

showing negative gravity anomalies at continental part but positive gravity anomalies at water bodies of the 

region.  

Moho depth from gravity inversion after topography correction 

The topography correction was subtracted from free-air anomaly map of Bonvalot et al., 

(2012) and then residual Bouguer anomaly was applied to gravity inversion to compute Moho 

depth variations. The inverted Moho depth was compared with CRUST1.0 model (Fig. 3.5). 

The major differences between the Moho depth from gravity inversion and CRUST1.0 model 

is found around the Afar triple junction, southwest and further up in northeast direction of the 

study region (3.5C). The negative difference around Afar triple junction is because of the 

Moho depth from gravity inversion is thicker than Moho from global CRUST1.0 model. The 

positive difference in the southwest and further up in the northeast direction is also because 

the Moho depth from gravity inversion is thinner than Moho depth from CRUST 1.0 model 

(Fig. 3.5C).  

A B 
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The two transects in figure 3.6A & B show that the comparison of the inverted Moho with 

CRUST1.0 model along the east-west and north-south transects. The major difference is 

found at 40 – 50
o
E longitude and ~10 – 20

o
N latitude which is in the vicinity of Afar 

depression and surrounding rifts.  

 
Figure 3.5: 1

st
 order inversion of Bouguer anomaly (only topography). (A) Moho depth from gravity inversion 

after free-air data from Bonvalot et al., (2012) was corrected from topography gravity effect. It shows that 30 km 

Moho depth is found in Afar, 40 km in Ethiopian Highlands and 20 and 25 km in Gulf of Aden and Red Sea 

respectively. (B) CRUST1.0 global model showing thinner Moho depth by ~10 km as compare to gravity 

inversion in map A. (C) Moho residual which shows the difference between maps A & B. It clearly indicates that 

the major difference is concentrated in Afar depression and surrounding three rifts i.e. main Ethiopian rift, Red 

Sea and Gulf of Aden rifts. 

A) Moho depth 

B) CRUST1.0 

C) Moho residual 
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Figure 3.6: Cross- sections along the east-west A – A’ and north-south B – B’ profile. The black line in A and B 

indicates topography profile but in C and D stands for inverted Moho profile. The green line in A and B 

indicates depth to top basement profile but in C and D for Bouguer residual profile after topography correction. 

The blue line for CRUST1.0 model and red line for inverted Moho from gravity inversion.  (A) Transect shows 

the comparison of inverted Moho with CRUST1.0 model along the west - east profile. This profile indicates that 

the major difference is found at 40 – 50
o
E which is exactly localized in Afar depression and surrounding rifts. 

The Moho depth from gravity inversion is deeper than CRUST1.0 model. (B) Transect B-B’ shows that the 

comparison between inverted Moho and CRUST1.0 model along the south - north transect. Here the Moho 

difference is more or less okay except again at Afar areas ~10 – 20
o
N. Plot (C) and (D) are also indicate that the 

relationship between residual Bouguer anomaly after topography correction and its Moho depth. 

  Sensitivity analysis to crustal density and mean downward 3.4.2

continuation depth  

The crustal density and mean reference Moho depth are the two main input parameters to start 

up gravity inversion.  Sensitivity of inversion results was tested to each of the above two 

parameters. To see all possible changes, the inversion was done in two different ways. One 

was by kept the mean downward continuation depth constant and varied the crustal density 

(Figs. A1- A5). The second one was the other way round by kept the crustal density constant 

and varied the mean downward continuation depth (Figs. A6 - A10).  

A

) 

B

) 

C D

) 
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The general observation of Moho depth from the five tests of gravity inversion indicates that 

Moho depth going deeper with an increase of crustal densities (Figs. A1-A5 in Appendix A). 

The sensitivity of gravity inversion to mean downward continuation depth was tried by 

making the crustal density constant.  The five tests of gravity inversion indicates that the 

Moho depth going deeper parallel to an increase of mean downward continuation depth 

(Figs., A6-A10 in Appendix A) for all five tests of gravity inversion. Therefore, after 

analyzing the degree of sensitiveness and by including a priori information, crustal densities 

set to 2850 kg m
-3

 and mean downward continuation depth to 22 km in the gravity inversion 

process. 

  Gravity effect due to sediment  3.4.3

The sediment gravity effect  is calculated from the exponential density-depth relationship 

method of Chappell & Kusznir (2008): 

,                                      (3.4)                                                                       

Where is the exponential decaying constant, stands for the density of the sediment layer, 

the s and b terms are depth to the top and base of the sediment body.  

The sediment thickness (Fig. 3.2C) from Laske et al., (2013) showing that the distributions of 

sedimentary basins are concentrated at particular places like at offshore of Somalia, 

Mediterranean Sea and Arabian Gulf.  In those places they have a significant amount of 

sediments ~ 7 km thick. In other place, e.g. in Afar depression, Red Sea and Gulf of Aden, the 

amount of sediments reaches to ~1-3 km thickness. This sediment thickness also confirmed in 

Hammond et al., (2011) crustal thickness sections from receiver function. The sedimentary 

basins are a big challenge for Moho inversion process because they have a shallow high 

amplitude gravity signals (Aitken et al., 2012).  

The sediment compaction is increase with depth and this make the porosity within the grains 

of sedimentary rocks will decrease. As compaction increase with depth, density of sediments 

will also increase.  Therefore, compaction is important parameter for sediment thickness 
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correction to control effect of porosity and pore fluids within the porous media of sedimentary 

rocks. 

The computation of gravity effect of sediments was done using Chappell & Kusznir (2008) 

method (Equation,  3. 4).  The average sediment density, s  used for calculating gravity effect 

of sediments was 2700 kgm
-3

. After gravity effects of sediments (Fig. 3.7) was estimated and 

this negative gravity anomaly was corrected from free air anomaly. The resulted residual 

gravity anomaly was inverted to compute Moho depth topography. 

   
Figure 3.7: Gravity effect of the sediment thickness distribution. The large negative gravity anomalies are 

observed exactly in areas where large amount of sediment accumulations (Fig. 3.2C). The sediment gravity 

effect map is showing that the offshore of Somalia, Mediterranean Sea and Arabian Gulf have gravity effect ~ -

60 to -80 mGal. In Afar depression, sediment gravity effect has a magnitude of ~ -20 to -30 mGal. In most of the 

continental regions and in mid-oceanic ridge of Indian Ocean indicates no sediment topography effect.   

