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Summary 

The African continent preserves a >3.7 Ga long geological record, which 

comprises stabilization of oldest crust in the Archean, late Proterozoic joining of 

first cratonic units that lead to the formation of Gondwana and later the 

supercontinent Pangea, and post-breakup Mesozoic and Cenozoic continental 

rifting with transition to active oceanic spreading in the Afar and Red Sea region. 

Today, most of Africa’s basement consists of Archean cratons and blocks flanked 

by Proterozoic mobile belts and is considered to be tectonically stable, as it largely 

escaped tectonothermal deformation since the late-Precambrian Pan-African 

orogeny. Yet, Africa is affected by a number of active processes, many of them as 

young as the Cenozoic Era, including widespread hotspot volcanism, active rifting 

in East Africa, large-scale doming in eastern and sub-equatorial Africa and 

intracratonic subsidence in the Congo. The link between old Precambrian stable 

basement and recent tectonic activity makes Africa an ideal laboratory to study 

the role of the crustal and lithospheric mantle structure on the observed 

deformation within the continent.  

 The main goal of this thesis is to provide new crustal and lithospheric 

thickness maps of the African mainland based on integrated modelling of 

elevation and geoid data and thermal analysis. The approach assumes local 

isostasy, thermal steady-state, and linear density increase with depth in the crust 

and temperature-dependent density in the lithospheric mantle. The obtained 

results are constrained by a new comprehensive compilation of seismic Moho-

depth data consisting of 551 data points from active and passive source seismic 

experiments, and by published tomography models relative to lithosphere 

thickness.  

The calculated crustal thickness map shows a north-south bimodal 

distribution with higher thickness values in the cratonic domains of southern Africa 

(38 - 44 km) relative to those beneath northern Africa (33 - 39 km). The most 

striking result is the crustal thinning (28 - 30 km thickness) imaged along the 

Mesozoic West and Central African Rift Systems. The crustal model shows 

noticeable differences when compared to previous global and continent-scale 

models, especially for regions to the north of the equator. After excluding the Afar 



 

 

 

plume region, where the modeling assumptions are not fulfilled, the model shows 

the best fit with the available seismic data (76.3% fitting; RMSE=4.3 km). The new 

crustal thickness map correlates better with geological structures and tectonic 

provinces as well as gravity anomalies, and shows a higher spatial resolution.  

 The resulting lithospheric thickness map shows large spatial variability (90 

to 230 km), with thicker lithosphere related to cratonic domains and shallower LAB 

related to Mesozoic and Cenozoic rifting domains, which is in good agreement 

with seismic tomography models. Though the crustal and lithosphere thickness 

maps show similar regional patterns, major differences are found in the Atlas 

Mountains, the West African Rift System, and the intracratonic basins, i.e., the 

Taoudeni and Congo Basin, indicating strong strain partitioning most probably due 

to intra-lithospheric decoupling along the crust-mantle boundary. The effects of 

lateral variations in crustal density as well as the non-isostatic contribution to 

elevation in the Afar plume region, was estimated to be ~1.8 km, and are also 

discussed. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 

1 
 

 

 

 

 

 

 

Chapter 1. Introduction 

 

 

 

 

 

 



 

   2 
 

 



Chapter 1. Introduction 

3 
 

Chapter 1. Introduction 

 

1.1 Motivation  

The current crust and lithosphere mantle structure of the African continent results 

from a complex >3.7 billion year old geodynamic history involving: i) juvenile crust 

formation and craton stabilization during the Archean; ii) extensive crustal 

reworking during the Proterozoic; iii) Pan-African assemblage followed by 

Mesozoic break-up of the Gondwana supercontinent; and iv) Cenozoic 

widespread volcanism, uplift and continental rifting. The African lithospheric 

structure has been the target of various continental and global studies, but large 

parts of the continent still remain unknown because of the lack of seismic studies 

in vast regions of the continent. 

 Since the first seismic experiments in the Kaapvaal Craton (Willmore et al., 

1952) and the East African Rift System (Dopp, 1964), investigation of the crustal 

and upper mantle structure focused on hotly debated processes shaping the 

African continent, such as the formation of crust and craton stability during the 

Archean, the anomalous swell topography (e.g., the African Superswell), the 

crust/mantle strain partitioning related with the successive tectonic episodes, and 

the Cenozoic hotspot volcanism and active rifting. The precise knowledge of the 

current variations of the average density and thickness of the crust and the 

lithospheric mantle of the different tectonic units throughout the African continent 

is a major contribution in understanding these processes. 

 Thanks to an increased number of seismic experiments (e.g., KRISP, 

EAGLE, MAMBA, Africa-Array, SASE) information on the African crustal structure 

and its diverse characteristics has improved significantly in some regions. 

However, available seismic data come from stations that are regionally 

concentrated in four regions, namely the Rif-Tell-Atlas in northern Africa, the East-

Africa Rift System, the Kaapvaal-Zimbabwe Craton, and the Cameroon region in 

west Africa. To bridge data-sparse areas, different regional and continental-scale 

crustal models exist for Africa or can be developed by extracting this information 

from global models. The existing crustal models, mainly seismological, gravity-
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based, or some combination of the two, provide homogeneous coverage but show 

significant differences depending on the modelling technique, the resolution, and 

the data-type used to extrapolate the seismic estimates to the vast unsampled 

regions (van der Meijde et al., 2015). Nevertheless, they share the advantage of 

incorporating a variety of information of crustal properties with high spatial 

resolution, allowing the depth of subsurface discontinuities, such as the Moho and 

the LAB, beneath data-absent regions to be estimated. 

 Interestingly, a comparison between existing crustal models for Africa 

shows remarkable variations in regions were no seismic data are available, 

especially between global and continental models. Recently, van der Meijde et al. 

(2015) pointed out that these differences may be up to 28 km in Moho depth, and 

that gravity-based models actually show less variation between them than that 

seen when comparing seismic models or combined gravity-based and seismic 

models. As there is almost no control on the quality of the resulting structure in 

sparse seismic regions, these authors warn that the impact of these differences 

for geodynamic interpretation might be significant. 

 Looking deeper, the structure of the sub-crustal lithosphere beneath Africa 

is even less well understood. Similar to the Moho maps, the choice of data and 

approach used has a strong influence on the final model when trying to resolve 

the poorly constrained topography of the LAB (Eaton et al., 2009). 

 The purpose of this thesis is to present new insights into the present-day 

structure of the crust and lithosphere beneath the African continent. In the 

absence of seismic information alternative high-resolution data sets sensitive to 

the density structure of the lithosphere are available for the entire continent and 

can be used to gain additional knowledge on sub-surface structures to bridge 

these off-data regions. Therefore, in this work joint modelling of elevation and 

geoid anomaly data together with a thermal analysis under the assumption of local 

isostasy will be used to map lateral variations in the geometry of the crust-mantle 

boundary and the lithosphere-asthenosphere boundary (Fullea et al., 2007). The 

resulting thickness maps will be compared with recent continental and global 

scale models of crustal and lithospheric thickness to discuss the differences in 

terms of their geodynamic implications. 
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1.2. Objectives  

The main goal of this thesis is to provide crustal and lithospheric thickness maps 

of the African continent that are consistent with the available seismic estimates 

and tomography models, as well as with elevation and geoid data, to ensure their 

validity on the vast unexplored regions (~80% of Africa), where existing crustal 

and lithospheric models predict contradicting  results.  

In this respect the following main objectives were defined: 

I.  To carry out a comprehensive compilation of seismic crustal thickness: 

 Gathering information on Moho depth in Africa from available deep seismic 

 sounding (DSS) and receiver function (RF) studies in order to tie and better 

 evaluate the accuracy of the crustal thickness model. 

II.  To derive crustal and lithospheric thickness maps via 1D joint modelling of 

elevation and geoid anomaly data together with thermal analysis: 

 a) Determining the appropriate lithospheric reference column for 

continen-tal Africa and definition of the physical input parameters 

(density, thermal conductivity and radiogenic heat production).  

 b) Investigating the influence of sediment thickness and 2D lateral 

density variations by incorporating information on sediment 

thickness and crustal densities from the global model CRUST1.0 to 

improve the crustal thickness model. 

III. Comparison with previous models to discuss the differences and their 

geodynamic  implications: 

 a) Comparing the obtained crustal thickness model with most recent 

gravity-based models for Africa and the global model CRUST1.0. 

 b) Comparing the obtained LAB geometry with continental and global- 

scale estimates of lithospheric thickness from surface-wave 

tomography and heat flow measurements. 
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1.3. Structure of the thesis 

The contextual framework of this thesis is organized as follows: 

 Chapter 2 summarizes the geological history of the African continent from 

the Archean to the Cenozoic and provides an overview about the distribution and 

location of Precambrian tectonic units such as cratons and surrounding mobile 

belts and younger to recent features such as volcanism and active rifts. 

 Chapter 3 provides an introduction into the fundamental parameters under 

study and presents the applied methodology together with the basic geophysical 

assumptions. In a first part the different definitions of the main lithospheric 

discontinuities, the crust-mantle boundary (CMB) and the lithosphere-

asthenosphere boundary (LAB), are reviewed to provide an overview of their 

physico-chemical properties and the existing ambiguities regarding their nature, 

especially in the case of the LAB. Furthermore, a brief introduction into the 

necessary geophysical concepts and assumptions, such as local isostasy, geoid, 

and the thermal state of the lithosphere is given to connect to the second part in 

which the applied methodology is presented. 

 Chapter 4 introduces the set of input data, geoid and elevation, that are 

used in the modelling procedure. Furthermore, available crustal parameters such 

as sediment thickness and crustal densities are presented together with an 

extensive review of the actual knowledge of the crustal structure and available 

point estimates of crustal thickness in Africa from seismic experiments.  

 Chapter 5 gives a summary of previous studies, who attempted to model 

the lithospheric structure beneath the African continent. For this purpose, all 

available continental and global-scale crustal and lithospheric thickness models 

based on different datasets are presented to highlight the existing differences in 

resolution and predicted structures. 

 Chapter 6 presents the obtained crustal and lithospheric thickness maps 

from the 1D joint modelling of elevation and geoid anomaly data. In a first step, 

the choice of an optimal lithospheric reference column for Africa and the influence 

of sediments and lateral changes in density distribution will be explained. In the 
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following, the final model parameter setup will be presented and the obtained 

crustal model will be compared with the available seismic data across Africa to 

evaluate its accuracy and the regional trend in data fitting. Finally, the modelled 

variations in Moho and LAB geometry are presented and locally compared where 

knowledge on crustal and lithospheric thickness is available.   

 Chapter 7 discusses the significance of the obtained results within a critical 

comparison with existing crustal and lithospheric thickness models. Furthermore, 

observed misfits with seismic data will be discussed in terms of processes that 

influence the crustal density structure and cause departure from local isostasy.  

 Chapter 8 summarizes the main findings and concluding remarks obtained 

throughout the course of the presented study and also provides some 

recommendations for further work in future. 

 This PhD thesis is a contribution to the Innovative Training Network project 

TOPOMOD and was funded by the European Commission grant Marie Curie 

Actions (264517-TOPOMOD-FP7-PEOPLE-2010-ITN). During the course of this 

project a manuscript has been submitted for publication to the Journal of 

Geophysical Research (JGR) - Solid Earth and is currently under revision: Globig, 

J., Fernandez, M., Torne, M., Vergés, J., Robert, A. and Faccenna, C. (2016). 

"New insights into the crust and lithosphere mantle structure of Africa from 

elevation, geoid and thermal analysis."  

 During my Ph.D. project, I also spent a three-month long secondment at 

the laboratory of experimental tectonics (LET) at the University of Roma Tre in 

2013, during which the transfer of normal stresses through the lithosphere, 

caused by a rising sublithospheric density anomaly was investigated by the use of 

analogue models. Results obtained from the conducted experiments were 

summarized in a manuscript for possible publication, which was submitted to 

Geophysical Research Letters (GRL) and is currently under revision: A. Sembroni, 

A. Kiraly, C. Faccenna, F. Funiciello, J. Globig and M. Fernandez (2016) “Impact 

of the lithosphere on the dynamic topography: Insights from analogue modeling.” 
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 Africa is an assemblage of Precambrian cratons and fragments separated 

by Proterozoic and Palaeozoic mobile belts. Apart from oblique conversion 

between Eurasia and northern Africa at 2 to 6 mm/yr (Nocquet and Calais, 2003; 

McClusky et al., 2003) the continent is surrounded by divergent plate boundaries, 

predefined during Mesozoic break-up of Gondwana and the coeval opening of the 

Southern and Central Atlantic. Currently, continental break-up and rifting occurs 

along the boundary between the Nubian and Somalian plates, marked by the 

5000 km long East African Rift System (EARS). In the following subsections I will 

briefly describe the most remarkable tectonic features, highlighting their 

significance in relation to Africa’s current lithospheric structure and anomalous 

topographic features. 

 

2.1 Archean cratons 

The Precambrian history of Africa can be divided into Archean crust formation and 

the stabilization of the first cratonic cores followed by their Proterozoic 

assemblage, which created the surrounding collisional fold belts. The continent's 

core is mainly composed of the West African and Saharan Metacraton, located in 

northern Africa, Congo Craton, Kaapvaal plus Zimbabwe Cratons and some 

smaller Archean fragments, such as the Tanzania and Uganda Cratons and the 

Bangweleu and Limpopo microcontinents, located in southern Africa (Fig. 2.2). 

 The Archean core of Northern Africa is made up of the West African Craton 

(WAC) and the Saharan Metacraton separated by the West African Mobile Zone 

(WAMZ). Archean rocks of the WAC are exposed in the north-western Reguibat 

(3.52 - 2.84 Ga) and south-western Man Leo Shield (>3.0 Ga). The centre of the 

less rigid portion of the craton, is overlain by the Neoproterozoic Taoudeni Basin 

(Fig. 2.1), which is a typical intracratonic depression (MacGregor, 1998) filled with 

~3 km of Neoproterozoic to Palaeozoic deposits. The basin is partly underlain by 

cratonic basement of the Reguibat Shield and shows regional-scale Pan-African 

tilting (Mann et al., 2003) with two periods of large-scale depression: the infra-

Cambrian and the Palaeozoic depression (Mann et al., 2003). Apart from confined 

contact-metamorphism during Mesozoic diabase intrusions the sediments were 
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located at its margins were extensively affected during the Paleoproterozoic.  

Big parts of the Craton are covered by the Proterozoic Congo Basin (~1.2 million 

km2), an intracontinental depression, filled up with 4 to 9 km of Proterozoic to 

Neogene sediments. The basin is related with a long-wavelength negative gravity 

anomaly and experienced very slow subsidence since the Pan-African event, 

probably due to moderate extension of thick lithosphere (Crosby et al., 2010; 

Kadima et al., 2011). The long subsidence history (~0.5 Ga) of the Congo Basin, 

which differs from other sag basins and is not well understood, yet it but might be 

associated either with a downwelling mantle plume (Hartley and Allen, 1994) or 

with a high-density anomaly within the lithosphere (Downey and Gurnis, 2009). 

Wide areas of the southern Congo Craton are covered by Cretaceous to Cenozoic 

sediments of the vast Kalahari Basin. 

 The ~2.6 Ga Tanzania Craton is located between the Eastern and Western 

branches of the East African Rift System. Whereas the craton remained stable, 

the surrounding lithosphere was reworked during several Mesoproterozoic 

tectonothermal events (Kokonyangi et al., 2006). During the last 80 My kimberlite 

volcanism has affected the craton (Chesler, 2012).  

  The Uganda Craton, made up of a central Mesoarchean (~3 Ga) and an 

eastern Neoarchean terranes (~2.5 Ga; Link et al., 2010; Mänttäri et al., 2013), 

contains Neoproterozoic units that cover the north-eastern boundary with the 

Congo Craton and were reworked together with its Archean basement at 635 - 

570 Ma.  

 The Archean nucleus of southern Africa consists of the Kaapvaal and 

Zimbabwe Cratons separated by the Limpopo Block, a zone of thickened Archean 

crust (3.3 - 3.1 Ga), reworked during the collision of the two cratons at ~2.6 Ga. 

The Kaapvaal Craton formed and stabilized by accretion of Paleo- to Neo-

Archean terranes between 3.7 Ga and 2.7 Ga (de Wit et al., 1992; Schoene et al., 

2008) and it is subdivided into four tectono-stratigraphic terrains (Fig. 2.2). 

Throughout the Precambrian the craton was affected by tectonothermal events 

(e.g. emplacement of the Bushveld Complex at ~2.05 Ga) and the lithosphere of 

the south-western Kimberley Terrain has been strongly metasomatised during 

Mesozoic intervals of kimberlitic intrusions at ~110 Ma and ~90 Ma (Pearson et al., 
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1995; Bell et al., 2005; Kobussen et al., 2008).  

 To the north the Kaapvaal is separated from the Zimbabwe Craton by the 

Limpopo Block, a zone of thickened Archean crust consisting of 3.3 - 3.1 Ga 

gneisses, that were affected by granulite-metamorphism during the collision of the 

Kaapvaal with the Zimbabwe Craton at around 2.7 - 2.6 Ga. The Limpopo Block 

comprises reworked Zimbabwe Craton in the Northern Marginal Zone, platform 

sediments (3.5 Ga) in the Central Zone and reworked Kaapvaal craton in the 

South Marginal Zone. 

 Formation of oldest crust in the Zimbabwe Craton occurred between 3.5 to 

3.2 Ga, followed by main craton-forming events in the Neoarchean. The 

Zimbabwe Craton is underlain by Paleoarchean lithosphere suggesting that 

isolation from the convective mantle already occurred during the initial phase of 

craton formation. The last major tectonothermal event that affected the craton was 

the Great Dike emplacement at ~2.58 Ga (Jelsma and Dirks, 2002).  

 

2.2 Proterozoic fold belts 

African Archean cratons are surrounded by a number of younger Paleoproterozoic, 

Mesoproterozoic and Neoproterozoic mobile belts (Fig. 2.3), formed dominantly by 

obduction. These tectonic sutures and polycyclic mobile zones caused structural 

basement anisotropies, which often acted as weak zones that were later 

reactivated during the Phanerozoic and controlled the locus of igneous activity, 

extension and initiation of rifting (e.g., Black and Girod, 1970; Thorpe and Smith, 

1974; Roberts and Bally, 2012).  

 Paleoproterozoic belts (i.e., the belts surrounding the Tanzania Craton) 

comprise passive-margin metamorphosed supra-crustal and metasedimentary 

rocks. Examples include the ~ 2.5 Ga West Central African Belt bounding the 

Congo Craton to the West, the ~2.1 Ga Magondi Belt of the Zimbabwe Craton, the 

belts surrounding the Tanzania craton, the 800 km long ~2.0 Ga Ubendian Belt 

(southwest), the ~2 Ga Ruwenzori Belt (north), the ~1.92 Ga Usagaran Belt (east) 

and the ~1.96 Ga Kheis Belt along the western margin of the Kaapvaal Craton. 
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that expose upper to middle crustal levels linked with ophiolites, subduction- or 

collision related granitoids, island-arc or passive continental margin assemblages. 

Such belts are the Arabian-Nubian Shield, the Lufilian Arc, and the West Central 

African Belt and the Rokelides and the Mauretanian belt along the western 

boundary of the West African Craton. The West African Mobile Zone (WAMZ) 

comprises several Archean and Proterozoic fragments, such as the ~3.5 Ga 

Benin-Nigeria Shield, the ~2.65 Ga Tuareg Shield (including the Hoggar domain) 

that were intensively reworked and intruded during the Pan-African orogeny. The 

second type consists of generally polydeformed high-grade metamorphic 

Mesoproterozoic to Archean middle to lower continental crustal assemblages, 

strongly reworked during the Neoproterozoic. Examples of these belts are the 

Mozambique Belt, the Zambezi Belt and, possibly, the little known migmatitic 

terranes of Chad and the Tibesti Massif (see Begg et al., 2009; and references 

therein for a more complete description). 

 

2.3 Palaeozoic tectonics 

By the end of the Pan-African orogeny (~550 Ma) the African plate formed the 

interior part of the Gondwana supercontinent with the modern South American 

plate to the west and Arabia, Madagascar, India, and Antarctica to the east. Post 

Pan-African, early Palaeozoic molasse-related deposits cover vast areas from 

west to east Africa and into southern Africa, filling the Tindouf and Taudeni basins 

in the WAC and along the east coast of South Africa (e.g., Cavaroc et al., 1976; 

Villeneuve, 2005; Milani and De Wit, 2008). During the Ordivician, Silurian, and 

Devonian, plate motion driven latitude dependent sedimentation in Africa included 

glacial deposits and post-glacial transgressive shallow marine sedimentation 

throughout northern Africa and along the southern African coastline.  

 After a period of Cambrian to Silurian tectonic quiescence the continent 

was subject to mainly extensional forces and the formation of the Karoo-aged 

basins across Africa. Their locus was controlled by the inherent structures in the 

underlying Precambrian basement (Cantuneanu et al., 2005) and the combined 

effect of compression and accretion along the southern margin of Gondwana 

together with the existence of a tensional/transtensional regime, which propagated 
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into the supercontinent from the Thethyan margin from the North (Wopfner, 2002). 

During the final amalgamation of Pangea in the Late Proterozoic, convergent 

activity was limited to the north-western and southern margins of the African plate 

leading to eastward thrusting of the Mauritanian belt (~300 Ma) onto the West 

African Craton and the formation of both the Variscan orogenic belts (Meseta, 

Anti-Atlas) in Morocco and the Cape Fold Belt (~250 Ma) in South Africa. By the 

end of the Palaeozoic the relief of the continent is supposed to have been 

relatively flat and low-lying (Doucour and Wit, 2003), except for the orogenic areas 

along the margins and broad regions in central and southern Africa, that were 

affected by mid-Palaeozoic deglaciation uplifts (Visser, 1997).       

 

2.4 Mesozoic rift systems 

The Mesozoic history of Africa is dominated by episodes of continental rifting 

related with the break-up of Gondwana. Jurassic-Cretaceous crustal extension 

affected huge portions of the African lithosphere (e.g., Burke and Whiteman, 1973; 

Frizon de Lamotte et al., 2015) mainly along a large-scale system of aborted rifts 

and pre-existing basement lineaments. These lineaments initially evolved during 

Karoo times and resulted in the development of two major rift systems, the West 

and the Central African Rift systems (Fairhead, 1988; Fig. 2.4).  

 The African eastern margin was shaped by the fragmentation of East 

Gondwana in the mid-Jurassic (Royer and Coffin, 1922; König and Jokat, 2010) 

associated with the opening of the southern Indian Ocean and the southward drift 

of Madagascar. The breaking-up of Gondwana left the African continent 

encompassed by passive margins, leading to slow plate rotation and the relative 

stationary position of Africa since the Mesozoic. Exposed to the effects of episodic 

deep-mantle upwellings of Mesozoic origin (Nyblade and Sleep, 2003), portions of 

African lithosphere underwent thermal and chemical modification, which probably 

already induced the bimodal character of Cretaceous African topography 

(Doucour and Wit, 2003). 
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(Ngako et al., 2006), decompression melting beneath reactivated shear zones 

(Fairhead, 1988) or edge-driven convective flow at the north-western corner of the 

Congo Craton (Meyers et al., 1998; King and Anderson, 1995; Reusch et al., 

2010). 

 The most prominent feature of Africa's topographic landscape is the 

"African Superswell" (Nyblade and Robinson, 1994; Fig. 2.4), which comprises the 

~1 km elevated eastern and southern African plateau. Compared to global mean 

elevation of continents, the long-wavelength topographic anomaly exerts a 

residual elevation of ~500 m. Bouguer anomaly studies (Brown and Girdler, 1980; 

Ebinger et al., 1989) showed that the broad uplift in Africa is not a crustal feature, 

but rather sublithospheric in origin. Whereas seismic low-velocity anomalies at 

250 km depth could explain the anomalous topography in East Africa by recent 

thermal perturbation of the lithosphere (Nyblade et al., 2000; Ritsema and van 

Heijst, 2000; Debayle et al., 2001; Nyblade, 2002; Weerarantne et al., 2003), the 

recent thermal uplift is not supported by the upper mantle seismic structure below 

the Southern African plateau. Its uplift history is maybe pre-Mesozoic in age and a 

result of combined effects of multiple plume events and processes involving 

dynamic topography induced by mantle upwelling from the core mantle boundary 

(Lithgow-Bertelloni and Silver, 1998; Gurnis et al., 2000; Conrad and Gurnis, 

2003), phase change induced chemical anomalies within the upper mantle (Smith, 

1982), dynamic rebound after slab detachment (Pysklywec and Mitrovica, 1999), 

lingering plume tails (~25 - 30 Ma) beneath the lithosphere (Nyblade and Sleep, 

2003), buoyant depleted lithospheric mantle (Ashwal and Burke, 1989) and mid-

Paleozoic post-glacial rebound (Visser, 1997). 

 The most striking tectonic and geomorphologic feature in East Africa is the 

seismically and volcanically active East African Rift System (EARS), a large zone 

of ongoing crustal extension from the Afar triangle, the triple junction between the 

Nubian, Arabian and Somalian plates, in the north through Ethiopia, Kenya and 

Tanzania (McConnell, 1972; Morley, 1999; Chorowicz, 2005). Continental break-

up in the EARS occurs as rupture of weakened Proterozoic lithosphere (Ring, 

1994; Burke, 1996) above a major mantle upwelling (Grand et al., 1997; Nyblade 

and Langston, 2002; Ritsema et al., 1999; Simmons et al., 2007; Hansen et al., 
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2012; Hansen and Nyblade, 2013). Two large north-south trending branches 

circumvent the resistant Tanzania Craton (Fig. 2.1). The eastern branch cuts 

through Pan-African lithosphere in the Mozambique belt and is connected to the 

Afar triangle via the Main Ethiopian Rift (MER). The MER transects the Ethiopian 

Plateau, a 1000 km-wide Palaeogene flood basalt province at 2500 m elevation 

(e.g., Mohr and Zanettin, 1988), which was uplifted after the impingement of the 

Afar mantle plume on the base of the lithosphere at ~30 Ma (Ebinger and Sleep, 

1998). The western branch cuts through Archean basement in the north (Link et 

al., 2010), and developed along the western border of the Tanzania craton. The 

EARS is an archetypal example of an active rift system (Şengör and Burke, 1980), 

whose geodynamic origin is under debate. Some studies advocate for one (Afar) 

plume as the origin of the EARS (e.g., Ebinger and Sleep, 1998; Furman et al., 

2004), some advocate for multiple plumes (George et al., 1998; Rogers et al., 

2000), and still others advocate for a connection to the African Superplume (e.g., 

Ritsema et al., 1999; Benoit et al., 2006; Pik et al., 2006; Bastow et al., 2008; 

Forte et al., 2010; Hilton et al., 2011; Hansen and Nyblade, 2013). Regardless the 

acting process, any of these mechanisms is causing thermal erosion of the 

lithosphere, updoming, and dynamic topography. 

 From late Cretaceous until recent time, the relative motion between Africa 

and Eurasia caused transpressive convergence in the northern margin of Africa. 

As a consequence, the Atlas System, extending from Morocco to Tunisia, was 

developed during the Cenozoic along zones of crustal weakness inherited from 

rifting episodes related with the opening of the Atlantic and Tethys oceans (Frizon 

de Lamotte et al., 2000). The Rift-Tell Mountains correspond to accretionary 

wedges with fragments of stacked thrust sheets incorporating high-grade 

metamorphic rocks and occasionally peridotites (Frizon de Lamotte et al., 2000). 

The Rif-Tell Mountains resulted from the closure of the Tethys Ocean by 

subduction and further slab(s) retreating, whose polarity and geodynamic 

evolution is highly debatable (e.g., Vergés and Sàbat, 1999; Faccenna et al., 2004; 

Rosenbaum and Lister, 2004; Vergés and Fernandez, 2012). 

 

 



Chapter 2. Geological setting 

22 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3. Fundamentals and Methodology 

  23 
 

 

 

 

 

 

 

 Chapter 3. 

 Fundamentals and Methodology 

 

 

 

 

 

 

 



Chapter 3. Fundamentals and Methodology 

24 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3. Fundamentals and Methodology 

25 
 

Chapter 3. Fundamentals and Methodology 

 

In this thesis the crustal and lithospheric thickness beneath the African continent 

is modelled combining geophysical observables that provide complementary 

information on the internal density distribution of the lithosphere: elevation and 

geoid anomalies. The integration of these datasets into a coherent model that 

enables to investigate the lithospheric structure requires a numerical framework 

that is based on certain geophysical concepts and assumptions. The main 

concepts are local isostasy and the thermal lithosphere, in which a set of 

assumptions is applied to calculate the density and temperature profiles in the 

crust and lithospheric mantle. Within these concepts elevation reflects the average 

density of the lithospheric column, whereas geoid anomalies depend on the 

density moment. The fundamentals, the setup of the lithospheric model and the 

physical parameters used are explained in the following.            

 

3.1 General definitions: Earth’s crust and lithosphere 

3.1.1 Crust-mantle boundary (CMB)  

The boundary between the Earth's crust and the underlying upper mantle, termed 

Mohorovic discontinuity (short "Moho"), is a first order lithospheric discontinuity, 

which was discovered by the Croatian seismologist Andrija Mohorovic, whilst he 

detected two distinct pairs of compressional (P) and shear (S) waves in the 

seismograms of the 8 October, 1909 earthquake in the Kulpa Valley in Croatia 

(Mohorovic, 1910). Mohorovic interpreted the two sets of arrivals as the existence 

of a sharp seismic discontinuity with P-wave velocities of 5.60 km/s above and 

7.75 km/s below the detected boundary surface.  

 Since then, the Moho was found to be a worldwide boundary that defines 

the base of the crust separating lithospheric domains with fundamentally different 

physical properties, i.e. seismic wave velocities or densities. The observed 

differences in velocities of seismic waves in crust and upper mantle led to the 

seismological definition of the Earth's crust as the outer shell of our planet, in 
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which the velocity of P waves is smaller than about 7.6 km/s, and S-wave velocity 

is smaller than about 4.4 km/s (Meissner, 1986), where the average seismic 

velocity of P-waves changes to values approaching 8.0 km/s. Today, seismologist 

use typical velocity contrasts at the Moho of 6.6 - 7.3 km/s versus 7.6 - 8.3 km/s 

for P-waves and 3.3 - 41 km/s versus 4.3 - 4.5 km/s for S-waves (Rabbel et al., 

2013). 

 From its discovery in the early 90’s of the past century, the Moho has been 

mapped out either by passive (earthquake) or active (controlled source) seismic 

methods, which has resulted in a variety of Moho signatures generally dependent 

on the bandwidth of the seismic source. As pointed out by Carbonell et al. (2013), 

a variety of seismic signatures can be obtained at different scales, which 

sometimes complicates a single universal interpretation of the seismic Moho. It is 

widely accepted that the obtained seismic images are highly dependent on the 

source frequency content, on the angles of illumination, and on the density of the 

source and geometry and density of the recording array. Thus, it is not surprising 

that in the literature the Moho is referred to as the “refraction” or “reflection” Moho 

to indicate how the Moho signature has been obtained. In this study I refer 

basically to the “refraction/wide angle reflection” Moho that has been obtained 

either by Receiver Function analyses (passive) or Deep Seismic Soundings 

(active/source controlled) experiments. 

 The Receiver Function (RF) technique is a relatively new method that uses 

the teleseismic body waveforms to image the crustal structure under isolate or 

permanent/temporary arrays of seismic stations. The basics are that seismic 

energy at teleseismic distances arrives at the receiver array as a plane wave, 

which when impacts the Moho interface partitions into reflected and transmitted 

waves. Part of the P-wave signal is converted to S-waves (Ps) that arrive at the 

receiver within the P wave coda directly after the P-wave. Thus, the depth to the 

Moho can be estimated from the difference between the arrival times of the P 

phase (direct wave) and the converted Ps phase, providing the velocity model is 

known, whereas the relationship of the amplitudes of the two phases allows for an 

estimation of the contrast of the physical properties at the interface. Its main 

limitation is that RF models are assumed to be one-dimensional, which implies 

horizontal layers. 
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 Controlled source seismic methods include refraction and/or wide-angle 

reflection and normal incidence reflection experiments, where the seismic energy 

is generated, onshore, usually by the use of controlled explosions or vibroseis, 

and then recorded along 2D or 3D sensor deployment geometries. The recorded 

seismic data allow imaging 2D and 3D variations in the velocity structure of the 

crust and upper mantle, with the Moho being the depth at which the P-wave 

velocity first increases rapidly or discontinuously to values above 7.6 - 8.3 km/s. 

Refraction and reflection data not only provide detailed knowledge on the Moho 

depth and Moho topography, but also on the internal structure of the crust and the 

crust-mantle transition. 

 In general, the frequency content in passive source records is very low 

compared to controlled source seismic data. For RF studies, useful teleseismic 

waves have frequencies in the range of 0.1 Hz to 1.0 Hz, with differences at least 

of one or two orders of magnitude when compared to the frequency content of the 

active seismic sources (Carbonell et al., 2013). For this reason, RF studies are not 

able to provide high resolution images of the CMB as refraction/reflection data do, 

but rather provide good constraints on its location at depth. For a detailed 

summary of the different seismic techniques, their accuracies and seismic 

constraints on the CMB beneath continents the reader is referred to Carbonell et 

al. (2013) and the references herein. Furthermore, as not only technical 

parameters, but also differences in the chemico-physical nature of the CMB in 

various tectonic settings influence the detection of the Moho interface, the reader 

is additionally referred to Rabbel et al. (2013). 

 In any case, the velocity contrast at the Moho or the presence of velocity 

transition zones in the vicinity of the CMB indicate a change in elastic parameters, 

which mainly correlate with a compositional change between the rocks of the crust 

and the uppermost mantle. Thus petrologically, the base of the crust is defined as 

the boundary between the felsic/mafic rocks of the crust, and the dominantly 

ultramafic rocks of the upper mantle (O'Reilly and Griffin, 2013). Separating two 

chemically and physically distinct layers, active in the theory of plate tectonics, 

makes the CMB an important key element in geodynamics. 