Compare of inversion results with CRUST1.0 model 

The inverted Moho depth was compared with CRUST1.0 model (Fig. 3.8). The major 

differences between Moho depth from gravity inversion and CRUST1.0 Model is around Afar 

triple junction, southwest and further up in northeast direction of the study region (Fig. 3.8C). 

The negative difference around Afar triple junction is because of the Moho depth from gravity 

inversion is thicker than Moho from global model CRUST1.0. The positive difference in 
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southwest and further up in northeast direction is also because of the Moho depth from 

gravity inversion is thinner than Moho depth from CRUST 1.0 (Fig. 3.8C).  

 

The two transects in figure 3.9A & B show that the comparison of the inverted Moho with 

CRUST1.0 model along the east-west and north-south transects. The major difference is 

found at 40 – 50
o
E longitude and ~10 – 20

o
N latitude which is in the vicinity of Afar 

depression and surrounding rifts. As compared to topography correction, this stage of 

correction is minimizing the misfit a little bit (Fig.  3.10B). 

 
Figure 3.8: Gravity inversion results after correction for sediment thickness distribution. (A) Moho depth from 

gravity inversion after free-air data from Bonvalot et al., (2012) was corrected from sediment gravity effect. This 

Moho depth map also shows that 30 km Moho depth in Afar, 40 km in Ethiopian Highlands and 20 and 25 km in 

Gulf of Aden and Red Sea respectively. (B) Crust 1.0 global model showing thinner Moho depth B by ~10 km as 

compare to gravity inversion in map A. (C) Moho depth residual which shows difference between maps A & B. 

The major difference is still concentrated in Afar depression and the surrounding areas. 

A) Moho depth B) Crust 1.0 C) Moho residual 
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Figure 3.9: Cross- sections along the east-west A – A’ and north-south B – B’ profile. The black line in A and B 

is indicates topography profile but in C and D stands for inverted Moho profile. The green line in A and B is 

indicates depth to top basement profile but in C and D for Bouguer residual profile after sediment correction. 

The blue line for Crust 1.0 Moho and red line for inverted Moho from gravity inversion.  (A) Transect shows the 

comparison of Moho depth between inverted Moho and Crust 1.o Moho along the horizontal line which extends 

from west to east direction. This profile indicates that the major difference is located still at ~40
o
 - 50

o
E which is 

exactly localized in Afar depression and surrounding rifts. In this profile Moho depth from gravity inversion is 

deeper than Crust 1.0. (B) Transect B-B’ shows that comparison of inverted Moho and Crust 1.o Moho along the 

south to north profile. Here the Moho difference is more or less okay except again around Afar area specifically 

located at ~10
o
 – 20

o
N. (C) and (D) plots indicate the relationship between the residual Bouguer anomaly after 

sediment correction and its Moho depth. 

 

 

A) B) 

C) D) 
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Figure 3.10: Moho depth residual after 2

nd
 step of gravity inversion. The difference between Moho residual in 

sediment gravity correction and Moho residual in topography correction is ranges from -2 to 2 km.  Generally, 

this Moho residual map shows that the misfit is improved in all areas of the available sediment thickness (Fig. 

3.2C) by ~2 km depth. 
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  Lithosphere thermal gravity correction 3.4.4

The lithosphere thermal gravity correction is the anomaly caused due to the lateral 

changes in lithosphere temperature and density. It was calculated in iteratively approach using 

method of Chappell & Kusznir (2008). This lithosphere thermal gravity anomaly is 

determined using the following steps: first the mantle residual anomaly was inverted simply 

without the thermal gravity correction and then the crustal thickness and lithospheric 

stretching factor, β was computed respectively. The temperature of the mantle lithosphere was 

also estimated from rifting age and β-factor; this is given by following equation of Chappell 

& Kusznir (2008): 

,                                                  (3.5)                           

Where Tm is base-lithosphere temperature; β is the lithosphere stretching-factor; τ is the 

lithosphere cooling thermal decay constant; t is the lithosphere thermal equilibration time and 

is equilibrium lithosphere thickness. After the thermal gravity anomaly is computed, then 

this must be subtracted from the mantle residual data and again invert the thermally corrected 

mantle residual anomaly to get better result and this is repeatedly done until the convergence 

is achieved (Fig.  3.1). 

The lithosphere thermal gravity anomaly correction is important to estimate Moho depth, 

crustal thickness and lithosphere thinning factors in a given area. The two important 

parameters are crustal rifting age and stretching factors. Lithosphere thermal gravity 

correction is sensitive to crustal rifting age and stretching factor (β). To see all possible 

changes, the inversion was done in different ways. The inversion test was done in 30 Ma and 

150 Ma crustal rifting ages (Fig. 3.11). Similarly the degree of gravity inversion sensitiveness 

to stretching factor (β) was tried by making β, 1 to the continent part and 100 to oceanic ones. 

Therefore gravity inversion was tested in two categories. The first test was done in 30 Ma 

rifting age with β= 1 (Fig. 3.12A). The second inversion test was in 30 Ma under β=100 (Fig. 

3.12A). Since the inversion is an iterative approach, the result was analyzed in different 

iterations and was controlled by available information from global CRUST1.0 model and 

active seismic data in the study area. In every step all the necessary gravity correction was 

done and tried again until we get best fit with the previous Moho depth information (Fig.  

3.1).  
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Figure 3.11: Sensitivity of the lithosphere thermal gravity anomaly to rifting age. (A) Thermal gravity correction 

in 30 Ma rifting age showing that thermal gravity correction has large negative value ~ -200 mGal in the Mid-

Oceanic Ridge and small positive value ~ + 40 to + 50 mGal at the continental part. This is may be related with 

warm and cold environments of oceans and continents respectively. (B) Thermal gravity correction in 150 Ma 

rifting age. This map also shows that a bit difference in the continental part which has uniform thermal gravity 

anomaly (~ + 40 mGal) than in map A.  

A)  B) 
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Figure 3.12: Sensitivity of thermal gravity anomaly to thinning factors. (A) Thermal gravity correction of 30 Ma 

rifting age with β =1.  (B) Thermal gravity correction of 30 Ma rifting age with β =100. The difference between 

the two maps indicates that the thermal gravity anomaly in map B has all negative values and in the mid oceanic 

ridge thermal gravity correction has a quite large negative value whereas in map A the continents have small 

positive thermal gravity anomaly and the mid-oceanic ridge compare to map B has small negative value. This 

variation is mainly due to the value of stretching factors.  