 However, xenolith data suggest, that the CMB is a lithological transition 
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zone with interlayering of mafic and ultramafic rocks, commonly over a thickness 

range of about 5-20 km in off-craton areas. This zone is producing velocity 

gradients, rather than sharp seismic discontinuities (Griffin and O’Reilly, 1987), 

which cause significant offsets (5-25 km) between the "Seismic Moho" and the 

petrological base of the crust. In addition, as the CMB is exposed to continuous 

mantle-crust interaction, it likely acts as a dynamic feature over geological time 

spans, that is repeatedly altered and reset (Carbonell et al., 2013). As a 

consequence, O'Reilly and Griffin (2013) warn that the seismic Moho may lie 

significantly deeper than the CMB, and that detecting the base of the continental 

crust by seismic techniques alone (without considering petrological aspects) may 

lead to an overestimation of actual crustal thickness by 15-30 % beneath off-

craton areas.  

 Nevertheless, apart from the complex nature of the CMB and its internal 

architecture, for the sake of clarity it should be mentioned, that throughout the 

course of this thesis, and where seismic data are available, the crustal thickness 

and depth to the CMB is referred to the measured distance from the Earth's 

surface down to the seismically determined base of the crust.  

   

3.1.2 Lithosphere-asthenosphere boundary (LAB) 

The lithosphere-asthenosphere boundary in plate tectonics divides the cold rigid 

lithosphere from the hotter and weaker asthenosphere. In this context the LAB 

acts as a detachment zone allowing for differential motion between lithospheric 

plates, and the underlying convecting mantle (Karato and Wu, 1993). However, as 

several physical parameters change at the LAB, its nature is debatable in terms of 

its rheological, chemical, electrical and seismological characteristics (Eaton et al., 

2009), which is why detection of the absolute depth of the base of the lithosphere 

by means of geophysical techniques still remains challenging. 

 Here I want to give a brief overview about the multi-disciplinary concept of 

the lithosphere, the properties under study and the related techniques used to 

determine its base. For a comprehensive insight into the complexity of the topic 

the reader is referred to Chapter 1 in Artemieva (2011) or Eaton et al. (2009).  
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 Unlike the Moho, it is difficult to define the base of the lithosphere 

petrologically, since there are no bulk compositions known, that explicitly 

represent asthenospheric mantle material (O'Reilly and Griffin, 2010). Usually, 

changes from depleted (lithospheric) to undepleted or fertilized (asthenospheric) 

composition are used to determine the base of the petrological lithosphere. 

Thermobarometric studies on direct rock samples of the LAB environment provide 

xenolith-based geotherms that suggest minimum estimates of the thermal 

thickness of the lithosphere of 170-225 km (e.g., Boyd and Nixon, 1978; Finnerty 

and Boyd, 1987). In the thermal approach the base of the lithosphere is usually 

defined by the depth to an isotherm (e.g., 1300 ºC) or by the depth at which a 

downward continuing conductive geotherm intersects with a pre-defined fraction of 

the ambient mantle temperature or mantle solidus (Artemieva, 2011). It should be 

noted, that this interface does not correspond to any physical boundary (Priestley 

and McKenzie, 2013). In general, the lithospheric geotherms are constructed 

using different constraints coming from surface heat flow measurements, 

pressure-temperature estimates of equilibrium conditions in minerals from 

xenoliths, or from conversion of seismic velocities into temperatures. 

 Within the concept of the elastic (flexural) lithosphere, the LAB defines the 

base of a single-layer plate with elastic rheology that provides isostatic response 

to plate loading (surface and subsurface loads). This base corresponds to the 

elastic-plastic transition (Bodine et al., 1981) which, in the upper mantle, occurs at 

temperatures from 600 - 750 °C (Chen and Molnar, 1983). Compared to the base 

of the thermal lithosphere that is controlled by temperatures close to the mantle 

adiabat (~1300 °C) the thickness of the elastic lithosphere is approximately half of 

the thermal and also of the seismological and electrical lithosphere.  

  Beneath cratonic regions changes in elastic and non-elastic properties of 

mantle rocks are used to define the base of the seismological lithosphere, which is 

commonly characterized as a layer of high shear wave velocity from the Moho to 

~100 - 300 km depth. In this sense the presence of a low-velocity zone (LVZ) 

beneath the high-velocity layer can be taken as an indication of the LAB 

(Pontevivo and Thybo, 2006). Anyhow, a clear LAB signal is often absent, as a 

variety of mechanisms can cause the existence of the LVZ (e.g., partial melting, 

high-temperature relaxation, contrasts in volatile content), which imply that the 
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to mantle deformation due to relative plate motion (Karato, 2012) and which, in a 

joint analysis together with seismic anisotropy, might coincide with the base of the 

rheological lithosphere.  

 The electrical LAB is usually defined as the base of the highly resistive 

lithosphere above the highly conducting asthenosphere, which is marked by a 

sharp change in mantle conductivity (or its inverse, resistivity) due to the presence 

of an interconnected conducting phase such as melt (1 - 3% of melt fraction) or 

graphite. The depth to the base of the resistive lithosphere is relatively well 

constrained by magnetotelluric observations (Jones, 1999) and was found to vary 

between ~205 km and 230 km beneath cratonic lithosphere (Eaton et al., 2009). 

Generally, these depth estimates are in good agreement with lithospheric 

thickness estimates from seismic anisotropy, xenolith thermobarometry and the 

top of the seismically-defined low-velocity zones. 

 Following this brief overview, the reader should notice that the presented 

lithospheric thickness map in Chapter 6 compares to LAB depth estimations as 

defined within the concept of the thermal lithosphere, because the method applied 

in this thesis, implements a pure thermal approach to calculate the depth-density 

profile in the lithospheric mantle. 

 

3.1.3 Geoid height 

The geoid is described as the equipotential surface of Earth’s gravity that best 

correlates with global mean sea level over the oceans, excluding the effects of 

semi-dynamic sea surface topography. It defines the shape of the Earth and is a 

fundamental reference surface in geodesy and geophysics. 

 Being an equipotential surface the force of gravity is everywhere 

perpendicular to the geoid. Deviations of the geoid from the international 

reference ellipsoid are called geoid height anomalies ∆N (Fig. 3.2). They result 

from lateral density variations in the Earth’s interior and provide valuable 

information on deep-Earth structures (e.g., the topography of the LAB) and mass 

density anomalies (Bowin, 1983). 



 

Figu
dens
occu
exce

 

filter

dens

varia

direc

(Ock

1982

 

3.1.

Deri

stan

Eart

isos

litho

dyna

princ

mate

equi

the 

equi

pres

re 3.2. Rela
sity variations
rs over regi
ss mass. 

In isost

ring) are as

sity distrib

ation is lar

ctly propor

kendon an

2).  

.4 Isosta

ived from t

nding" and 

th's crust 

tasy variat

osphere an

amical forc

ciple of h

erial (solid

ilibrium is 

generated

ilibrium (e

ssure grad

ationship bet
s (mass ano
ons of mass

tatically co

ssociated w

bution with

ge compar

rtional to t

d Turcotte

asy 

the Greek 

 was intro

upon a liq

tions in su

nd the ast

ces are ab

hydrostatic

d) would 

achieved a

d pressure

e.g. due t

ients, that 

tween the re
malies) on th
s deficit, a b

ompensate

with the de

in the litho

red to its lo

he vertical

e, 1977; Ha

words "iso

oduced by 

quid or hig

urface topo

thenosphe

bsent. A s

c equilibriu

float on t

at a given 

s are hydr

o surface 

cause the

32

eference ellip
he geoid ano
bulge or a p

ed regions

ensity mom

osphere. I

ocation at 

l dipole mo

axby and T

o" and "sta

Dutton (1

ghly plastic

ography ca

ere are in 

simple ana

um, in wh

the dense

depth of c

rostatic (c

loading 

e mantle m

Chapter 3.

psoid and m
omaly ∆N. A
positive geo

 the geoid

ment and c

If the horiz

depth, an 

oment of t

Turcotte, 19

asis" the t

882) to de

c substratu

an be expla

gravitatio

alogue of i

hich colum

er underly

compensat

onstant). D

or unload

material to f

. Fundament

measured geo
A negative de
id anomaly 

d anomalie

can be use

zontal sca

isostatic d

he local de

978; Turco

erm isosta

escribe “th

um.” Withi

ained by a

nal equilib

isostasy is

mns of lig

ing mantle

tion, the de

Deviations 

ing) would

flow until c

tals and Meth

oid and the 
eflection of t
occurs in re

es (after s

ed to const

ale of the 

density ano

ensity dist

otte and Sc

asy means

he flotation

in the con

assuming t

brium, if e

s the Arch

ghter litho

e (liquid), 

epth below

s from hyd

d lead to 

constant p

hodology 

 

effect of 
the geoid 
egions of 

spectral 

rain the 

density 

omaly is 

tribution 

chubert, 

s "equal 

n of the 

ncept of 

that the 

external 

himedes 

ospheric 

where 

w which 

drostatic 

lateral 

ressure 



cond

 

isos

the c

by a

cent

equi

1

2

Figu
isosta
and 
Pratt

 

take

Whe

ditions are 

Accordi

tatic equili

compensa

an extra m

tury, when

ilibrium we

1. The Air

topogra

equilibr

Heiskan

2. The P

compen

is achie

(Pratt, 1

re 3.3. Class
atic model w
changes in 
t-case assum

Both Ai

es place a

ereas Prat

restored. 

ng to the 

ibrium is c

ation depth

ass at dep

n the two 

ere propose

ry model (F

aphy are co

ium is ach

nen, 1958)

Pratt mode

nsated by 

eved at th

1855; Hayf

sic end-mem
with homogen
topography 

mes topograp

ry and Pra

along verti

tt’s model

local isost

compensat

, while the

pth. This a

widely use

ed. 

Fig. 3.3a), 

ompensate

hieved at 

). 

el (Fig. 3

lateral cha

he base of

ford, 1909;

mber models 
neous mantl
need to be 

phy variations

att isostatic

cal colum

l successf

33
 

tasy princi

ted by a m

e mass def

assumption

ed compe

 where de

ed by chan

the base 

3.3b), wh

anges in th

f the lithos

; Hayford a

of hydrostat
e density ρm
compensate
s being com

c models a

ns, which 

fully expla

Chapter 3.

ple, the ex

mass defic

icit at an o

n dates bac

nsation m

ensities are

nges in the

of the lith

here varia

he lithosph

sphere, w

and Bowie,

ic equilibrium
m. In the Airy
ed by chang
pensated by

ssume tha

move ind

ains isosta

. Fundament

xtra mass 

it between

ocean basin

ck to the m

echanisms

e constant 

e lithosphe

hospheric 

ations in 

eric densit

hich is as

, 1912). 

m (a) Airy iso
y-case crusta
es in lithosp
changes in 

at compens

dependentl

atic equilib

tals and Meth

of a mou

n the surfa

n is compe

middle of th

s for gravi

and varia

eric thickne

root (Airy

topograph

ty and equ

ssumed to 

 

ostatic model
al density is 
pheric thickn
crustal dens

sation is lo

ly of each

brium in o

hodology 

ntain in 

ace and 

ensated 

he 19th 

itational 

tions in 

ess and 

y, 1855; 

hy are 

uilibrium 

be flat 

l (b) Pratt 
constant 
ess. The 

sity 

ocal and 

h other. 

oceanic 



Chapter 3. Fundamentals and Methodology 

34 
 

domains by variations in the lithosphere density due to lateral density variations 

with age, seismic experiments indicate that the topography of continents rather 

depends both on crustal densities and thickness variations (Artemjev et al., 1994). 

A comprehensive review of the development of the concept of isostasy can be 

found in Watts (2001). 

 The concept of “local” isostasy (incorporating the Airy and Pratt end 

member cases) requires that hydrostatic equilibrium of all masses from the 

surface ݐ down to the level of compensation H is achieved in such way, that the 

vertical sum of masses is the same everywhere: 

න ݖሻ݀ݖሺߩ ൌ ݐݏ݊ܿ
ு

௧
 

where ߩሺݖሻ is the density (mass) distribution with depth (including topography and 

water). Consequently, the sum of mass anomalies produced by density variations 

in the crust and upper mantle located within a vertical column above the 

compensation level should equal zero: 

න ݖሻ݀ݖሺߩ∆ ൌ 0
ு

௧
 

 Note that in contrast to the classic isostatic models the level of isostatic 

compensation is taken at the base of the lithosphere, because subcrustal density 

variations within the lithosphere are expected to contribute to the isostatic 

equilibrium (Kaban et al., 1999; Panasyuk and Hager, 2000). 

 Local isostasy is a simplification of the real Earth’s structure and 

considering that geodynamic processes cause isostatic disturbances by modifying 

the internal structure of the lithosphere (depth to CMB/LAB and density), isostatic 

models should be treated with caution. Nevertheless, although “regional” 

compensation models (including elastic stresses in the lithosphere) are 

considered to be more realistic (Vening-Meinesz, 1931; 1940), for large 

wavelength topography variations, “local” isostasy in its classical sense can 

provide a good first order approximation of the structure of the lithosphere, 

especially where detailed knowledge of the lithospheric properties (e.g., rheology, 

temperature, density) is not available. 
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3.1.4 Lithospheric thermal regime 

In the solid earth, heat is transferred by four mechanisms: conduction, advection, 

convection and radiation. Conduction is a diffusive process wherein heat is 

transported within a material in form of kinetic energy via atomic or molecular 

interaction. Heat transfer by convection involves the motion of material from hot 

(lighter) to cold (denser) regions, a process that is dominant in the Earth's 

sublithospheric mantle. Advection is a special form of convection, where heat is 

physically advected by tectonic processes (e.g., erosion/sedimentation, isostatic 

rebound, and magmatic ascent). Radiation describes the direct transfer of heat by 

electromagnetic radiation, which in the Earth is of minor importance and can be 

included into the definition of heat conduction. 

 The heat transfer processes within the Earth can be expressed by the heat 

transport equation (e.g., Fowler, 2005): 

߲ܶ
ݐ߲

ൌ
݇
ܿߩ

ଶܶߘ 
ܣ
ܿߩ

െ  ܶݑ

where ܶ is the temperature, ݐ is the time, ݇ is the thermal conductivity (W m−1 K−1), 

 ଶ is theߘ ,is the density, ܿ is the specific heat at constant pressure (J kg−1 K−1) ߩ

Laplace operator, ܣ is the radiogenic heat production per unit volume (W m-3) and 

 is the velocity vector. In this sense the variation of temperature with time is ݑ

described by the three terms to the right hand side of the above equation, which 

correspond to the diffusion of heat by conduction, the presence of heat producing 

elements and the advective/convective transfer of heat, respectively. 

 The latter term can be neglected, as advection/convection is considered 

not to take place in the lithosphere, which leads to the heat-conduction equation: 

߲ܶ
ݐ߲

ൌ
݇
ܿߩ

ଶܶߘ 
ܣ
ܿߩ

 

 As previously mentioned, within the thermal definition the lithosphere is 

described as the conductive thermal boundary layer through which the heat loss 

from the Earth’s interior is balanced by radioactive heat production and incoming 

heat flow from the underlying convecting asthenosphere.  
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 In this thesis, the temperature distribution within the lithosphere is 

calculated using a steady-state conductive heat transport model, which can be 

applied to stable continental regions. Jaupart and Mareschal (2007; and 

references herein) have shown that the thermal relaxation time for continental 

lithosphere depends on its thickness and the thermal boundary conditions fixed at 

its base. For a 200 km thick lithosphere with a constant heat flux at the base, 

quasi steady-state conditions are reached after ~300 My. Thus, the temperature 

distribution with depth can be considered as constant, with radiogenic heat 

production and conductive heat transport being the dominant thermal processes 

and can be calculated by solving the 1D heat transport equation in steady-state: 

݇ ∙ ଶܶߘ  ܣ ൌ 0 

 The radiogenic heat generation describes a substantial part of the Earth's 

internal heat budget, which is produced by the decay of the radioactive elements 

uranium, thorium and potassium. The radioactive isotopes 235U, 238U, 232Th and 
40K are highly concentrated in the continental crust compared to the mantle, 

where they are some two orders of magnitude less abundant. On average, 

radiogenic heat generation of undepleted mantle is very low, whereas crustal 

rocks (e.g. granites) have a greater internal heat production. Nevertheless, as the 

volume of the Earth's mantle is much greater than the total crustal volume, only 

one-fifth of radioactive heat is produced in the crust. In this thesis, a simple "block 

model", in which the average heat production ܪௌ is constant from the surface to 

the base of the crust, was selected: 

ሻݖሺܪ ൌ  ௌܪ

 For the lithospheric mantle, the heat production was considered to be 

negligible and a linear temperature-depth profile (geotherm) was chosen 

(Lachenbruch and Morgan, 1990), meaning that the heat flow ݍ (mW/m2) within 

the mantle lithosphere is constant and equal to:  

ݍ ൌ ݇
ܶ െ ܶ

ܼ െ ܼ
 

where ݇  is the thermal conductivity of the lithospheric mantle, ܶ  is the 
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temperature at the LAB, ܶ  is the temperature at the CMB and ܼ  and ܼ 

describe the depth to the base of the lithosphere and the crust, respectively. For 

detailed information on the temperature distribution in the lithosphere the reader is 

referred to Lachenbruch and Sass (1977), Morgan (1984), Morgan and Sass 

(1984), Lachenbruch and Morgan (1990), Artemieva and Mooney (2001), and 

Michaut and Jaupart (2004). 

 

3.2 Method: Combined geoid and elevation 1D modelling 

To image lateral variations in crustal and lithospheric thickness elevation and 

geoid anomaly data are combined and coupled with a thermal analysis following 

the 1D approach by Fullea et al. (2007). The observed elevation and geoid height 

are simultaneously fitted assuming local isostasy and considering a four-layer 

model composed of water, crust, lithospheric mantle and asthenosphere (see 

Figure 3.4). In this context, elevation is proportional to ∫ρ(z) dz, where ρ(z) is the 

density at a given depth z. The integral extends from the Earth's surface to the 

compensation level, which is located below the deepest point of the LAB over the 

entire modelled region. In this way, elevation E with respect to sea level can be 

expressed as (Lachenbruch and Morgan, 1990): 

E = (ρa - ρL)/ρa  * L - L0     (E≥0) 

E = ρa/(ρa - ρw) * ((ρa - ρL)/ρa * L - L0)  (E<0) 

where L is the total lithospheric thickness, ρa is the density of the asthenosphere 

(set to 3200 kg/m3), ρw is the density of seawater (1030 kg/m3), ρL is the average 

density of the lithosphere, and L0 is the depth of the free (unloaded) 

asthenospheric level (2320 m; Fullea et al., 2007).  

 Under local isostasy and when lateral density gradients are moderate, the 

geoid anomaly is proportional to the dipolar moment of the vertical density 

distribution and, therefore is proportional to ∫z ρ(z) dz. The geoid anomaly N is 

calculated by (e.g., Haxby and Turcotte, 1978):  

ܰ ൌ െ2ܩߨ ݃⁄ නݖ ∗ ݖሻ݀ݖሺߩ  ܰ 
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(2005). The temperature distribution with depth is calculated by solving the 1D 

heat transport equation in steady-state: 

݇ ∙ ଶܶߘ  ܣ ൌ 0 

where k is the scalar thermal conductivity, ߘଶ is the Laplace operator, and A the 

volumetric heat production. I consider a thermal conductivity of 2.5 W m−1 K−1 for 

the crust and 3.2 W m−1 K−1 for the lithospheric mantle (e.g., Fernandez et al., 

1998). The radiogenic heat production is considered to be constant, with values of 

0.5 and 0 μW m−3 (Vilà et al., 2010; Robert et al., 2015) for the crust and the 

lithospheric mantle, respectively. The above equation is solved with boundary 

conditions of fixed temperature at the surface Ts=0 °C and at the base of the 

lithosphere Ta=1350 ºC (see eqs. 4-32 and 4-33 in Turcotte and Schubert, 2002). 

For a detailed derivation of the generalized isostasy equation that includes the 

thermal field in a consistent way, the reader is referred to Fullea et al. (2007).  

 The choice of thermal parameters influences the calculated Moho 

temperature, which in turn modifies the density of the lithospheric mantle. 

According to Fullea et al. (2007), the calculated LAB depth decreases almost 

linearly with increasing the thermal expansion coefficient and crustal thermal 

conductivity, and by decreasing the radiogenic heat production. The calculated 

LAB depth can vary by ±6 km for a wide range of thermal parameters, whereas 

the crustal thickness is barely affected (~1 km). The inaccuracy of the calculated 

crustal and lithospheric thickness associated with the RMSE of the used input 

datasets is less than 2 and 10 km, respectively, as calculated by Fullea et al. 

(2007) for the older ETOPO2 (Sandwell and Smith, 1997) and EGM96 (Lemoine 

et al., 1998) datasets. 

 In order to improve the initial constant average crustal density distribution, 

the occurrence of large sedimentary basins in Africa will also be considered at a 

later stage during the modelling (Chapter 6.2) by using a 2D density distribution 

with lateral variations in surface density. Since sediment infill should decrease the 

average density of the crustal column and the approach requires the density 

values at surface and at the base of crust, the equivalent surface density that 

would result from considering a sedimentary layer of thickness hs and average 
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density ρS was calculated. In addition, it is assumed that densities within 

sediments and crystalline crust increase linearly with depth and coincide at the 

base of the sedimentary layer. Therefore, to calculate the influence of sediment 

infill in decreasing the average density of the crustal column, the following scheme 

was applied to adjust the crustal density at the surface of the model, according to 

the local thickness of the sediment pile.  

The density at depth z of the crustal column without sediments is defined by: 

ρ(z) = ρ0 + (ρM - ρ0) * z / hc  

for 0 ≤ z ≤ hC with ρ0 and ρM being the densities fixed at the surface and the 

bottom of the crust, respectively, and hc the crustal thickness. The crustal density 

at the base of the sedimentary layer is then given by: 

ρhs = ρ0 + (ρM - ρ0) * hs / hc 

where hs is the total sedimentary thickness. Assuming a linear density increase 

with depth within the sedimentary layer and assuming that there are no 

discontinuities in the density profile of the whole crust, the average density ρs of 

the sediment layer is determined by: 

ρs = (ρs0 + ρhs) / 2 

where ρs0 is the surface density of the sedimentary layer. The average density of 

the crustal column, including sediments is given by 

ρcs = (ρs * hs + (ρhs + ρM)/2 * (hc - hs))/hc 

Thus, the equivalent surface density for a crustal column including sediments will 

be  

ρ'0 = 2 * ρcs -  ρM 

Note that the new surface crustal density yields the same average density of a 

crustal column with sediments, assuming a linear increase with depth from ρ'0 to 

ρM.  

 As described above, the applied method is not accounting for absolute 
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density values, but is using a lateral density distribution, which provides a useful 

tool to describe first-order variations in topography and potential fields. This 

approach has been successfully applied to image variations in crustal and 

lithospheric thickness beneath the Atlantic-Mediterranean transition (Fullea et al., 

2007), the Arabia-Eurasia collision (Jiménez-Munt et al., 2012), the Iberian 

Peninsula (Torne et al., 2015), central Asia (Robert et al., 2016), and to build a 

starting model to investigate the 3D lithospheric density structure of the southern 

Indian Shield (Kumar et al., 2014). 
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Chapter 4. Data  

 

In this chapter I will introduce the type of data, the applied processing and their 

particular integration into the explained modelling procedure as explained in 

Chapter 6. The purpose of the data sets is basically threefold: i) Elevation and 

geoid anomaly are the main input data to invert the lithospheric structure; ii) 

Crustal parameters such as sediment thickness and mean crustal densities are 

used to improve the initially average constant density distribution of the model for 

lateral changes in crustal density and iii) Seismic Moho estimates serve to choose 

the best reference column, to define the best fitting crustal model and to compare 

the modelled crustal thickness map in order to discuss its strong and weak points.  

 

4.1 Elevation 

Digital elevation data for Africa were taken from the 1 arc-minute global relief 

model ETOPO1 (Amante and Eakins, 2009). The high frequency components 

were removed from the data-setusing a Gaussian low-pass filter with a 

wavelength of 100 km in order to avoid unrealistic short-wavelength signals into 

the modelled Moho and LAB topography associated with flexural support of 

topographic loads. Figure 4.1 shows the filtered ETOPO1 data, used as input 

elevation in the modelling procedure. Locally, small-scale high-amplitude 

signatures in topography occur in uplifted, mountainous and volcanic regions (e.g. 

Atlas, Tibesti, EARS) and are expressed as multiple peaks and troughs at the 

shortest range of spatial scales. The effect of the filtering on the raw ETOPO1 

elevation data is shown along three profiles (Fig. 4.2), crossing the main African 

topographic features to demonstrate i) the alteration of the topography signal for 

locations where the vertical component is very high compared to the horizontal 

one (removal of nonrelevant short-wavelengths considering lithosphere isostasy 

calculations) and ii) the maintenance of relief information in terms of regional trend 

and characteristics of the elevation profile.  
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number of shorter wavelength swells and uplifted regions, such as the Hoggar 

Massif (~1000 m), the Tibesti Mountains (~ 2000 m) and Darfur (~1200 m, see Fig. 

4.1 for locations), giving Africa its typical basin and swell topography (Holmes, 

1944). The transition to the passive continental margins of the Atlantic and Indian 

oceans is marked by coastal areas characterized by low relief (~150 m), with the 

exception of the northwest corner of Africa, where convergence between Africa 

and Europe is marked by high topography (~2000 m) along the Rif-Tell-Atlas 

orogenic system, and the southeast and south regions of Africa, where steep 

topographic gradients mark the transition to the continental shelf (Fig. 4.1). 

 

4.2 Geoid anomaly 

Geoid anomaly data were extracted from the EGM2008 global model (Pavlis et al., 

2012). Global studies show that geoid anomalies with wavelengths greater than 

4000 km are produced by density anomalies located at sublithospheric levels 

(Bowin, 1983). To only retain the signature of mass distribution related with the 

lithospheric structure, those wavelengths exceeding ~4000 km were filtered by 

removing the lower harmonic coefficients up to degree and order 10 (see Root et 

al., 2014 for a detailed sensitivity analysis of spherical harmonic degrees). Figure 

4.3 below shows the full resolution geoid (a) and the geoid signal used as input 

during the modelling procedure, after filtering of the sublithospheric long-

wavelength sources (b). The resulting geoid anomalies range from -16 to 16 m 

and largely follow the distribution of high and low topography in Africa, except for 

some regions to the north of the Kaapvaal Craton (Fig. 4.3b). 

The most striking features are the circular geoid low with a wavelength of > 

750 km and minimum values of -16 m in the centre of Africa, related with the 

Congo Basin and a widespread and elongated negative anomaly, with minimum 

values of -9 m that crosses the West African Craton trending NE-SW parallel to 

the Atlas. The SW end of this geoid low extends to the northern and central 

regions of the Taoudeni Basin, where values less than -4 m are observed. The 

northeasternmost part of the east Saharan Metacraton is marked by a -6 m geoid 

low located in the Nile Delta region. 
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terranes of the Kaapvaal Craton (from 4 m to 8 m, and very locally above 8 m), 

the NE and SW ends (Namibia highlands) of the Namaqua-Natal belt (from 0 m to 

4 m and from 4 m to 8 m, respectively) and the Angolan Shield, where values of 

up to 12 m are reached.  

 The transition to the continent’s margins are characterized by negative 

anomalies along the eastern coast (Red Sea and Indian Ocean) and positive 

anomalies along the western coast (Atlantic Ocean), with the exception of the 

Gabon and Congo coastlines, where negative values of -4 m to -8 m are recorded. 

Remarkable are the regional low of -4 m in average extending along the Nubian 

Shield and the lows located in the Somalia coastline (up to -6 m) and along the 

almost entire Mozambique coast, which shows average values in the range of -2 

m. To the west, maximum values are recorded in the Angola-Kaapvaal Craton and 

in the Man Leo Shield locally (up to 8 m) and in the SW termination of the Damara 

Belt (up to 6 m). Values in the range of 0 to 4 m are observed in the Rokelide and 

Mauritanian belts. To the north, the transition to the west Mediterranean is 

characterized by a geoid high with values ranging from 0 to 4 m, whereas the 

transition to the Central and Eastern Mediterranean is marked by geoid lows with 

mean values of -2 m and -6 m, respectively. In the southernmost region a local 

low (mean value of -4 m) is observed at the eastern segment of the Great 

Escarpment and in the Limpopo Belt (0 to -2 m) between the Zimbabwe and 

Kaapvaal cratons. 

 

4.3 Crustal parameters 

4.3.1 Sediment thickness 

Information on the sediment cover in Africa were extracted from the updated 1ºx1º 

global sediment thickness map from Laske and Masters (1997) and gridded to 10 

arc-min using a surface interpolation algorithm. Across the continent thickness of 

sediments ranges from zero to 14 km, with significant accumulations (>4 km) 

occurring in the margins of the eastern Mediterranean, North Atlantic and Indian 

Ocean as well as in the big African basins.  
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4.4 Seismic Moho estimates 

I compiled a comprehensive set of Moho depth estimates throughout Africa and 

the adjacent Arabian Peninsula from available deep seismic sounding (DSS), as 

well as from receiver functions (RF) studies in order to better evaluate the 

accuracy of the crustal thickness model. The total database includes 551 data 

points, 139 from DSS and 412 from RF, which are regionally concentrated in 

northwest Africa (Morocco), Arabia, East Africa, Cameroon and Southern Africa. 

Though the focus of this study is clearly on the crustal and lithospheric structure of 

the African continent, Moho estimates from Arabia were also considered in the 

evaluation process since throughout most of geological history, the Arabian 

peninsula formed part of the pan-Afro-Arabian continent until separation took 

place around 30 Ma. The compiled seismic data and current knowledge of crustal 

thickness in Africa is presented in Figure 4.6, which displays very well their 

uneven distribution and absence of seismic coverage for vast areas of the 

continent (e.g., WAC, Sahara Metacraton, Congo Craton). For a brief review of 

passive-source seismic studies in Africa the reader is referred to Fishwick and 

Bastow (2011). Additional references for both active and passive seismic studies 

are listed in Table 4.1. 

 Crustal thickness estimates from DSS usually have uncertainties ranging 

from ±3.5 to ±6 km, depending on data quality, modelling, and interpolation 

techniques (Waldhauser et al., 1998). According to Spada et al. (2013) the vertical 

error for crustal thickness estimates derived from RF studies ranges from ±3 km to 

±10 km with highest uncertainties expected for complex tectonic areas. Therefore, 

a threshold of ±4 km for Moho estimates from DSS and ±5 km for those derived 

from RF to benchmark the crustal thickness model is used. 

 Decades of seismic investigations revealed the distinctive characteristics of 

crustal thickness beneath Africa and the non-unique pattern of Moho depth 

variations related with the various cratons, mobile belts, Cenozoic volcanism, 

paleo-rifts and recent continental rifting. Summarized, thickest crust in Africa is 

observed beneath the cratons and belts (>38 km) and thinnest crust (<25 km) 

beneath the rifts of western and eastern Africa, as well as in the coastal plains 

(~28 km).  
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a) Deep Seismic Sounding (DSS) 

                                                                          
b) Receiver Functions (RF) 

Region  Moho depth (km) Region Moho depth (km)

Northern Africa

Rif                                   
Atlas                               
Meseta                         
Tell (E)                            
Saharan Platform           
Morocco Margin (NW)    
Morocco Margin (SW)    
Red Sea                         
Dead Sea Transform 
Turkana Depression  
Afar Depression              
Main Ethiopian Rift 

29 - 42d                
33 - 41a,b,c      
~30c                                 

29 - 37e,f                       

~35e                                  

34 - 35x                
27 - 29y                         

29 - 32m                        

29 - 38n,o,p                   

20 - 21l                          

~15h         
25 - 45g 

Rif                                  
Atlas                                  
Meseta                             
Lybian Margin                  
Algerian Margin                 
Hoggar                             
Egypt                          
Mauritanian Belt                
West African Craton          
Afar Depression                
Main Ethiopian Rift  
Ethiopian Plateau 
Cameroon Volcanic Line  

21.6 - 44.41,3                     

23 - 44.71,2,14,15,16           

30.7 - 37.61                        

~273                           
30 - 313                     
~382                           
32 - 332,3                   
~26.34           
41 - 42.62,4,17       
15 - 306,7          
27 - 386          
34 - 446                                 

25.5 - 40.55        

Southern Africa

Zimbabwe Craton           
Limpopo Belt                  
Namaqua-Natal Belt       
Cape Fold Belt                
Namibian Margin            
South African Margin 
(W)                     South 
African Margin (S)          

~40q                      
35 - 37q,r               
40 - 45s,t,v,w           
39.5 - 42u,v           
28 - 33β                
~34z                     
31 - 36.5s,v            

Zimbabwe Craton               
Limpopo Belt                      
Namaqua-Natal Belt           
Kenya Rift                           
Albertine Rift                    
Mozambique Belt                
Ruwenzory Belt                  
Kibaran Belt                    
Ubendian Belt                     
Usagaran Belt                     
Congo Craton                     
Tanzania Craton                 
Irumide Belt                        
Kaapvaal Craton                 
Cape Fold Belt                    
Kheis Belt                          

35 - 50.510,11      
39.5 - 4610                      

30 - 4910,12        
34 - 446                    
24 - 388          
38 - 406                             

21 - 288          
36.7 - 44.49       
40 - 49.29        
32.3 - 39.69       
43 - 482,5         
37 - 44.49        
~42.513          
33 - 53.510,13      
33.5 - 4810,12                   

35 - 4810,11,12      

Table 4.1. Crustal thickness estimates for distinct tectonic terrains in Africa from DSS (a) and RF 
(b) studies: a) a Ayarza et al. (2014), b Wigger et al. (1992), c Makris et al. (1985), d Gil et al. (2014), 
e Buness et al. (2003), f Morelli and Nicolech (1990), g Maguire et al. (1994), h Prodehl et al. 
(1997b), I Kahn et al. (1989), j Achauer et al. (1992), k Braile et al. (1994), l Gajewski et al. (1994), 
m Rihm et al. (1991), n Mechie et al. (2005), o Weber et al. (2004), p El-Isa et al. (1987), q Stuart and 
Zengeni (1987), r Durrrheim et al. (1992), s Lindeque et al. (2007), t Green and Durrheim (1990), u 

Parsiegla et al. (2009), v Stankiewicz et al. (2008), w Wright and Hall (1990), x Contrucci (2004a), y 

Klingelhoefer et al. (2009),  z Hirsch et al. (2009), β Bauer et al. (2000). b) 1Mancilla et al. (2012), 
2Sandvol et al. (1998), 3van der Meijde et al. (2003), 4Kosarian (2006), 5Tokam et al. (2010), 
6Dugda et al. (2005), 7Hansen et al. (2009), 8Woelbern et al. (2010), 9Tugume (2011), 10Yousuff et 
al. (2013), 11Nair et al. (2006), 12Kagaswane et al. (2009), 13Midzi and Ottemoeller (2001), 14Miller 
and Becker (2013), 15Spieker et al. (2014), 16Cooper and Miller, 17Di Leo et al. (2015). 
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crustal thickness beneath the West African Craton, the WAMZ and the Sahara 

Metacraton does not exist. 