Iterative inversion results 

The gravity inversion of first iteration was compared with gravity inversion of last iteration 

(Fig. 3.13). The result of this last iteration shows that ~ 5 km thicker Moho depth than the first 

iteration result particularly in the continental part whereas in the oceanic part it is ~5 km 

thinner than the first iteration Moho depth (Fig. 3.13B &D). The mismatch in the first 

iteration residual map (Fig.13B) is ~ -10 to -20 km. The major difference between Moho 

residual in first and last iteration is clearly shown in the Ethiopian highlands and around 

Kenya and in the Mid-Oceanic Ridge (Fig. 3.13B &D). The last iteration improves the misfit 

in Mid-Oceanic Ridge but not in Ethiopian highlands and around Kenya (Fig. 3.14). 

A)  B) 
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Figure 3.13: Moho depth maps after thermal correction. (A) Moho depth from gravity inversion of first iteration. 

This Moho depth map shows that 30 km Moho depth in Afar, 40 km in Ethiopian Highlands and 20 and 25 km 

in Gulf of Aden and Red Sea respectively. (B) Moho residual which shows the difference between Moho depth 

in first iteration and Crust 1.0 Moho. The major difference is concentrated around Afar depression. The misfit in 

this first iteration residual map is ~ -10 to -15 km. (C) Moho depth from gravity inversion of last iteration. The 

result of this last iteration shows that ~ 5 km thicker Moho depth than the first iteration result particularly in the 

continental part whereas in the oceanic part it is ~5 km thinner than the first iteration Moho depth. (D) Moho 

residual which shows the difference between Moho depth in last iteration and Crust 1.0 Moho.  

 

A B 

C D 
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Figure 3.14: Iterative inversion results. The map shows the Moho depth residual between the 1
st
 and last 

iteration. The Moho depth difference between 1
st
 and last iteration in almost all the study region except in mid-

oceanic ridge is ranges from 0 to -3 km. This implies that the last iteration did not improve the misfit in those 

areas. But in mid-oceanic ridge shown as dark blue in residual map, the misfit was improved significantly ~ 2 to 

10 km.  

  Detailed analysis in the Afar region 3.4.5

The residual gravity anomaly (Fig. 3.15B) was computed by subtracting the thermal gravity 

effect (Fig. 3.15A)  in the Afar depression.The thermal gravity effect shows that the Gulf of 

Aden and Red Sea have greater negative thermal gravity anomaly whereas the northern part 

of Afar has ~ + 40 mGal and main Ethiopian rift has also ~ + 50 mGal thermal gravity 

anomaly(Fig. 3.15A). The residual Mantle Bouguer Anomaly after thermal gravity correction 

indicates that the Ethiopian highlands appear with high negative residual Bouguer anomaly (~ 

-200 to -400 mGal) as compare to Afar depression (~ -200 to 0 mGal).  

The inverted Moho clearly shows that the Moho depth varies from MER towards northern 

Afar (Fig. 3.16A). The Moho depth in main Ethiopian rift has 40 km depth, southern Afar 35 

km, central Afar ~33 km and norther and southeastern has also 30 km Moho depth (Fig. 
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3.16A). The CRUST1.0 model is thinner by ~10 km as compare to gravity inversion (Fig. 

3.16B). The comparison between the two shows that the large misfit (Fig. 3.16C) is localized 

at Afar depression and surrounding areas.  

The two transects (Fig. 3.17A & B) show that the comparison of the inverted Moho with 

CRUST1.0 model along the east-west and north-south transects. The major difference is 

found at 40 – 50
o
E longitude and ~10 – 20

o
N latitude at around Afar depression and nearby 

areas. The inverted Moho depth was also compared with receiver function analysis and the 

Moho depth from gravity inversion is deeper than the receiver result (Fig. 3.18). Comparison 

of inverted Moho with EAGLE profiles was also done (Fig. 3.19).  

 
Figure 3.15: Thermal gravity effect & residual gravity anomaly in the Afar depression. (A) Thermal gravity 

effect in Afar depression. It shows that northern part of Afar has ~ + 40 mGal and southern Afar together with 

Ethiopian rift system has also ~ + 50 mGal thermal gravity anomaly. The Gulf of Aden and Red Sea have greater 

negative thermal gravity anomaly. (B) Residual Mantle Bouguer Anomaly after thermal gravity correction. This 

map indicates that Ethiopian highlands appear with high negative residual Bouguer anomaly (~ -200 to -400 

mGal) as compare to Afar depression (~ -200 to 0 mGal). Black solid line represents for the fault plane and 

dashed line for Ethiopian rift. 
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Figure 3.16: Comparison of the inverted Moho with CRUST 1.0 model. (A) Moho depth from gravity inversion 

after free-air data from Bonvalot et al., (2012) was corrected from lithosphere thermal gravity correction. This 

map clearly shows that Moho depth from MER towards northern Afar varies in decreasing order. The Moho 

depth in main Ethiopian rift has 40 km depth, southern Afar 35 km, central Afar ~33 km and norther and 

southeastern has also 30 km Moho depth. (B) Crust 1.0 global model showing thinner Moho depth B by ~10 km 

as compare to gravity inversion in map A. (C) Moho residual which shows the difference between map A and B. 

The large misfit is localized at Afar depression and surrounding areas. Black solid line represents for the fault 

plane and dashed line for MER.  

  
Figure 3.17: Cross- sections along the east-west A – A’ and north-south B – B’ profile. (A) Transect shows the 

comparison of Moho depth between inverted Moho and Crust 1.o Moho along the horizontal line which extends 

from west to east direction. This profile indicates that the major difference is located still at 40 – 50
o
E which is 

exactly at Afar depression and surrounding rifts. The Moho depth from gravity inversion is deeper than Crust 

1.0. (B) Transect B-B’ shows that the comparison of Moho depth between inverted Moho and Crust 1.o Moho 

along the vertical line which extends from south to north direction. Here the Moho difference is more or less 

okay except again around Afar area specifically located at 10 – 20
o
N. The black line both in A and B is indicates 

topography profile. The green line both in A and B is indicates depth of top basement. The blue line for Crust 1.0 

Moho and red line for inverted Moho from gravity inversion.   

A) B) C) 

A) B) 
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 Figure 3.18: Comparison of gravity inversion result with seismic model. The three plots are shown that Moho 

depth from gravity inversion is compared with Moho depth from CRUST1.0 model and receiver function studies 

of Hammond et al., (2011). These cross sections were prepared after the interpolation and extraction technique 

was applied to the result of Moho from gravity inversion and CRUST1.0 model to the location of 15 data point 

of Hammond et al., (2011) in the study area. Here Moho depth from gravity inversion is deeper than CRUST1.0 

model and Hammond et al., (2011). The red dashed line is inverted Moho, black solid line with stars is 

Hammond profile and dashed blue line is for CRUST1.0 model. 

 
Figure 3.19: Comparison of inverted Moho with EAGLE profile and CRUST 1.0 model. EAGLE Moho depth 

profiles compared with Moho from gravity inversion and Crust 1.0 model. The top plots are Eagle profile line1 

and the bottom plot is from Eagle line2 compared with inverted Moho (red) and Crust 1.0 Moho (blue) by 

extrapolation techniques to the location of EAGLE project shot points. M (blue solid line with stars) and L 

(black line with triangles) are Moho depth from Eagle profiles and lithospheric mantle reflector respectively. The 

HVLC (red solid line with triangles) in Eagle line1 also stands for the high velocity lower crust. 
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Gravity correction derived from seismic tomography was done to control Moho misfit  

The difference between Moho inverted and Crust 1.0 Moho is large at the Afar depression and 

nearby areas (Fig. 3.16C). Thus, to reduce this large Moho misfit, another alternative gravity 

correction (Fig. 3.20) was required. The result of the gravity inversion was checked with the 

shear wave velocity from seismic tomography model (Schaeffer and Lebedev, 2013) for 

ground truthing. As a result the large Moho depth mismatch located in around Afar 

depression was pretty similar with the shear wave velocity anomaly of seismic tomography 

model (Fig. 3.22). Therefore, the density perturbations were derived from velocity 

perturbations of the seismic tomography using the following equation: 







 d
c

d


, where  and   are density and velocity respectively and C is conversion 

coefficient factor. The conversion factor was tried so many times by varying its values and 

checking the reduction of Moho misfit. As a result 0.095 is given a better result in the 

reduction of Moho misfit. Finally after the gravity effect from seismic tomography was 

corrected. The Residual Mantle Bouguer Anomaly (RMBA) before and after gravity 

correction derived from seismic tomography indicates that the Afar depression before seismic 

tomography correction has ~ -200 to 0 mGal and after seismic tomography it has ~ 0 to +100 

mGal (Fig. 3.22). This implies that tomography correction works significantly.  

 The Moho misfit was also significantly reduced to small number (Fig. 3.23) as comparted to 

figure 3.16C. Due to some reason the Moho misfit is till large at around Somalia and Arabian 

plate (Fig. 3.23). 
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Figure 3.20: Seismic shear wave velocity structure of upper mantle beneath Afar depression. The map shows the 

gravity anomaly effect derived from lateral variation of seismic shear wave velocity from Schaeffer and Lebedev 

(2013). The red color indicates negative gravity anomaly parallel to slower shear wave speed in seismic 

tomography model and the blue color also indicates positive gravity anomaly which replace to the fast speed of 

the shear wave tomography model. Black solid line represents for the fault plane and dashed line for MER.  
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Figure 3.21: Gravity effect of the mantle heterogeneity inferred from seismic tomography. (A) Residual Mantle 

Bouguer Anomaly before tomography gravity correction. (B) Residual Mantle Bouguer Anomaly after 

tomography gravity correction was applied. This map difference indicates that Afar depression before 

tomography correction has ~ -200 to 0 mGal and after tomography it has ~ 0 to +100 mGal. This implies that 

tomography correction works significantly. Black solid line represents for the fault plane, black dashed line for 

MER and Red dashed line for Tendaho rift. 

  

Figure 3.22: Ground truthing of gravity inversion results. (A) Moho misfit after lithosphere thermal gravity 

correction. (B) Gravity effect derived from seismic tomography model from Schaeffer and Lebedev (2013). 

Black solid line represents for the fault plane and dashed line for MER. 
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Figure 3.23: Mismatch between inverted Moho depth &  CRUST 1.0 model. The Moho depth residual is the 

difference between Moho after tomography correction and Crust 1.0 Moho. The misfit is minimized to less than 

5 km in Afar depression but due to some reason it’s still large at Arabian plates and some around Somalia. The 

black solid lines indicate the border faults in the western and southeastern Ethiopian plateau. The black dashed 

line is also indicates the MER. NA= Northern Afar; CA=Central Afar; SA=Southern Afar. 
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Figure 3.24: Cross- sections along the east-west A – A’ and north-south B – B’ profile. (A) 

Transect showing comparison of inverted Moho with Crust 1.o Moho along the horizontal line which extends 

from west to east direction. This profile indicates that the major difference is located at 40 – 50
o
E which is 

exactly at Afar depression and surrounding rifts. The Moho depth from gravity inversion is deeper than Crust 

1.0. After gravity correction derived from seismic tomography model was applied the misfits was minimized. 

(B) Transect shows that the comparison of inverted Moho with Crust 1.0 Moho along the vertical line which 

extends from south to north direction. Moho difference is more or less okay except again around Afar area 

specifically located at 10 – 20
o
N. The black line both in A and B is indicating topography profile. The green line 

both in A and B stands for the depth to top basement. The blue line for Crust 1.0 Moho and red line for inverted 

Moho from gravity inversion.   

 

 

Figure 3.25: Crustal transects based on gravity inversion. The comparison of the three Moho depth cross sections 

after gravity correction from seismic tomography model was applied. The three plots are showing comparison of 

Moho depth from gravity inversion with Moho depth from Crust 1.0 and receiver function studies of Hammond 

et al., (2011). This cross section was prepared after the interpolation and extraction technique was applied to the 

result of Moho depth from gravity inversion and Crust 1.0 to the location of receiver function studies by 

Hammond et al., (2011) in the study area. Moho depth from gravity inversion is more or less aligning with crust 

1.0 and Hammond et al., (2011) as compared with thermal gravity correction. The red dashed line is inverted 

Moho, black solid line with stars is Hammond profile and dashed blue line is for Crust 1.0 Moho. 