 Receiver function studies in the East African Rift System (e.g., Dugda et al. 

2005; Stuart et al. 2006; Cornwell et al. 2010) showed that crustal thickness within 

the Ethiopian Rift is 32 - 36 km, circa 40 km away from the flanks in the Nubian 

and Somalian plates and 39 - 42 km in the Kenya Rift. Controlled-source seismic 

investigation during the Kenya Rift International Seismic Project (KRISP Working 

Group 1987) imaged crustal thickness variations from 20 km in the northern part 

of the Kenya rift in the Turkana depression to 35 km beneath the southern Kenya 

Dome. Crustal thickness beneath the rift shoulders of the western branch is ~30 

km. Thinner crust (20 - 28 km) is observed in the Rwenzori Block in the Western 

Branch of the EARS, whereas the adjacent Tanzania craton (~40 km) and the 

surrounding Ubendian (>40 km) and Mozambique Belts (~38 km) are underlain by 

thick crust. 

 In southern Africa the crustal structure has been intensively investigated 

beneath the array of the Southern African Seismic Experiment (Nguuri et al., 2001; 

Niu and James 2002;  Stankiewicz et al., 2002, 2013; Nair et al., 2006; Kgaswane 

et al., 2009) located in Zimbabwe, Botswana and South Africa. Average crustal 

thickness is ~36 and ~38 km beneath the Zimbabwe and Kaapvaal Cratons with 

thicker crust of ~41 km in the northern Kaapvaal, the Pietersburg Terrain. Partly, 

the surrounding Proterozoic belts show increased thickness of up to 45 km in the 

Okwa/Magondi Belt and 50 km in the Namaqua-Natal Belt. Depth to the Moho in 

the Limpopo Belt is ~41 km, in the Kheis Belt ~40 km and shows large variations 

in the Cape Fold Belt from 26 to 45 km. Seismic data in the Congo Craton are 

only available for the north western edge of the craton, where the cratonic root 

reaches depths of 43 to 48 km (Tokam et al., 2010). 

 The compilation of seismic crustal thickness estimates and related 

references used in this study to benchmark the crustal model are stored in the 

digital appendix. 
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Chapter 5. Previous continental and global models 

 

Despite the increased number of (temporary) seismic networks during the last 

decades the lithospheric structure beneath Africa is still unknown for big parts of 

the continent, which are among the least understood continental regions in the 

world. Therefore, the geometry of the most fundamental subsurface boundaries, 

such as the Moho and LAB, is poorly constrained over large areas. Nevertheless, 

a number of existing continental and global models provide crustal and 

lithospheric thickness information for Africa. These models are based on different 

datasets and methodologies showing large lateral variations in resolution, which in 

turn lead to significant differences in the resulting structures. In this chapter I want 

to give an overview of the existing crustal and lithospheric models with focus on 

the underlying approaches and main structural differences, as the latter have 

significant influences on our understanding of African geodynamics.        

 

5.1 Crustal models 

5.1.1 Seismological models 

First estimates of crustal thickness beneath Africa were taken from global models, 

based on seismic data compilation (Soller et al., 1982; Cadek and Martinec, 1991). 

Later, Nataf and Ricard (1996) presented the more developed global 3SMAC 

model, a tomographic model of the upper mantle, which included a crustal model 

combined with geophysical and chemical information.  

 The most noteworthy model is the recently published CRUST1.0 global 

crustal model from Laske et al. (2013), an upgraded version of the previous 

models CRUST2.0 (Bassin et al., 2000) and CRUST5.1 (Mooney et al., 1998). 

CRUST1.0 is more complex and provides thickness, densities and compressional 

and shear velocities for eight layers: water, ice, three sediment layers and upper, 

middle and lower crust. The model is based on 1º x 1º averages of crustal 

thickness from DSS and RF studies, and depth to Moho is calculated from gravity 

constraints, where no seismic data exist. In regions lacking both, seismic and 
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gravity constraints (e.g., in Africa, Antarctica, South America), crustal thickness is 

extrapolated based on statistical averages of crustal properties such as basement 

age and crustal type (e.g., orogen, rift, platform). In recent years CRUST2.0 was 

the most frequently used model in geodynamic and gravity modelling, and it has 

also been extensively used for crustal corrections in seismic wave studies (e.g., 

Zhou et al., 2006).  

 As the resolution of the CRUST2.0 and CRUST1.0 models is high for 

regions with good data coverage, but poor in off-data areas, their application in 

crustal corrections to surface wave measurements is far from errorless, which 

gave motivation to Meier et al. (2007) to construct a crustal thickness model 

(Meier07) with a resolution similar to the data sets used in surface wave 

tomography. Their 2º x 2º global Moho model is based on a neural network 

approach to invert surface wave data from global phase (Trampert and 

Woodhouse 2003) and group velocity (Ritzwoller et al., 2002) maps and comes 

with a global error standard deviation of around 3 km and a maximum absolute 

error of circa 8 km.     

 A continental-scale surface wave analysis model for Africa was presented 

by Pasyanos and Nyblade (2007) (Pasyanos07). Their top to bottom lithospheric 

study is based on surface wave dispersion measurements with increased data 

coverage (for tens of thousands of paths) relative to previous studies, especially in 

North Africa. Including short period group velocities allowed the authors to also 

investigate the shallow structure of the lithosphere and to develop a crustal 

thickness map with a 1º x 1º resolution.         

 The described crustal thickness models CRUST1.0, Meier07, and 

Pasyanos07 are displayed in Figure 5.1. A comparison between these models 

shows that biggest differences in terms of lateral thickness variations occur north 

of the equator, the data poorest region in Africa. Despite the quantitative 

differences in Meier07 and Pasyanos07, both models contradict the crustal 

thickening observed in CRUST1.0 related with the Mesozoic West African Rift 

System. 
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5.1.2 Gravity based models 

Recently, a number of gravity based Moho models were presented, which take 

advantage of the high accuracy and high spatial resolution measurements of the 

Earth's gravity field and geoid provided by the GOCE and GRACE satellite 

missions (e.g., Pail et al., 2010). Inverting gravity data for crustal thickness has 

been used to generate models that are only based on those gravity observations, 

such as the Veining Meinesz's model (VMM) by Babherbandi et al. (2013), as well 

as models that combine gravity observations with seismic data, such as the Delft 

Moho model (Hamayun, 2014) and the GEMMA model (Reguzzoni et al., 2013). 

Certainly, these global models have increased our knowledge about crustal 

structure, but their associated resolution is still too coarse to be applied to regional 

studies. 

 The VMM model is based on the Vening Meinesz’s inverse problem of 

isostasy based on generating the isostatic gravity disturbances which equal zero. 

Depth to the Moho (“mean Moho depth”) is computed from Bouguer gravity 

anomalies and under the assumption of varying Moho depths and the use of a 

constant Moho density contrast. After correcting the gravity signal for topography, 

bathymetry, ice and sediments, the computed isostatic disturbances are taken as 

the sum of the crust stripped gravity disturbances plus the gravitational attraction 

of isostatic compensation masses. For gravity calculations and crustal stripping 

corrections the authors used the EGM2008 model and elevation, ice plus 

sediment data from CRUST2.0, respectively. 

 The GEMMA model is a combination of the CRUST2.0 seismic model with 

gravity observations from the GOCE satellite mission. The GEMMA model was 

reduced to a two-layer model by removing the effects of topography, bathymetry 

and densities, and can be seen as “an update of the CRUST2.0 Moho model” with 

a 0.5º x 0.5º resolution. For details on the inversion problem go to Reguzzoni et al. 

(2013). 

 The 2º x 2º Delft Moho model (DMM-1) is built on combining gravity 

disturbances from the EIGEN-6C2 model (see Förste et al., 2013) together with 

the two seismic models: CRUST1.0 and Meier07 by Meier et al. (2007). 
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Model Coverage Method Resolution Reference 

GMCT Global Seismic data 
compilation 

2º Soler et al. (1982) 

M84C Global Seismic waveform 
inversion 

8º  Woodhouse and 
Dziewonski (1984) 

CM91 Global Seismic data 
compilation 

2º Cadek and Martinec 

(1991) 

3SMAC Global 3D seismological model 2º Nataf and Ricard (1996) 

CRUST5.1 Global Statistical inference 
based on seismic 
studies 

5º  Mooney et al. (1998) 

CRUST2.0 Global Statistical inference 
based on seismic 
studies 

2º  Bassin et al. (2000) 

CUB2 Global Surface wave inversion 2º Schapiro and Ritzwoller 
(2002) 

MDM Global Surface wave inversion 2º Meier et al. (2007) 

Pasyanos07 Continental Surface wave analysis 1º  Pasyanos and Nyblade  
(2007) 

SSLIP Global SS waveform stacks 10º  Rychert and Shearer 
(2010) 

Tedla2011 Continental Gravity, 3-D Euler 
deconvolution 

0.225º Tedla et al. (2011) 

Tugume13 Continental Gravity, Parker–
Oldenburg iterative 
inversion 

0.25º Tugume_et al. (2013) 

GEMMA Global Combined gravity and 
seismic model 

0.5º Reguzzoni et al. (2013) 

VMM Global Isostatic model 1º Bagherbandi and Sjöberg 
(2012) 

CRUST1.0 Global Statistical inference 
based on seismic 
studies 

1º  Laske et al. (2013) 

DMM1 Global Combined gravity and 
seismic model 

2º Hamayun (2014) 

LITHO1.0 Global Surface wave analysis 1º Pasyanos et al. (2014) 

Table 5.1. Overview of previous global and continental crustal models, the applied method 
and their resolution.  



Chapter 5. Previous continental and global models 

66 
 

The observed gravity disturbances were corrected for contributions due to 

elevation, ice, sediments and crustal heterogeneities exploiting the ETOPO1, 

CRUST1.0 and Meier07 models. The residual density signal is considered to 

result from the difference between the actual density and the reference crustal 

density of 2670 kg/m3. As the method (stand-alone inversion of gravimetric data) 

is known not to necessarily produce realistic results, the CRUST1.0 and Meier07 

models were used as a priori information on Moho depth by applying the Variance 

Components Estimation (VCE) procedure. The computed crustal thickness results 

were then further refined during a comparison with the European Moho model by 

Grad et al. (2009). For more details on the modelling procedure and related 

inherent uncertainties the reader is referred to Hamayun (2014). 

 New continental-scale Moho estimates beneath Africa, based on gravity 

modelling, were presented by Tedla et al. (2011) and Tugume et al. (2013). Both 

studies provide gravity-derived crustal thickness maps, calibrated against seismic 

Moho estimates and show little variations in crustal thickness between terrains of 

Archean and Proterozoic age.  

 Tedla et al. (2011) performed a gravity Euler deconvolution to estimate the 

Moho depth at a resolution of 0.25º, but the application of this method and its 

validity to the African continent has been questioned (Reid et al., 2012; van der 

Meijde and Nyblade, 2014). The technique is using the spectral content of the 

gravity field to detect subsurface interfaces and it is especially problematic along 

continent boundaries or regions with strongly thinned crust (van der Meijde et al., 

2015). Besides, the thinnest crust in Tedla2011 is around 33.25 km indicating a 

cut-off in the Euler solutions at this depth (Tugume et al., 2013). In addition, Tedla 

et al. (2011) did not consider seismic data to benchmark their crustal model in 

order to reduce the trade-offs.  

 The model of Tugume et al. (2013) is based on a 3D Parker-Oldenburg 

iterative inversion (Oldenburg, 1974; Parker, 1973) of EIGEN-6C gravity data 

using sediment corrected Bouguer anomalies to obtain a simple two-layer model 

with the Moho as the only subsurface interface. The final model was chosen 

comparing the calculated Moho map with seismic point estimates and the misfit 

between the input and modelled gravity anomalies caused by the computed Moho 



topo

Figu
base
CRU
relati
mode
DMM

ography. 

re 5.1. Juxta
ed models ar

ST1.0, Pasy
vely smooth
els. Similariti

M-1 model.Th

aposition of e
re Tugume1
yanos07 and
h Moho vari
ies in DMM-
he figure was

existing crus
3, GEMMA, 

d Meier07. T
ations in the
1 and CRUS
s taken and m

Chap

67
 

stal models fo
Tedla11, V

Thick black li
e gravity ba
ST1.0 result 
modified from

pter 5. Previo

or Africa as 
MM, and DM
nes denote 

ased models
from the inc

m van der Me

ous continent

described in
MM-1. Seism
the 35 km c
 compared 

corporation o
eijde et al. (2

tal and globa

 

n the text. Th
mological mo
contour line. 
to the seism

of CRUST1.0
2015). 

al models 

he gravity 
odels are 
Note the 

mological 
0 into the 



Chapter 5. Previous continental and global models 

68 
 

 The estimated model’s average uncertainties are around ±3 km for the 

whole continent. The crustal model of Tugume et al. (2013) shows overall thinner 

crust than the Tedla et al. (2011) model for eastern, southern, and central Africa, 

with differences of more than 6 km for portions of western and northern Africa. 

Among all models Tugume2013 is the only one, which predicts thickest crust in 

Africa beneath the Ethiopian Plateau. A common feature of the above referenced 

models is the no incorporation of the lithospheric mantle in their calculations.  

 Interestingly, a comparison between the existing crustal models for Africa 

shows remarkable variations in regions were no seismic data are available, 

especially between global and continental models. The following Figure 5.1 

compares the previously explained models to highlight these structural contrasts.  

 A feature common to all models is the relatively thick crust (35 to 45 km) 

beneath the cratons of Western and Southern Africa. The majority of them (except 

Tugume13 and Meier07) also predict thicker crust of around 35 km beneath the 

Congo basin, though a pronounced regional thickening related with the basin is 

only observed in the two seismological models CRUST1.0 and Pasyanos07. In 

contrast, Tugume13 and Meier07 rather promote crustal thinning beneath the 

centre of the basin, which leads to maximum thickness differences among the 

models of more than 20 km for the Congo Craton. Furthermore, the models 

contradict Moho geometry especially in the regions of Northern and Western 

Africa. Seismic models such as Pasyanos07 and Meier07 show significant 

variations in the crustal structure, whereas the gravity based models VMM, 

Tugume2013 and DMM-1rather promote a homogeneous and more constant 

Moho geometry. Nevertheless, strong differences in crustal thickness variations 

inside and around the WAC, as well as in the Saharan Metacraton occur between 

all models. In summary, a comparison of the crustal models shows an overall 

agreement in crustal structure for Southern Africa, though significant differences in 

absolute thickness values exist (>15 km). However, the predicted variations in 

Moho geometry for the data-poor regions to the north of the equator are very 

dissimilar and of opposite sign, as in the case of the Mesozoic rifts. 

 Therefore, if one wants to correlate the continent’s surface tectonics with its 

crustal structure at depth, choosing an adequate Moho model is not 
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straightforward. Recently, van der Meijde et al. (2015) pointed out that the model’s 

differences may rise up to 28 km in Moho depth, and that gravity based models 

show actually less variation among them than seismic models and between 

gravity based and seismic models, as visible in Figure 5.1. Furthermore, as there 

is almost no control on the quality of the resulting structure in off-data regions, the 

authors warn that the impact of these differences for geodynamic interpretation 

might be significant. 