A) B) 
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Figure 3.26: Comparison of the inverted Moho depth with EAGLE profiles and CRUST 1.0 model. Moho depth 

from EAGLE profile line1 (top)  and line 2 (bottom) are compared with inverted Moho (red) and Crust 1.0 Moho 

(blue) by extrapolation techniques to the location of EAGLE project shot points. M (blue solid line with stars) 

and L (black line with triangles) are Moho depth from EAGLE profiles and lithospheric mantle reflector 

respectively. The HVLC (red solid line with triangles) in EAGLE line1 also stands for the high velocity lower 

crust.  
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Figure 3.27: Inverted Moho depths of the Afar depression and surrounding areas. The pink color triangle shows 

the location of previous crustal section from receiver function studies compiled by Hammond et al., (2011) 

together with his work. The blue and black stars show the location of active seismic data along line 1 and 2 from 

EAGLE project (Maguire et al., 2006). The dashed red line indicates the Tendaho-Gobad’ad Discontinuity 

(TGD). The black solid lines indicate the border faults in the western and southeastern Ethiopian plateau. The 

black dashed line is also indicates the MER. NA= Northern Afar; CA=Central Afar; SA=Southern Afar. 
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Figure 3.28: Thickness of Crystalline crust within the Afar depression. The map shows that crystalline crust 

thickness has 20 km in northern Afar, 25 km in central Afar and 30 km in southern Afar. The red dashed line 

stands for the Tendaho-Gobad’ad Discontinuity (TGD). The black solid lines indicate the border faults in the 

western and southeastern Ethiopian plateau. The black dashed line is also indicates the MER. NA= Northern 

Afar; CA=Central Afar; SA=Southern Afar. 
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Figure3.29: Crustal thinning factors within the Afar depression. The thinning factor in northern Afar is ~0.5 and 

central Afar has 0.4 thinning factor. The southern Afar has also ~0.35 thinning factors. The red solid lines 

indicate the border faults in the western and southeastern Ethiopian plateau. The yellow dashed line is also 

indicates the MER. NA= Northern Afar; CA=Central Afar; SA=Southern Afar. 
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Figure 3.30:  Crustal stretching factors within the Afar depression. This map indicates that the stretching factor 

in southern, enteral and northern Afar has 2, 3 and ~3.5 stretching factors respectively. The white dashed line 

indicates the Tendaho Graben Discontinuity (TGD). The red solid lines indicate the border faults in the western 

and southeastern Ethiopian plateau. The yellow dashed line is also indicates the MER. NA= Northern Afar; 

CA=Central Afar; SA=Southern Afar. 
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Figure 3.31: Comparison of the inverted Moho depth with earlier published Moho depth maps of the Afar 

depression. A) Moho depth of Afar depression and surrounding areas from this study. B) Moho depth of Afar 

depression and surrounding areas from receiver functions by Hammond et al., (2011). C) Moho depth of Afar 

depression and surrounding areas from inverse models of gravity data by Tiberi et al., (2005). The major 

difference of Moho from this study with the two Moho maps is its better resolution. It is hard to compare the 

Moho depth beneath southern, central and northern Afar of this study with two Moho depths. The difference 

between maps of A & C may come from the way of gravity data analysis and inversion approaches. 
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4 Discussion 

4.1 Lithospheric rifting and crustal structure in the 

East Africa 

The Residual Mantle Bouguer Anomaly processed from free-air anomaly data given from 

Bonvalot et al., (2012) was band-pass filtered and inverted using the Oldenburg’s (1974) 

method. The data processing steps used for the 3D- gravity inversion included: topography, 

sedimentary thickness and lithospheric thermal gravity correction. The additional gravity 

correction was due to the gravity effect derived from the seismic tomography model. The 

results of this integrated gravity inversion are shown in Figure 3.27 & 3.28 and used to 

discuss the crustal structure variations in East Africa and the crustal architecture of 

lithospheric rifting in this region. These results were compared with the global crustal model 

Crust 1.0 (Laske et al., 2013), crustal transects based on receiver-function analyses 

(Hammond et al., 2011), and seismic refraction data from the EAGLE experiment (Maguire et 

al., 2006). At each processing step, synthetic transects was made using all available 

constraints along the latitudinal (A - A’) and longitudinal (B – B’) profile in order to compare 

the gravity inversion results with seismically-derived crustal thickness and to analyze the 

causes of possible mismatch. The comparison of the Moho depth from the gravity inversion 

with existing seismic data, receiver function studies and Crust 1.0 Moho reveals a large 

discrepancy at Afar depression and nearby areas (Figs. 3.16, 3.17, 3.18 & 3.19) .This area is 

characterized by elevated surface heat flow and intensive negative anomalies of seismic wave 

speeds at the upper mantle depths. 

I used a linear relation between seismic shear wave velocity anomalies and density 

perturbation to account for this possible mantle temperature excess: 







 d
C 

0

                                (4.1) 
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The mismatch between the seismic and gravity Moho is substantially (Fig. 3.23A) minimized 

by introducing another new gravity effect correction which was derived from seismic 

tomography model (Fig. 3.23B) of Schaeffer and Lebedev (2013) (Figure 3.2E). The density-

velocity conversion coefficient of 0.095 gives the best fit of the gravity model compared to 

the seismic results. 

The Moho depth at A – A’ profile (Fig. 3.25) shows thicker Moho along ~ 42– 60
o
E but 

shallower around 30
o
E as compared to Crust 1.0 Moho. The inverted Moho was thicker than 

Crust 1.0 Moho in the vertical B – B’ profile at exactly 10- 20
0
N (Fig. 3.18B) before seismic 

tomography derived correction was applied. But in figure 3.25B at same location Moho 

difference between the two is almost match after seismic tomography derived gravity 

correction was used. The inverted Moho was also compared with Moho depth of the receiver 

function studies (Hammond et al., 2011) (Fig. 3.23). In this cross section the inverted Moho is 

larger than Hammond et al. (2011) Moho but at figure 3.30 the inverted Moho matches more 

or less with few data points located in figure 3.3 and table 3.2. The results of gravity inversion 

have also been compared with the two EAGLE profiles (Maguire et al., 2006) in the main 

Ethiopian rift (Fig. 3.25). The EAGLE Moho profile line 1 extends across the Ethiopian rift 

system started from the western escarpment of the Ethiopian highlands to the south eastern 

escarpment. In this profile the Moho depth from gravity inversion fits well with the crustal 

structure along the southeastern line but in the northwestern direction the crust is thicker the 

EAGLE profile (Fig. 3.25 top). The EAGLE line 2 extends along the Ethiopian rift axis from 

the southwestern to northeastern direction. The inverted Moho has a best match in the 

southwestern of the profile line but deeper in northeastern part (Fig. 3.25 bottom). 

The crustal thickness variations found in the vertical B – B’ profile is in good agreement with 

the Crust 1.0 model.  The main Ethiopian rift has a ~40-km crustal thickness. From the main 

Ethiopian rift towards northern Afar the crustal thickness consistently decreases to ~20 km at 

northern Afar (around the Erta’Ale volcanic range) and this is similar to the crustal structure 

in the southern Red Sea (Fig. 3.28). Similarly the obtained whole-lithosphere thinning factors 

(Fig. 3.29) support the reduction of crustal thickness from the Ethiopian rift towards northern 

Afar (Fig. 3.28). The Moho depths (Fig. 3.27) decrease in a similar way towards northern 

Afar, the Red Sea and the Gulf of Aden. The Moho depths, crystalline crustal thickness, 

lithospheric thinning factors and crustal stretching (β-factors) showed in figure 3.27, 3.28, 

3.29 and 3.30, respectively, strongly support that the Afar depression has transformed to an 
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incipient sea floor spreading similar to the young seafloor spreading of the Red Sea. Despite a 

good match at a regional scale (~2-5 km mismatch), locally there is some difference with 

previous seismic studies (e.g. Tiberi et al., 2005, Maguire et al, 2006 and Hammond et al, 

2011), which probably indicate a magmatic alteration of the crust by the processes of  

continental rifting. 

The result of the integrated 3D gravity inversion (Figs. 3.27, 3.28) provide a better more 

uniform resolution of crustal thickness variation within the Afar depression compared to 

previous studies (Tiberi et al., 2005). Another major structure that has not been resolved 

before is the crustal structure of the Somalian rifted margin (Fig. 3.28), with a clear crustal 

thickness thinning from 30 to 20 km towards the Indian Ocean. Similar crustal thickness 

variation is also observed at the Nubian plate from the western Ethiopian highlands towards 

Sudan (40 - 20 km). 

4.2 Lithospheric structure in the Afar region and its 

link to mantle temperature and composition  

 

The result of the gravity inversion was used to predict the lithospheric density structure of the 

study area. The exact relation between density and seismic velocities is generally unknown. It 

may depend on temperature, pressure, composition and melt contents. As a first-order 

estimate, the density anomaly distribution was inferred from the seismic tomography model 

of Schaeffer and Lebedev (2013) based on a simplified linear relation (Karato 2008, p. 373). 

The inferred temperature distribution at the depth of 110, 150, 200 and 260 km (Fig. 4.2) 

indicates a possible relation between the lithospheric density/gravity anomalies and 

temperature anomalies beneath the study area. This analysis also provides additional 

information on the possible causes of discrepancies between seismic and gravity models. The 

high temperature anomaly is localized around the Afar triple junction (Fig. 4.2). The 

temperature distribution at 260 km depth indicates that the high temperature structures are 

mainly coincident with the main Ethiopian rift system (Fig. 4.2D) but at the 110 km depth this 

high-temperature feature appears at the Red Sea rift zone. A more detailed inspection reveals 

that the high temperature feature is located deep beneath the Ethiopian rift zone and it appears 

shallower towards the Red Sea rift zone (Fig. 4.2).  
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Figure 4.1: Inferred temperature variations along east-west and north-south lithospheric profiles. Cross sections 

showing the crustal thickness variation and the inferred temperature variation at the 110 km depth both in A - A’ 

and B - B’ transects. The high temperature anomaly indicated at ~40 – 50 
o
E at A – A’ transect and from 10 – 20 

o
N at B – B’ transect is correlated with reduced crustal thickness in both transect at same geographic location. 

 

The thickness of igneous lower crust depends on the mantle potential temperature and the 

stretching factor (White & McKenzie 1989). The temperature profile both at transects A-A’ 

and B-B’ indicates that the Afar areas particularly location at ~ 10 – 20
o
N and ~ 40 – 50

o
E has 

a large temperature anomaly (Fig. 4.1). On the other hand, seismological data indicate 

thickness of the igneous lower crust becomes smaller at the same location of this temperature 

anomaly (Hammond et al. 2011). This result is difficult to reconcile with the decompression 

melting model. The temperature distribution at depth (Figs. 4.1 and 4.3) and the lithosphere 

stretching factor map (Fig. 3.30) control the thickness of igneous crust (or underplating). The 

stretching factor is ~ 3.5 and the crystalline thickness is ~20 km in northern Afar (Fig. 3.30, 

Fig. 3.28), whereas over the Ethiopian highlands the crustal stretching factor is ~ 1 (Fig. 3.30) 

and the crustal thickness is ~ 40km (Fig. 3.28). These results suggest that the lithosphere 

extension was large in Afar depression than Ethiopian highlands might be due to the 

interaction of Afar plume. 

Crustal thickness decreases from south to north along the length of MER, with a sharp 

decrease towards Afar depression. Results of gravity inversion (Fig. 3.27) indicate that the 

thickest crust (40 km) is found in western Ethiopian plateau. Whereas, thinnest continental 

crust (20 km) is found beneath Afar depression (Fig. 3.28). The north-eastern and south-

western parts of main Ethiopian rift (Fig. 3.28) have a crustal thickness of ~ 34 and 40 km 
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respectively. The Somalian plate has ~30-34 km thick crust but thins out to 20 km on the 

eastern side close to Indian Ocean. 

The result also shows that the degree of lithospheric thinning (Fig. 3.29) in the study area is 

due to the underneath thermal anomaly might be derived from a mantle plume. The inversion 

results indicate that the Afar depression and surrounding areas are underlain by thinner crust 

thickness.  Especially a high lithosphere thinning (~ 0.5) and stretching factors (~3.5) are 

visible at northern Afar (~14 
o
N and 40 

o
E) as shown in figures 3.29 and 3.30 respectively. 

This indicates significant depletion of the lower lithosphere due to the upwelling 

asthenosphere.  

Comparison of estimated Moho depth from gravity inversion (Fig. 3.24) with CRUST 1.0 

global model from Laske et al, (2013) shows a good agreement with ±5 km Moho misfit. The 

comparison (Figs. 3.25 and 3.26) was also made with previous results of receiver function 

analysis by Hammond et al., (2011) and seismic refraction results from Maguire et al., (2006). 