 

5.2 Lithospheric models 

Revealing the deeper structure of the lithosphere is even more complicated, as 

the lithosphere-asthenosphere boundary does not correspond to a sharp change 

in temperature or composition. Locally, the chemo-physical state and minimum 

thickness of the African lithosphere is known from thermo-barometric studies of 

kimberlitic xenoliths (e.g., in South Africa; Jones, 1988; Griffin et al., 1999; 

Rudnick and Nyblade, 1999; Artemieva and Mooney, 2001; Deen et al., 2006), 

whereas the lateral and vertical seismic structure of the upper mantle is imaged by 

a number of global and regional surface-wave tomography models (e.g., Ritsema 

and van der Heijst, 2000; Debayle et al., 2001; Sebai et al., 2006; Pasyanos and 

Nyblade, 2007; Lebedev and van der Hilst, 2008; Priestley et al., 2008; Fishwick, 

2010). A dominant feature of the African upper mantle in these models is the 

contrast between the fast velocities related with Archean cratonic regions and 

slower velocities (5 - 10%) beneath younger tectonic units (see Fig. 5.2 lower right 

panel). The velocity structure from surface-wave tomography has been frequently 

used to investigate variations in lithospheric thickness (seismic models). Another 

way is to constrain the base of the conductive thermal boundary layer from 

surface heat flow data (thermal models). The majority of existing LAB models for 

Africa, which will be introduced in the following, is based on either of those 

techniques. A list of available global and continental models of lithospheric 

thickness in Africa and the respective approach is given in Table 5.2. 
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5.2.1 Thermal models 

 The thermal thickness of the lithosphere can be estimated by the use of 

thermal models, which result in reasonable agreement with geophysical 

observations on heat flow data, xenolith derived pressure-temperature estimates 

and also with the actual knowledge of crustal parameters (e.g., thickness, 

radiogenic heat production, density, seismic velocity). As previously mentioned, 

these models assume that the LAB coincides with the base of the conductive 

thermal boundary layer, which is usually defined as the intersection of a geotherm 

with an isotherm (e.g., Tm = 1300 ºC). 

 First global estimates of lithosphere thickness based on regional geotherms 

calculated from global heat flow data compilations were presented by Pollack and 

Chapman (1977) and Artemieva and Mooney (2001). Other than Artemieva and 

Mooney (2001), Pollack and Chapman (1977) used the depth at which the 

continental geotherms reach ~0.85 of the melting temperature to define the base 

of the lithosphere and calculated thermal thickness from a degree-12, spherical 

harmonic representation of the global surface heat flow field. Their model 

predicts >300 km thick lithospheric root beneath cratonic West Africa, similar to 

the estimations of ~350 km by Artemieva and Mooney (2001). The latter 

presented a LAB map at a resolution of 5º x 5º, which shows two typical 

thicknesses for Archean (200 - 220 km) and early Proterozoic lithosphere (300 - 

350 km). The South African cratons show comparably thin roots (~220 km) and a 

thick root (>300 km) is found beneath West Africa. 

 Later Artemieva (2006) and Hamza and Vieira (2012) presented thermal 

thickness models with higher resolution of 1º x 1º and 2º x 2º, respectively. These 

models are based on updated global databases of heat flow measurements and 

crustal structure, which was incorporated from the global models CRUST5.1 and 

CRUST2.0. For her thermal model for the continental lithosphere TC1 Artemieva 

(2006) applied a statistical age relationship of continental geotherms based on a 

new compilation of tectono-thermal ages of lithospheric terranes to fill the gap of 

no or low quality heat flow data (e.g., in most of North Africa). The strong 

correlation between the tectonic age and thermal regime demonstrates that the 

depth to the LAB linearly decreases with age from Mesoarchean to present. 
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Similar to the previous model by Artemieva and Mooney (2001), the TC1 model 

shows thinner lithosphere (~200 km) in early Archean cratons of Southern Africa 

(e.g., the Kaapvaal Craton) than in the late Archean cratons of Tanzania and West 

Africa (250 - 350 km) (see Fig. 5.2). Hamza and Vieira (2012) also find relatively 

thick lithosphere (>200 km) beneath Precambrian regions in Africa, with thinner 

lithospheric roots (~200 km) beneath the Kaapvaal Craton and thicker roots (250 

– 300 km) in the area of the Congo Basin and the West African Craton. 

 

5.2.2. Seismic models 

Converting the upper mantle velocity structure from surface-wave tomographic 

models into its vertical temperature distribution has become a favoured technique 

in seismology to image the base of the thermal lithosphere. Surface-waves 

propagate predominantly within the crust and upper mantle and due to the good 

path coverage and lateral resolution, tomographic studies have proven a useful 

tool to provide estimates of lithospheric thickness in regions without seismic 

stations, in case that an optimal distribution of seismic sources is given.  

 A number of authors (e.g., Priestley and Tilmann, 2009; Fishwick and 

Bastow, 2011; Priestley and McKenzie, 2013) used a method that was first 

applied by Priestley and McKenzie (2006) to obtain depth to the LAB from seismic 

velocities. The method combines pressure and temperature estimates from 

mantle xenoliths with shear-wave velocities from 3D surface-wave tomography to 

develop an empirical relationship between velocity, temperature and pressure, 

which is used to convert variations in shear-wave velocities as a function of depth 

to lithosphere thickness. After the obtained vertical temperature profiles were fitted 

to individual geotherms, the base of the lithosphere was defined by the 

intersection of the extrapolated conductive geotherms with the isentropic 

temperature profile of the mantle at a potential temperature of 1315 ºC. The 

lithosphere thickness models PT09, FB2011 and PMK2013 were produced 

applying this strategy and are shown in Figure 5.2 below.  

 The PMK2013 model is basically an updated version of the PK06 model 
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with a higher horizontal resolution, as an order of magnitude more seismograms 

were used (Priestley and McKenzie, 2013). To give an example of the upper 

mantle velocity structure beneath Africa a map showing shear-wave speeds at 

200 km depth from the global tomographic study of Lebedev and van der Hilst 

(2008) was added to Figure 5.2 (lower right panel). 

 A comparison of the PT09, FB2011and PMK2013 models shows that the 

results from surface-wave tomography are in overall agreement. The observed 

lateral variations in lithospheric thickness related with the big African cratons are 

similar, with thick lithosphere (180 - 240 km) underlying the cratons and thinner 

lithosphere (<140 km) beneath Eastern and Northern Africa. These estimates and 

the lateral trend in LAB geometry are also in good agreement with the thermal 

TC1-model by Artemieva (2006). Main differences are observed in the continental 

model FB2011 compared to the global PT09 and PMK2013 models. 

 The lithospheric structure appears to be better resolved and more 

heterogeneous in the FB2011 model. Also FB2011 predicts a homogeneous and 

thinner lithospheric root (150 to 160 km) beneath the Tanzania Craton, whereas 

the PT09 model and PMK2013 show a much thicker lithosphere (~250 km) and a 

sharp decrease at the centre and the northern edge of the craton, respectively.  

 Further information on the LAB geometry beneath Africa can be extracted 

from a number of global models, which provide large-scale estimates of 

lithospheric thickness based on different seismic techniques and lithosphere 

properties. In some cases, the resolution of these models is too coarse to provide 

sufficient information for wavelengths smaller than 500 km (e.g., the model of 

Rychert and Shearer, 2009) and/or they show broad agreement with the 

previously introduced models. Therefore, I decided to only summarize, but not to 

display these models within the following section. To explore further details on the 

methods and particular features of the mentioned LAB models the reader is 

referred to the publications of the respective authors 

 Plomerova et al. (2002) presented a 10º x 10º global model of the LAB 

mapping changes in the upper mantle anisotropy. In this model depth to the LAB 

is associated with changes in anisotropy (mantle fabric) and the base of the 
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lithosphere is defined as the boundary between the fossil (“frozen-in”) seismic 

anisotropy and the anisotropy due to present-day asthenospheric mantle flow. 

 To detect this boundary, the authors used the depth-dependence of 

azimuthal and relative polarization anisotropy of surface waves. 

Model Coverage Method Resolution Reference 

PC77 Global Thermal thickness from 
heat flow 

12º x 12º Pollack and Chapman 
(1977) 

AM01 Global Thermal thickness from 
heat flow 

5ºx5º Artemieva and Mooney 
(2001) 

PLOM02 Global Seismic anisotropy 10º x 10º Plomerová et al. (2002) 

TC1 Global Thermal thickness from 
heat flow 

1º x 1º Artemieva (2006) 

CLB06 Global S-wave tomography 1.25º x 
1.25º 

Conrad and Lithgow-
Bertelloni (2006) 

PK06 Global Thermal thickness from  
seismic velocity 

structure 

3.5º x 3.5º Priestley and McKenzie 
(2006) 

PT09 Continental Thermal thickness from  
seismic velocity 

structure 

n.d. Priestley and Tilmann 
(2009) 

RS09 Global Ps imaging  5º x 5º Rychert and Shearer (2009) 

Pasyanos10 Eurasia/Africa Long-period surface 
wave dispersion 

1º x 1º Pasyanos (2010) 

FB2011 Continental Thermal thickness from  
seismic velocity 

structure 

3º x 3º Fishwick and Bastow (2011) 

HV12 Global Thermal thickness from 
heat flow 

2º x 2º Hamza and Vieira (2012) 

PMK13 Global Thermal thickness from  
seismic velocity 

structure 

2.5º x 2.5º Priestley and McKenzie 
(2013) 

LITHO1.0 Global Long-period surface 
wave dispersion 

1º x 1º Pasyanos et al. (2014) 

Table 5.2. Summary of existing lithospheric thickness estimates for Africa from global and 
continental models. Information on the underlying approach and spatial resolution is also given. 
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Their model shows very thick lithospheric roots beneath West and south-eastern 

Africa and very thin lithosphere along the Mediterranean and South Atlantic 

margins, as well as in the Afar region. Anyhow, due to the low resolution the 

model only allows to image large-scale features, such as the thick lithospheric root 

beneath the WAC, but it is not sufficient to resolve the regional trend of variations 

in LAB topography beneath individual tectonic domains.   

 In S-wave tomography models, the base of the lithosphere can also be 

defined as the bottom of the region with faster than average seismic velocities 

(+1.5% to +2%), compared to global seismic reference models, which is overlying 

a low velocity zone. During the course of a study aimed to quantify lateral 

variations in upper mantle anisotropy, Conrad and Lithgow-Bertelloni (2006) 

produced a map providing global depth to the LAB. For continental regions the 

authors used the method of Gung et al. (2003) who applied the maximum depth 

for which the velocity anomalies from the S20RTSb seismic tomography model 

(Ritsema et al., 2004) are greater than +2% to calculate the thickness of the 

lithosphere. For Africa their model predicts thick lithospheric roots beneath the 

cratons of West (>260 km), Central (>230 km) and Southern Africa (>200 km), but 

constantly thin lithosphere (<110 km) for the rest of the continent. 

 Due to the thin lithosphere in off-craton regions the expected changes in 

LAB geometry across cratonic boundaries would result in a strong decrease in 

lithospheric thickness over short distances of up to -150 km in the case of the 

WAC. In general, the resolution of the model is very smooth and unable to resolve 

small-scale tectonic features. 

 Recently, Pasyanos et al. (2014) released the 1º x 1º LITHO1.0 model (Fig. 

5.2), which consists of a series of geophysically identified layers (e.g., sediments, 

crust, lithosphere and asthenosphere) and provides key parameters of the 

lithosphere and uppermost mantle (e.g., densities, velocities and thicknesses). 

The authors used long-period surface wave data to model the LAB depth following 

a method that was previously applied by Pasyanos et al. (2010) to construct a 

lithospheric thickness model for Eurasia and Africa (Pasyanos10) (see Table 5.2). 

In both models the LAB is mapped determining the seismic lithospheric thickness, 

which is defined as the thickness of the high-velocity mantle layer overlying a 
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lower velocity layer (asthenosphere) that is required to fit the surface wave data. 

In general, lithospheric thickness estimates of LITHO1.0 are similar in location and 

depth for the big African cratons (WAC, Kaapvaal and Congo) compared to the 

previously mentioned LAB models (see Fig.5.2), but it shows only minor variations 

over broad regions in Northern Africa.  

In contrast, the Pasyanos10 model is able to recover small-scale features 

in these regions, such as disrupted lithosphere beneath the Saharan Metacraton. 

Furthermore, the model predicts thickest lithosphere in the West African Craton, a 

pronounced lithospheric root beneath the Congo Craton and lithospheric thinning 

in Eastern Africa related with the Nubian Shield 

A comparison of the existing lithosphere thickness models illustrates that 

most models show a similar trend in lateral thickness variations related with the 

large African cratons, but the observed differences in absolute LAB depth are 

significant and may be more than 80 km in areas with sparse seismic coverage 

(e.g., Northern Africa) and up to more than 60 km even beneath regions that have 

been studied extensively with seismic investigations (e.g., southern Africa).
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Chapter 6. Results  

 

In this section I will first demonstrate how the optimal lithospheric reference 

column for the African continent was chosen and how the incorporation of 

sediments and lateral changes in density distribution influence the crustal and 

lithospheric structure and also the accuracy of the resulting crustal models. 

Subsequently, the final model parameter setup will be presented and the obtained 

crustal model will be compared with data from seismic experiments focusing on 

seismically well sampled regions (Morocco, Cameroon, East Africa and Southern 

Africa) to evaluate the quality of the model and the trend in concordance with the 

regional crustal structure. In a second step the obtained crustal and lithospheric 

thickness maps for Africa will be presented. Though the objective is to provide 

insights into the continent-scale structure of the lithosphere beneath Africa I will 

not only describe the general long-wavelength features of the crustal model, but 

also the observed regional trend for tectonic regions that have been previously 

intensively investigated. The calculated crustal and lithospheric thickness values 

were projected on 10 arc-min grids in order to resolve features that are within the 

resolution of the input EGM-2008 geoid data (spherical harmonics developed until 

degree and order 2159, Pavlis et al., 2012). 

 

6.1 The lithospheric reference column 

Deriving the crust and lithospheric mantle thicknesses from elevation and geoid 

anomaly data depends on the choice of an appropriate reference column to which 

refer their variations and then, on the N0 value. Determining the reference column 

for the African continent is not straightforward since it depends not only on the 

actual crust and lithospheric mantle thickness values (hc and hm, respectively) in a 

given location, but also on the crust and mantle depth-density distribution (ρc(z) 

and ρm(z), respectively. hc can be derived from seismic experiments and hm can 

be calculated from elevation data considering local isostasy and knowing ρc(z) 

and ρm(z). With the thermal approach it is assumed ρm(z) = ρa (1 + α[Ta  - Tm (z)]) 

and that the main unknowns are ρc(z) and the thermal parameters, which can 
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actually show noticeable variations and uncertainties. Therefore, rather than 

choosing a reference column for a given location of Africa, I have selected the 

column that best fits the available crustal thickness data that are coming from 

seismic experiments for the whole continent. 

 Figure 6.1 shows the fit, in percentage, between the calculated and 

measured crustal thickness within the uncertainty range of 4 - 5 km, depending on 

the type of seismic experiment. The calculated crustal thickness depends on the 

selected reference column and therefore on the considered average crustal 

density and the integration constant N0 in the geoid equation (as in Chapter 3.2). 

Fig. 6.1a) shows the fit obtained after considering all the compiled seismic data 

and illustrates that the fit increases for crustal densities lower than 2810 kg/m3, 

leading to fit percentages ranging from 58 and 64%. It shows that the low crustal 

densities (~2750 kg/m3) are required to match crustal thickness data in the 

Ethiopian Plateau and the MER, a region overlying the Afar plume and 

characterized by high elevation (E > 2000 m), positive geoid anomalies (N ~5 m), 

and moderate crustal thickness. However, the sublithospheric processes beneath 

the Afar region causes magmatism, transient thermal perturbations, and non-

isostatic (dynamic) contribution to elevation. Therefore, the Afar plume region (i.e., 

Afar Depression, Ethiopian Plateau, MER and Kenya Dome) was excluded from 

the evaluation procedure to avoid bias related with this anomalous region. In 

addition, I excluded results from a RF study by Wölbern et al. (2010) in the 

Rwenzori Mountain region. The Rwenzori Mountains are located amidst a rift 

valley in the western branch of the EARS and show high altitudes of >5000 m, 

high seismic activity (Koehn et al. 2008), and evidence of removal of the lower 

crust (Wölbern et al. 2010). The series of tests was then repeated, comparing the 

results with the thermally stable parts of the continent, attaining a reasonable 

range of density values (2820 to 2780 kg/m3) for a number of reference columns 

that agree well with seismic observations and show an increased fitting from 74 to 

76% (Fig. 6.1b). The effects of crustal density heterogeneities and/or mantle 

contributions to elevation in the Afar area will be further examined in the 

Discussion chapter. 

In summary, the best fitting reference column for the African continent was chosen, 
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2400 kg/m3 were negligible. Therefore, incorporating the sediment thickness data 

and a density of 2500 kg/m3 for uncompressed sediments at the surface of the 

model, results in an average crustal density distribution that varies laterally from 

2760 to 2790 kg/m3 across the continent (Fig. 6.2a), where maximum deviations 

of ~30 kg/m3 with respect to a constant average density distribution occur in 

regions with more than 5 km of sediment accumulation. Consequently, the 

resulting maximum differences in thickness for the crust and the lithosphere are 

related with the thick sedimentary basins and are around 2.5 km and 5.5 km, 

respectively (see Fig. 6.2 a/b). 