It shows a fair agreement within several observation points and varies at some locations. In 

particular, the detailed Moho depth map of the Afar depression from this study was compared 

with Moho depth maps of receiver function (Hammond et al., 2011) and the inverse models of 

gravity data (Tiberi et al., 2005) (Fig. 3.31). The Moho depth variations from this study shows 

a reasonable match to receiver function studies of Hammond et al., (2011) with ±5 km Moho 

difference (Fig. 3.25). But it is hard to compare with Moho depth map from Tiberi et al., 

(2005) especially in Afar depression because they obtain almost uniform Moho depth at the 

whole Afar depression (Fig. 3.31C). In general, the comparison among the three Moho depth 

maps (Fig. 3.31) clearly indicates that the Moho depth from the integrated 3D- gravity 

inversion approach in this study has a superior resolution of crustal thickness variation within 

Afar depression compared to other Moho depth maps. In addition, the obtained result 

provides a robust prediction of crustal structure where no seismic data exists.  The East Africa 

in general and Afar depression in particular have a lack of consistent data coverage (Fig. 1.1). 

The existing data have also poor resolution to image the crust-mantle interface.  The 3D-

gravity inversion with better methodological approach provides a unique opportunity to 

constrain the crust and upper mantle structures in poorly studied region such as the Africa 

region and adjacent rifted margins.  

The gravity inversion is sensitive to the large density and velocity perturbations in the upper 

mantle (Figs. 3.23B & 3.2E respectively) located within the Afar depression and surrounding 
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areas. But there is no clear information on the source of these perturbations. The controlling 

factors can be derived by analysing the relationship between the density and velocity 

perturbations. This relation can be affected the temperature anomaly, sourced from partial 

melting in the asthenosphere or from deep mantle. Previous studies suggest that the lower 

crust within Afar has a significant amount of solidified mafic melt generated by active magma 

intrusion (Hammond et al., 2011 and references therein) but attempts to assess the thickness 

of magmatic underplating and compare with theoretical models of melt generation (the model 

of decompression melting) and remains to be limited.  
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Figure 4.2: Mantle temperature anomalies inferred from seismic tomography. The temperature model at depth 

slices of 110 km, 150 km, 200 km and 260 km. The deeper high temperature anomalies align to the main 

Ethiopian rift (Fig. 4.2D) was migrated towards northern Red Sea and it appears at relatively shallower depth 

(Fig. 4.2A). 

 

The tomography model anomalies (Schaeffer and Lebedev, 2013) indicates that the shear 

waves become significantly slower in the vicinity of the Afar depression (Fig. 3.2E) and this 

is may be due to high temperatures and/or melting anomaly previously ascribed to the Afar 

mantle plume (Tiberi et al., 2005 & Hammond et al., 2011).  The temperature anomaly dT 

was computed using the thermal expansion relation: 

A B 

C 
D 
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Where ρ and ν are density and velocity respectively; C and α also represents the density-

velocity conversion factor and the thermal expansion coefficient, respectively. The thermal 

expansion coefficient α is given ~3e-5 [1/degree].   

The temperature anomaly was estimated at 110, 150, 200 and 260 km depth section as shown 

in pink color triangles at figure 4.3A.  The regression analysis of the temperature anomaly 

(Fig. 4.3A) was made as summarized in the table 4.1.  

Table 4.1: Statistical analysis of inferred mantle temperature variations within Afar 

depression 

  T(
o
C) at 110 

km 

T(
o
C)  at 150 

km 

T(
o
C)  at 200 

km 

T(
o
C)  at 260 

km 

Maximum 

Temperature 

300  270 192 140 

Mean 100 83 62 50 

Standard 

deviation 

72 62 50 37 

 

I assume that the temperature anomaly d  derived from the seismic shear wave velocity 

anomalies correspond to deviations from the normal mantle adiabat. The value of the potential 

temperature beneath the mid oceanic ridge is ~ 1300 – 1400 
o
C (White and McKenzie 1989). 

The potential temperature is defined as the temperature of a given portion of the mantle, if it 

was adiabatically decompressed to the surface of the Earth (White and McKenzie 1989) 

assuming the mantle potential temperature T0 = 1300 
o
C and approximating the adiabat with a 

straight line, the inferred mantle temperature profile was plotted in figure 4.3B.  
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The adiabatic slope and adiabatic temperature profile was computed from the following 

formula (White and McKenzie, 1989): 

p
C

Tg

Z

T

P
CP

T
slope








































                        (eq. 4.3) 

The best-fit estimated model suggests extremely high temperatures (decreasing with depth) in 

order to fit the data. This might be explained by seismic attenuation caused by melting or sub-

solidus processes in the mantle lithosphere which is not included in my simple model.  To 

conclude, even though a large volume of melt and  thick magmatic underplating could be 

generated underneath of the Afar depression and MER throughout the lifespan of the Afar 

mantle plume;  this study indicates that the source of the density and velocity variation can be 

both related to the temperature and melting anomaly above the active Afar plume  and due to 

compositional variations in the lithosphere related to the melt extraction from the upper 

mantle and eruption of  flood basalts at 30 Ma. This result supports the earlier conclusion by 

Dugda et al., (2005) who suggested the compositional alteration of the lithosphere within the 

Main Ethiopian Rift and Afar. 
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Figure 4.3: Model mantle temperature profiles. A)  Temperature anomaly at four depth sections and their linear 

regression. The pinkish triangle are the estimates of thermal anomaly based on seismic model, solid black line is 

the regression line and the two dashed lines are the upper and lower bounds of the least squares estimates. B) 

Theoretical mantle adiabat (black line) and estimated (red line) model. The highest temperature anomaly (~300 
o
C) was found at 110 km depth and the minimum (~140 

o
C) was also found at 260 km depth.  

 

To sum up the discussion I can make the following conclusions: 

i) The velocity perturbations in the study area reflect a combined effect of temperature, melt 

content and chemical composition variation in the upper mantle. 

ii) The obtained lithosphere thinning factors in the East African Rift system including the 

Afar depression are too small to explain the magmatic addition previously interpreted from 

seismic data using the model of decompression melting. Such small thinning factors would 

require an extremely high mantle potential temperature which is not supported by joint 

analysis of gravity data and seismic velocities. On the other hand, high mantle temperatures 

would require high seismic velocities of the igneous crust which is again not supported by 

wide-angle seismic data (seismic velocities in the lower crust are 6.7-7.0 km/s along the 

EAGLE profiles and in Hammond et al. 2011)  
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5 Conclusion 

Following a comprehensive data processing and iterative inversion approaches the thinnest 

crust (~20 km) is found beneath northern Afar whereas the thickest crust (∼40 km) is present 

beneath Ethiopian plateaus. Similarly, the Somalia plate has ~30-34 km thick crust and thins 

out to 20 km towards the Indian Ocean. The obtained crustal thickness variations and 

lithospheric thinning and stretching factors are also supported by results of seismic studies 

within the modeling accuracy (±2-5 km). A high lithospheric thinning (beta ~3.5) is obtained 

in northern Afar (~14
o
N & 40

o
E). 

Based on the integrated analysis of crustal thickness variations, whole-lithosphere thinning 

factors and seismic tomography images the following conclusion can be drawn: 

 The crustal thickness is getting shallower from SSW -NNE following the trend of the 

East Africa Rift System. Other major crustal structure variations are observed from the 

western Ethiopian plateau towards Somalia rifted margin and Indian Ocean.  

 The continental crust within the Afar depression is highly attenuated from south to 

north direction. Moreover, the continental crust under the Somalia rifted margin is also 

attenuated significantly as compared to the Ethiopian plateau. 

 The temperature anomaly derived from the seismic shear wave velocity at different 

depth appears to be deeper at Main Ethiopian Rift than within the northern Red Sea. 

This indicates that the mantle plume might be located at shallower depth in Red Sea 

than Main Ethiopia Rift. 

 the mantle temperature anomalies and the lithosphere thinning factors obtained using 

the integrated gravity inversion and the distribution of the high-velocity lower crust in 

the Afar region cannot be explained by the model of decompression melting in its 

present (time-independent) form and probably indicates a dynamic evolution of the 

upper mantle since Oligocene times  

In addition, the developed methodology provides a robust tool to predict of crustal thickness 

variations where no seismic data exists and/or the existing data have a poor resolution.  The 

integrated approach of this study constrains the structure of the crust-mantle interface better 

than previous global studies.  
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Appendix A 

The sensitivity of gravity inversion to crustal density was tried by making mean downward 

continuation depth constant.  The general observation of Moho depth from the five tests of 

gravity inversion indicates that Moho depth going deeper with an increase of crustal densities. 

 

 

Figure A1: Moho depth using 2800 kg m
-3

 and 22 km. (A) Moho depth from gravity inversion. (B) Crust 1.0 

global model. (C) Moho depth residual. (D) and (E) shows the cross sections across the horizontal A – A’ and 

vertical B – B’ profiles. The blue line for Crust 1.0 Moho and red line for inverted Moho from gravity inversion. 

The black and green lines are for topography band basement respectively.   
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Figure A2: Moho depth using 2850 kg m
-3

 and 22km. (A) Moho depth from gravity inversion. (B) Crust 1.0 

global model. (C) Moho depth residual. (D) and (E) shows the cross sections across the horizontal A – A’ and 

vertical B – B’ profiles. The blue line for Crust 1.0 Moho and red line for inverted Moho from gravity inversion. 

The black and green lines are for topography band basement respectively.   
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Figure A3: Moho depth using 2900 kg m-3 and 22km. (A) Moho depth from gravity inversion. (B) Crust 1.0 

global model. (C) Moho depth residual. (D) and (E) shows the cross sections across the horizontal A – A’ and 

vertical B – B’ profiles. The blue line for Crust 1.0 Moho and red line for inverted Moho from gravity inversion. 

The black and green lines are for topography band basement respectively.   
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Figure A4: Moho depth using 2950 kg m
-3

and 22km. (A) Moho depth from gravity inversion. (B) Crust 1.0 

global model. (C) Moho depth residual. (D) and (E) shows the cross sections across the horizontal A – A’ and 

vertical B – B’ profiles. The blue line for Crust 1.0 Moho and red line for inverted Moho from gravity inversion. 

The black and green lines are for topography band basement respectively 
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Figure A5: Moho depth using 3000 kg m
-3

 and 22km. (A) Moho depth from gravity inversion. (B) Crust 1.0 

global model. (C) Moho depth residual. (D) and (E) shows the cross sections across the horizontal A – A’ and 

vertical B – B’ profiles. The blue line for Crust 1.0 Moho and red line for inverted Moho from gravity inversion. 

The black and green lines are for topography band basement respectively 

 

The sensitivity of gravity inversion to mean downward continuation depth was tried by 

making the crustal density constant.  The general observation of Moho depth from the five 

tests of gravity inversion indicates that Moho depth getting deeper parallel to an increase of 

mean downward continuation depth for all five tests of gravity inversion.  
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Figure A6: Moho depth using 14km and 2850 kg m
-3

. (A) Moho depth from gravity inversion. (B) Crust 1.0 

global model. (C) Moho depth residual. (D) and (E) shows the cross sections across the horizontal A – A’ and 

vertical B – B’ profiles. The blue line for Crust 1.0 Moho and red line for inverted Moho from gravity inversion. 

The black and green lines are for topography band basement respectively
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Figure A7: Moho depth using 20km and 2850 kg m
-3

. (A) Moho depth from gravity inversion. (B) Crust 1.0 

global model. (C) Moho depth residual. (D) and (E) shows the cross sections across the horizontal A – A’ and 

vertical B – B’ profiles. The blue line for Crust 1.0 Moho and red line for inverted Moho from gravity inversion. 

The black and green lines are for topography band basement respectively
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Figure A8: Moho depth using 22km and 2850 kg m
-3

. (A) Moho depth from gravity inversion. (B) Crust 1.0 

global model. (C) Moho depth residual. (D) and (E) shows the cross sections across the horizontal A – A’ and 

vertical B – B’ profiles. The blue line for Crust 1.0 Moho and red line for inverted Moho from gravity inversion. 

The black and green lines are for topography band basement respectively
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Figure A9: Moho depth using 24km and 2850 kg m
-3

. (A) Moho depth from gravity inversion. (B) Crust 1.0 

global model. (C) Moho depth residual. (D) and (E) shows the cross sections across the horizontal A – A’ and 

vertical B – B’ profiles. The blue line for Crust 1.0 Moho and red line for inverted Moho from gravity inversion. 

The black and green lines are for topography band basement respectively
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Figure A10: Moho depth using 30km and 2850 kg m
-3

. (A) Moho depth from gravity inversion. (B) Crust 1.0 

global model. (C) Moho depth residual. (D) and (E) shows the cross sections across the horizontal A – A’ and 

vertical B – B’ profiles. The blue line for Crust 1.0 Moho and red line for inverted Moho from gravity inversion. 

The black and green lines are for topography band basement respectively
 

 

 