However, neither the final crustal nor lithospheric thickness maps show 

significant variations (an observation also made by Tugume et al., 2013) nor a 

better fit with seismic data when the sediment layers are incorporated. 

Furthermore, a comparison of the crustal model with seismic Moho 

estimates did not show a better fitting with seismic data. Incorporating changes in 

crustal density due to variations in sediment thickness helped to understand the 

effects on the resulting lithospheric structure within the applied approach, but in 

regions with poor seismic coverage, where the type of sediment cover is 

undefined, as well as thickness and age (e.g., in Central Africa), much more 

detailed information is needed. 

 

6.1.2 Crustal density 

Another way to evaluate lateral variations in crustal density is to use the 

CRUST1.0 global dataset (Laske et al., 2013). This dataset includes estimated 

density values for sediments and consolidated crystalline crust on a grid with a 

resolution of 1º x 1º (for more details on CRUST1.0 go to subchapter 4.3.2 and 

5.1). Densities within African cratons are between 2770 and 2810 kg/m3 (see Fig. 

4.5) and therefore in good agreement with the average constant crustal density 

value used in the reference column. Furthermore, CRUST1.0 provides densities at 

the base of the crust with values varying from 2840 to 3040 kg/m3. Therefore, 

knowing the average and bottom crustal densities, the 2D lateral density structure 
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Strongest changes are not distributed arbitrarily but coincide clearly with regional 

tectonic features. 

 For the big sedimentary basins in Western and Central Africa crust and 

lithosphere are significantly thinner, with strongest thinning observed around the 

north-eastern margin, the region where CRUST1.0 predicts very low crustal 

density values. The crust and the lithosphere are about 15 km and 20 km thinner 

for this region. In East Africa high densities from CRUST1.0 along the Cenozoic 

rifts lead to a strong increase in crustal and lithospheric thickness of >15 km 

and >50 km, respectively. This is a critical observation, considering that 

extensional forces in East Africa currently cause crustal and lithospheric thinning. 

Rift related processes such as magmatic intrusions and mafic underplating are 

adding high density material to the crustal column and in this sense the higher 

density values along the rift provided by CRUST1.0 are reasonable. Anyhow, the 

uncertainties of the CRUST1.0 density data are unknown, and the strong 

thickening of crust and lithosphere appears to be a rather unrealistic feature for an 

active rift setting. 

 A comparison of the heterogeneous density model with the seismic 

estimates of crustal thickness shows that the incorporation of lateral density 

changes from CRUST1.0 could improve the calculated Moho depth only in a very 

few locations in Southern Africa. Overall, the obtained fit using all the seismic 

observations decreases to ~41% for the whole continent and the fit obtained when 

the Afar region is excluded decreases to ~54.75%. Hence, it was not possible to 

improve the lateral constant density model. Therefore, including information from 

global model CRUST1.0 could be helpful where knowledge of sediment thickness 

and crustal density structure is well known, but might introduce additional 

uncertainties, where this knowledge is absent. 

 

6.3 The final model parameter setup 

As demonstrated above, applying the method by Fullea et al. (2007) using a 

simple constant average density distribution in the crust, with ρc = 2790 kg/m3, 
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resulted in a first order estimate of crustal thickness, which shows a fairly well 

agreement (~76%) with existing seismic observations of crustal thickness in Africa, 

when excluding the Afar plume region. However, additional information from 

CRUST1.0 was used to account for 2D lateral variations in the crustal density 

distribution. Neither the incorporation of sediment thickness nor the average 

crustal density data resulted in an improvement of the model in terms of fitting the 

seismic data. To the contrary, the resulting crustal maps using densities from 

CRUST1.0 showed strong misfits across various regions in Africa. As the only 

way to measure the quality of the model is the comparison with point constraints I 

chose the “simple” constant average density model based on the “best fitting” 

lithospheric reference column to extrapolate crustal thickness into regions where 

knowledge on crustal structure is zero. The complete setup of the parameters 

used in the modelling approach is given in Table 6.1 below. 

 Table 6.1. Model input parameter setup  

  

Parameter   Symbol  Value 

Upper crustal density   ρc_Top  2630 kg/m3 

Lower crustal density   ρc_Bottom  2950 kg/m3 

Lithospheric mantle density   ρm (T)  3200*[1‐3.2*10‐5 (T‐1350 ºC)] 

Asthenosphere density   ρa  3200 kg/m3 

Sea water density   ρw  1030 kg/m3 

Compensation level depth   Zmax  300 km 

Moho depth of the reference column  ZC_Ref  32.16 km 

LAB depth of the reference column  ZL_Ref  153.1 km 

Linear coefficient of thermal expansion  a  3.2 10‐5 K‐1 

Crustal surface heat production  HS  0.5 μW/m3 

Crustal thermal conductivity   kC  2.5 Wm‐1K‐1 

Mantle thermal conductivity   kM  3.2 Wm‐1K‐1 

Surface temperature   TS  0 ºC. 

Temperature at the LAB   Ta  1350 ºC 
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 Table 6.2 compares the compiled crustal thickness values from seismic 

experiments with those obtained from the modelling and other previously 

published global and continental models, distinguishing the cases of using the 

complete dataset and excluding the Afar region. The maximum difference 

between seismic data and all models are 13 - 19 km. regardless of whether the 

Afar area is considered or not, indicating that these differences are not related 

with this particular region. In contrast, the minimum differences range between -17 

and -23 km for the whole continent of Africa and between -9 to -16 km when the 

Afar region is excluded, indicating that modelled crustal thickness exceeds that 

observed in the Afar area independent of the model. The final crustal model has a 

root mean square error (RMSE) of 6.4 km relative to the seismic estimates, 

showing the best minimum RMSE (4.3 km) and a maximum fit (76.3%) when the 

Afar plume region is excluded (last column in Table 6.2). 

 

6.4 Model evaluation: Comparison with seismic Moho estimates  

Crustal thickness results across Africa are in overall good agreement with those 

from seismic investigations. At regional scale, good fit is observed in Morocco, 

Tunisia, and the Arabian-Nubian Shield, along the CVL, and in the Tanzania, 

Zimbabwe and Kaapvaal cratons (Fig. 6.4a). It is worth noting that the predicted 

crustal thickness values largely exceed the observations in the region affected by 

Table 6.2. Statistical comparison of crustal thickness estimates from seismic experiments with 
published models for all Africa and excluding the Afar region. Columns denote maximum and minimum 
differences, root mean square error (RMSE) and degree of fitting (in %) considering uncertainties in 
seismic estimates of ±4 km for deep seismic sounding experiments and ±5 km for receiver function 
analysis and fitting with the seismic Moho compilation applying the aforementioned fitting criteria. 
References: (1) Laske et al. (2013); (2) Tedla et al. (2011); (3) Tugume et al. (2013). 

Models Max (km) 

All data/Excl. Afar 

Min (km)

All data/Excl. Afar 

RMSE (km)

All data/Excl. Afar 

Fitting (%)

All data/Excl. Afar 

This work 16.3/16.3 -23.0/-13.9 6.4/4.3 61.0/76.3

CRUST1.0(1) 18.5/18.5 -17.0/-15.7 5.3/5.0 69.9/74.5

Tedla(2) 12.7/12.7 -19.0/-16.4 6.4/5.9 57.9/59.3

Tugume(3) 18.9/18.9 -17.4/-11.3 6.1/5.3 56.6/64.0
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uncertainties (4 - 5 km) are observed in the WAC as well as in the Namaqua-Natal 

Mobile Belt and northern Kaapvaal, respectively. Some of these misfits coincide 

with areas where shear wave velocity profiles indicate either unclear Moho signals 

or multiple Moho detections (e.g., in the Kaapvaal Craton, Kgaswane et al., 2009), 

thus suggesting that the uncertainties associated with seismic estimates can 

exceed 5 km in these cases. Therefore, the calculations could be within the range 

of measured values and do not allow for firm conclusions on the validity of the 

modelling assumptions. 

 In Northern Africa, comparison with seismic data in the Rif (northern 

Morocco) is somewhat ambiguous. Misfits of >5 km occur along the north-south 

direction of the wide-angle seismic profile by Gil et al. (2014) located in the 

external zone of the Rif, where crustal thickening is observed related with slab pull 

under the Gibraltar Arc. However, the results are in good agreement with RF 

estimates from Mancilla et al. (2012) in the same area. In contrast, in the region 

affected by crustal thinning beneath north-eastern Morocco, the model shows 

misfits >5 km with RF (Mancilla et al., 2012), but good agreement with the 

estimates from DSS (Gil et al., 2014). Thus, the model’s differences of >5 km 

compared with seismic estimates in the Rif cannot be ascertained as they are well 

within the range of values coming from two independent experiments. 

Furthermore, it should be mentioned that these discrepancies are related with the 

complex Neogene tectonic evolution of the Iberia-Africa plate boundary, where 

several deep-seated processes, such as mantle delamination, slab retreating, and 

lateral slab tear, can interact (e.g., Spakman and Wortel, 2004; Faccenna et al., 

2004; Vergés and Fernandez, 2012; Bezada et al., 2013; Mériaux et al., 2015; 

Miller et al., 2015; Mancilla et al., 2015).  

 Figure 6.5 summarizes the degree of fit (in percent) between the modelled 

and observed crustal thicknesses for the whole continent, the whole continent 

excluding the Afar plume region, and for the different regions in which data can be 

grouped. A positive/negative mean mismatch indicates under/over calculated 

crustal thickness, respectively. In the Afar plume region, calculated values are 

clearly overestimated due to the influence of the mantle plume (see Discussion), 

an effect that is also partly affecting the East African Plateau region, especially in 
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Note that excluding the Afar plume region results in a much better fit, with a mean 

mismatch of -0.37 km and a standard deviation of 4.32 km. 

 

6.5 The crustal thicknesses map  

Figure 6.6 shows the calculated crustal thickness map for the African continent. 

The circled area in the northern EARS denotes the region affected by the Afar 

mantle plume where the hypotheses of the method are not completely fulfilled. 

Modelled crustal thickness varies from minimum values of 28 - 30 km along the 

Atlantic coastal zone, particularly in northern Africa, to maximum values of ~48 km 

in southern Africa, particularly beneath the Tanzania and Kaapvaal cratons. 

Significant variations in Moho geometry appear to be sensitive to the large-scale 

tectonic framework of the continent, but also occur within the boundaries of 

distinct tectonic regions (e.g., Saharan Metacraton, WAC, Congo Craton, Rif-Tell-

Atlas Alpine System; Fig. 6.6 right panel). Overall, thick crust (>37 km) is 

associated with Archean cratons and shields and with Proterozoic belts. Crustal 

thicknesses higher than 40 km are observed within the southern African cratons, 

Phanerozoic mountain belts, and single dome structures related with hotspots in 

northern Africa. The crustal model depicts a bimodal distribution, with a clear 

north-south division, and distinct crustal structure and thicker cratonic crust in 

southern Africa (38 - 44 km) compared to the northern half of the continent (33 - 

39 km). 

 

6.5.1 Northern Africa 

General structure 

In northern Africa, maximum crustal thickness values (42 km) correspond to the 

WAC and to the northern part of the WAMZ. A noticeable crustal thinning towards 

the western and southern margins of the WAC is imaged, with values of 32 - 36 

km in the Reguibat and Man-Leo shields (Fig. 3.1). The most striking feature is the 

conspicuous NNE-SSW oriented crustal thinning from 34 to 28 km separating the 

western and eastern regions of Northern Africa. This thinning cuts the Sahara 
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Metacraton and is located between the Murzuq and Al Kufrah cratons connecting 

apparently the CVL, the Tibesti hotspot and the Haruj volcanic field (Fig. 6.6). The 

results show that, the Chad Craton is affected by crustal thinning, with Moho 

depths of ~32 - 34 km. Towards the east (i.e., the Al Kufrah Craton and Arabian-

Nubian Shield), crustal thickness increases to 35 - 39 km. 

Regional trend  

Thickest crust in Northern Africa is related with the NW-SE trending Atlas 

mountain chain (~39 km) with local maxima in the High Atlas (42 km). Compared 

with Moho estimates from active seismic experiments in Morocco (Wigger et al., 

1992; Ayarza et al., 2014; Gil et al., 2014) the model is in good agreement with 

the crustal structure across the Atlas Mountains. Within the ±4 km threshold, 

modelled Moho depth agrees with all data points along the RIFSIS profile crossing 

the Middle Atlas (Gil et al., 2014) and the SIMA profile (Ayarza et al., 2014) and 

reflects very well the observed Moho depth variations observed by Ayarza et al. 

(2014) from ~35 km south of the High Atlas to ~41 km in the root zone and ~31 

km towards the north of it. In the NW Moroccan platform modelled crustal 

thickness of ~31 km is thinner compared with Moho depths of ~35 km published 

by Contrucci et al. (2004). Anyhow, Tadili et al. (1986) showed that crustal 

thickness varies from 25 km along the Atlantic coast to 40 km in the central High 

Atlas, which argues for a possibly thinner crust (<35 km) along the Moroccan 

margin.  

 In the western part of the High and Middle Atlas Mountains modelled 

crustal thickness is between 34 and 42 km and correlates very well with similar 

Moho depths from refraction data by Makris et al. (1983), but is too thick (>38 km) 

to the very SW of the High Atlas. Compared with Moho depth estimates from RF 

studies in Morocco, presented by Mancilla et al. (2012), the model is in ±5 km 

agreement with 15 of the 25 locations showing crustal thickness from 32 to 36 km 

in the Rif Cordillera and the Moroccan Meseta. In the northern Rif the model 

shows thinner crust than imaged by (Mancilla et al., 2012 and Gil et al., 2014) with 

crustal thickness from 35 to 39 km, decreasing eastwards to 30 km at the 

Mediterranean margin. General agreement is better in the eastern part of the Rif 

and modelled minimum crustal thickness of 35 km in the region leads to 
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 Beneath the northern Tindouf Basin the crust is 33 to 34 km thick and 

deepens to ~37 km below the Paleoproterozoic reworked portion of the eastern 

Reguibat Shield. Minor crustal thinning (<3 km) is observed south of the Taoudeni 

Basin's boundary along the contact with the eastern portion of the Man Leo Shield, 

where Paleoproterozoic reworking affected the Archean crust during the Eburnian 

Orogeny. The Archean crustal portions of the northern Reguibat and the southern 

Man Leo Shield are underlain by moderate thick crust of ~32 km. To the west of 

the craton flattening of the crust-mantle boundary occurs, where thin crust ~30 km 

is observed beneath the N-S running Neoproterozoic Maurentanide Belt. 

 In the West African Mobile Zone crustal thickness is ~38 km beneath 

Algeria, ~34 km in the Benin-Nigerian Block and shows thicker crust (39 - 42 km) 

in Central and South Algeria related with the Tuareg Shield and the Hoggar Dome. 

Locally thicker crust of ~39 km is observed to the southeast of the Tuareg Shield 

beneath the Aïr Massif in Niger. Along the eastern boundary of the northern and 

southern segment of the WAMZ an abrupt decrease in crustal thickness from ~36 

km to ~32 km marks the contact with the Sahara Metacraton.  

 Beneath the vast Sahara Metacraton crustal thickness is highly variable 

with thinnest crust (31-34 km) in its western portion, thickest crust (~37 km) in the 

centre and intermediate crust (~35 km) in the eastern part. Large-scale crustal 

thinning is well pronounced from north to south in the western part of the 

metacraton, where crustal thickness beneath Lybia and Chad is ~32 km. The 

overall N-S crustal thinning is interrupted by exceptionally thicker crust ~37 km 

between the Tuareg Shield and the Tibesti Massif, related with the proposed 

Murzuq Craton (Fezaa et al., 2010) and the Tibesti itself (~40 km). Similarly, the 

results show thicker crust ~37 km in the central and north-eastern areas of the 

Sahara Metacraton, which coincide very well with the proposed Al Kufrah Craton 

(Le Heron and Howard, 2012). Equally thick crust of ~37 km is observed beneath 

the uplifted Darfur area in the south central part of the metacraton. For the 

possible remnants of the former pre-Neoproterozoic Sahara craton outlined by 

Ligeois et al. (2013); Murzuq, Al Kufrah and Chad cratons the model shows 

reasonably thick crust ~ 37 km for the former two, whereas the proposed Chad 

Craton seems to be underlain by thin crust of ~32 km. The E-W running 
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Oubanguides Belt, which separates the Sahara Metacraton from the Congo 

Craton shows increased crustal thickness of 37 to 39 km.  

 Beneath Cameroon a marked crustal structure shows thicker crust related 

with the Cameroon Volcanic Line. Crustal thickness along the CVL varies from 31 

to 42 km and is significantly thicker than in the Benue Trough (~30 km) to the 

north. Modelled crustal thickness beneath Cameroon along the CVL is in very 

good agreement with Moho estimates of 28 to 40.5 km by Tokam et al. (2010).   

 

6.5.2 Southern Africa 

General structure 

In southern Africa, the model depicts a generally more homogeneous crustal 

structure. Regional crustal thickness values are about 40 - 42 km, thinning very 

abruptly towards the western and southern margins and more gently towards the 

eastern margin. In the Congo Craton crustal thickness is between 36 and 42 km, 

whereas to the east, beneath the Uganda and Tanzania cratons, it shows typical 

values for cratonic crust of 38 to 43 km and agrees well with seismic Moho 

estimates in the region. The big Proterozoic intracontinental Congo basin, located 

in the centre of the Congo Craton is marked by increased crustal thickness ~43 

km. Maximum crustal thickness values exceeding 46 km are found in the 

Kaapvaal Craton. East of the Tanzania Craton and along the eastern branch of 

the EARS, crustal thickness ranges between 30 and 34 km. 

Regional trend 

Crustal thickness beneath the Congo Craton varies from 36 to 43 km, where 

increased crustal thickness (>42 km) is found in the Congo Basin area and the 

south-western Angolan Shield. The northern Bomu-Kibalian and eastern Kasai 

Shields also show slightly thicker crust (~41 km), whereas crustal thickness in the 

western Gabon-Kamerun Shield is around 37 km. Unfortunately, there is only very 

few data in the Congo Craton.  Tokam et al. (2010) showed that crustal thickness 

beneath the north-western edge of the Congo Craton is between 43 and 48 km. 
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The model does not predict such thick crust for this region, but shows clearly 

lower thickness values of around 37 km. Nevertheless, for the northern boundary 

of the craton the results (~39 km) are in good agreement with thickness values of 

40 - 43 km reported by Sandvol et al. (1998) and Hansen et al. (2009).  

 To the east of the Congo Craton the model shows continuously thick crust 

(~39 km) underlying the Tanzania Craton. Locally, only minor variations in crustal 

structure occur across the craton resulting in thickness values of 37 to 41 km. This 

observation is in very good agreement with seismic RF studies by Last et al. 

(1997), who found that crustal thickness for the Tanzania Craton lies in the range 

of 37 to 42 km. Local maxima of >44 km are found to the west and are related 

with the surrounding Proterozoic Rwenzori, Kibaran and Ubendian belts. The 

Ugandan Craton to the north shows thinner crust with values between 35 and 37 

km. 

 Crustal thickness in the Zimbabwe Craton is between 36 and 41 km and 

increases slightly southwards to >42 km in the Limpopo Belt. Though slightly 

thicker, these values appear in good agreement compared with Moho depths from 

receiver functions of 34 - 37 km (Nguuri et al., 2001) and 36 to 39 km (Gore et al., 

2009) for undisturbed parts of the Zimbabwe Craton (not affected during Pan-

African Orogeny). Furthermore, both Nguuri et al. (2001) and Gore et al. (2009) 

show crustal thickening up to ~45 km beneath the Limpopo Belt, a feature also 

visible in the model but only for the very northern part of the mountain belt, where 

the model shows increased crustal thickness (>42 km). In contrast, the southern 

portion of the Limpopo Belt is underlain by thinner crust increasing from 36 km in 

the east to 39 km in the west. Crustal thinning beneath the Limpopo Belt was also 

observed by Stuart and Zengeni (1987), who used mine tremors as sources to 

image a step in Moho depth of 6 km beneath the belt and crustal thicknesses of 

~44 km in the Zimbabwe Craton and ~34 km in the adjacent Limpopo Belt.  

 Modelled crustal thickness (38 - 44 km) agrees well with most seismic 

estimates across southern Africa, where measured Moho depth is between 35 

and 50 km in the Kaapvaal and Zimbabwe cratons (e.g., James et al., 2003; 

Kwadiba et al., 2003; Nair et al., 2006; Niu and James, 2002; Youssof et al., 2013). 

Yet, the model is not able to predict the extreme short-wavelength variability in 
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Moho depth beneath the various tectonic blocks in southernmost Africa, such as 

those observed by Youssof et al. (2013). Overall, the model shows thicker crust 

(>43 km) in the eastern Kaapvaal portions and a general better match with 

seismic data for the Northern and Central Terranes of the Witwatersrand Block. 

For the north-eastern section of the craton Moho depths are up to 45 km (Nair et 

al., 2006; Stankiewicz et al., 2013), although several authors reported values 

higher than 50 km (Stankiewicz et al., 2002; James et al., 2001, 2003; Kwadiba et 

al., 2003; Wright et al., 2003). The model does not depict such thick crust in the 

northern Kaapvaal. Instead, the results show crustal thickness up to 41 km in the 

Northern Terrane (Pietersburg Terrane) and up to 45 km in the Central Terrane, 

which agrees very well with 40 - 44 km thick crust from RF studies by Nair et al. 

(2006). Crustal thickness of 41 - 44 km beneath the Bushveld Complex is in good 

agreement with Moho estimates from 38.5 km to 46 km presented by Kgaswane 

et al. (2012). For the southern portion of the Kaapvaal the model shows crustal 

thickness of 40 to 43 km, which is rather thick compared with Moho depths of 35 

to 39 km from RF studies in the region (Nguuri et al., 2001; Niu and James, 2002; 

Stankiewicz et al., 2002; Stankiewicz et al., 2013). In the western Kimberley Block 

crustal thickness does not show significant variations and is on average 40 - 42 

km. Flat Moho topography in the Western Block was previously reported by 

James et al. (2003) and later by de Wit and Tinker (2004), who showed minor 

undulations in Moho depth from 38 to 40 km along a deep seismic refraction 

profile. Nevertheless, in the very south-western section of the Kimberley Block 

crustal thickness is 39-43 km, which coincides very well with observed variations 

in Moho depth of 37-43 km, presented by Stankiewicz et al. (2002).  

 Crustal thickness in the surrounding belts is ~41 km in the Okwa/Magondi 

Belt, 38-42 km in the Kheis Belt, 37 - 50 km in NNB and 37 - 42 km in the CFB. 

Reported values from the SASE project (Nguuri et al., 2001; Stankiewicz et al., 

2002; Niu and James, 2002; James et al., 2003; Kwadiba et al., 2003; Wright et 

al., 2003; Webb et al., 2004; and Nair et al., 2006) for these provinces are 40-45 

km, 40 km, 40-50 km and 26-45 km, respectively, showing that modelled results 

are very well within the range of seismically determined Moho depth. A 

remarkable feature to the southeast of the Kaapvaal in the border with the eastern 

Namaqua-Natal belt is the very thick crust beneath Lesotho with up to 50 km. 
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Assessing the validity of the model in this region is difficult, as Lesotho is not 

covered by the SASE network and no seismic data are available. Nevertheless, 

the ≥10 km increase in crustal thickness across the Archean-Proterozoic 

boundary between the Kaapvaal craton and the Namaqua-Natal belt due to 

magmatic underplating and/or orogenic thickening has been previously described 

(Durrheim and Mooney, 1994; Schmitz and Bowring., 2004; Sommer et al., 2013) 

and was seismically imaged (Nair et al., 2006; Youssuff et al., 2013) at the south-

western margin of the Kaapvaal Craton. Hence, up to 50 km thick Proterozoic 

crust in the Western Namaqua-Natal belt might be a larger lithospheric feature 

that further extends into the Eastern Namaqualand beneath the Lesotho Plateau. 

 

6.6 The lithospheric thickness map  

The resulting lithospheric thickness or LAB-depth map (Fig. 6.7) shows a large 

spatial variability with values ranging from 90 - 230 km. Overall, the distribution of 

thick lithosphere correlates well with the tectonic boundaries of the big African 

cratons and with geoid minima (Fig. 4.3b). Thin lithospheres is observed along the 

coastal regions of the Atlantic Margin, the central part of northern Africa, and the 

eastern branch of the EARS, coinciding with geoid maxima (Fig. 4.3b). In the 

region affected by the Afar mantle plume (circled area in Fig. 6.7, right panel), 

results are not reliable due to the above mentioned limitations. Unlike for the crust, 

the LAB depth map does not show a bimodal distribution between northern and 

southern Africa but instead, lithospheric thickening and thinning appears to be 

associated with cratons and mobile belts and with Mesozoic and Cenozoic 

extension, respectively (Fig. 6.7). In the WAC the lithosphere thickness varies 

from 110 km beneath the Man Leo Shield to the south to ~200 km beneath the 

northern part of the craton. Thick lithosphere in northwest Africa is not limited to 

the WAC but extends to the northeast into the northern segment of the WAMZ, 

with values exceeding 200 km. Beneath the Taoudeni Basin, the lithosphere 

thickens from 140 to >200 km following a SW-NE trend. A similar pattern with 

thick lithosphere extending far into the Sirt Basin is also indicated by positive S-

wave anomalies between 150 and 200 km in global (Lebedev and van der Hilst, 

2008) and continental surface-wave models (Ritsema and van Heijst, 2000). 
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Modelled lithosphere beneath the WAC is on average 165 km thick, with values 

up to 200 km, which is in good agreement with surface wave tomography 

estimates by Sebai et al. (2006). 

 

6.6.1 Northern Africa 

In the WAC depth to the LAB varies from 120 to >200 km. Thick lithosphere in the 

northern part of the craton beneath the Taoudeni Basin area is between 160 and 

170 km. In the Archean portions of the craton modelled lithosphere is comparably 

thin beneath the Man Leo (120 - 140 km) and Reguibat Shields (120 - 160 km). 

The model shows that lithosphere is thicker towards the north eastern edge (>180 

km) and that distribution of thick lithosphere in northwest Africa is not limited to the 

WAC, but exceeds the boundaries to the northeast into the northern segment of 

the WAMZ. Similar extension of thick lithosphere far into the Algerian platform is 

known from global and continental surface-wave models (Ritsema and van Heijst, 

2000; Lebedev and van der Hilst, 2008). Calculated thickness beneath the WAC is 

on average between 160 km and 190 km, which is in good agreement with Sebai 

et al. (2006), who observe a significant change in azimuthal anisotropy amplitude 

and direction at around 180 km depth. For the Neoproterozoic belts to the west of 

the craton (Mauritanides and Rockellides) the model predicts lithospheric thinning 

with a change in LAB depth across the craton’s boundary from 160 to less than 

140 km. For the complex Pan-African suture to the east, the WAMZ, the model 

shows strong variations in lithospheric thickness from more than 200 km in the 

north to less than 140 km in the south. Thinnest lithosphere (140 - 120 km) in the 

WAMZ is found beneath the strongly deformed Tuareg Shield, which includes the 

Hoggar Domain and in the Benin-Nigeria Shield to the south. 

 In the Sahara Metacraton thick lithosphere (>160 km) is limited to its north-

eastern portion, coincident with the Al Kufrah Craton with maximum thickness of 

190 km (Fig. 6.7). These values are consistent with continent-scale seismic 

studies, imaging fast velocities down to 150 (Ritsema and van Heijst, 2000) and 

180 km depth (Sebai et al., 2006) beneath this region.  
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In the southern portion of the Metacraton, including the Chad Craton, the 

lithosphere thickens from 130 km in the west to 160 km in the east. S-wave 

tomography shows a similar trend, with increasing velocity perturbations between 

100 and 175 km depth oriented in a west-east direction (Begg et al., 2009). 

Overall, the western half of the Saharan Metacraton shows a relatively thin 

lithosphere (110 - 130 km) coinciding with the Tibesti hotspot and the Haruj 

volcanic province. Due to the absence of regional seismic data in the Sahara 

region it is very difficult to compare the lithospheric thickness results for the 

Saharan Metacraton. Nonetheless, thicker lithosphere to the northeast appears to 

be reasonable, as continent-scale seismic studies image fast velocities between 

150 km (Ritsema and van Heijst, 2000) and 180 km (Sebai et al., 2006) beneath 

this region.  

 

6.6.2 Southern Africa 

Thickest lithosphere (170 to 220 km) in Africa was modelled in the Congo craton 

with maximum thickness of 230 km beneath the centre of the Congo Basin. 

Increased lithosphere thickness beneath the Congo Craton is in good agreement 

with previous seismic models proposing a maximum lithospheric thickness of 230 

km beneath the centre of the Congo Basin (e.g., Pasyanos and Nyblade, 2007; 

Pasyanos, 2010; Fishwick, 2010). The fact that thickest lithosphere in Africa is 

related with the Congo Craton, especially to the Congo Basin area, is a common 

feature in seismic tomography models, suggesting a deep cratonic root down to 

depths of 200 - 250 km (Ritsema and van Heijst, 2000; Sebai et al., 2006; 

Priestley et al., 2008; Begg et al., 2009). To the south thick lithosphere (~190 km) 

extends beneath the Archean Kasai Shield and to the south-southeast towards 

the Kalahari Craton and the Damara and Zambezi belts, with values of 170 - 190 

km. In contrast, in the north-eastern Bomu-Kibalian Shield and the western 

Gabon-Camerun Shield the model shows thinner lithosphere beneath the Archean 

Shields at the edges of the Congo craton with ~165 km and ~150 km, respectively. 

Whereas no significant variations in lithospheric thickness are visible across the 

southern border of the craton, the separation of the West African from the Congo 

Craton is very well pronounced and marked by a broad region of thin lithosphere 
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(~120 km) with minimum values of ~110 km beneath the Central African Belt.  

 For the cratons to the east of the Congo the model shows thinner 

lithosphere with constant thickness. Depth to the LAB beneath the Uganda Craton 

is between 160 and 180 km and between 140 and 160 km beneath the Tanzania 

Craton. The results are in good agreement with findings from tomography as 

discussed later within the next chapter. Thinnest lithosphere in the region (<120 

km) is found beneath the Paleoproterozoic Usagaran Belt to the east of the 

Tanzania Craton, which is to the eastern branch of the EARS.   

 Thick lithosphere of 170 - 190 km in the very southern portion of the 

continent is observed beneath the Zimbabwe and Kaapvaal cratons and the 

Mesoproterozoic Namaqua-Natal Belt. On average, the Kaapvaal Craton 

lithosphere is ~170 km thick, which appears to be rather thin compared with LAB 

depths inferred from body-wave studies, which show high velocity roots down to 

200 km (Ritsema and van Heijst, 2000), if not 300 km (James et al., 2001; Fouch 

et al., 2004). Surface-wave and receiver function studies also indicate very thick 

lithosphere, down to ~300 km (Chevrot and Zhao, 2007; Wittlinger and Farra, 

2007). In contrast, a number of seismic studies argue for a thinner lithosphere 

beneath the southern and central Kaapvaal Craton, as they image a fast mantle 

lid down to 160 - 180 ± 20 km (Li and Burke, 2006; Priestley, 1999, 2006, 2008), 

and display a distinct low-velocity zone beneath 150 km (Savage and Silver, 2008; 

Wang et al., 2008; Vinnik et al., 2009), as well as a change in anisotropy 

(Freybourger et al., 2001) and LAB conversions at ~155 km depth (Hansen et al., 

2009). Chemical tomography from Begg et al. (2009) shows the base of depleted 

lithosphere varying from ~150 to 200 km depth, whereas LAB-depth estimates of 

150 to 170 km are inferred from heat flow and geothermobarometry on kimberlitic 

xenoliths (Jones, 1988; Rudnick and Nyblade, 1999; Artemieva and Mooney, 

2001; Deen et al., 2006; Priestley et al., 2006). Therefore, the results agree well 

with minimum lithosphere thickness estimates in the Kaapvaal Craton and thus 

appear to be fairly reasonable. Moreover, we observe a slightly thinner lithosphere 

(~150 km) along the western boundary of the Kaapvaal Craton towards the north-

western Namaqua-Natal Belt, which is also indicated by low-velocity anomalies at 

150 km depth in the regional P- and S-wave models of Fouch et al. (2004).  
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6.7 Lithospheric cross sections 

To better illustrate the relationship between tectonic features (e.g., volcanic 

regions, basins and plateaus) and the modelled lithospheric structure, two >7000 

km long transcontinental profiles were selected and are portrayed in Figure 6.8).  

 The figure shows the two lithospheric profiles crossing the African continent 

in both a north-south and northeast-southwest orientation, revealing surprisingly 

small undulations in Moho depth despite the great diversity of surface features.  

 As visible in profile A - A`, for the southern continent the Moho topography 

remains remarkably flat beneath regions changing from lowered to uplifted 

topography. Anyhow, though not clearly pronounced, slight crustal thickening (<5 

km) is visible in both transects beneath the cratonic regions in comparison with 

surrounding off-craton areas. In contrast changes in the LAB topography are 

much more pronounced.  These profiles display evidence for different deformation 

styles between the crust and lithospheric mantle. Although the regional patterns of 

crust and lithospheric thickness look similar, major differences are delineated in 

the Atlas region (Northeast-Morocco), where the crust is relatively thick compared 

to the lithospheric mantle (e.g., Zeyen et al., 2005; Teixell et al., 2005; Fullea et al., 

2007). Similar deviations are seen near the CVL and the Tibesti and Haruj 

volcanic fields, where the crust is relatively thin compared to the lithospheric 

mantle. The intracratonic basins (e.g., Congo Basin and Taoudeni Basin) display 

remarkable lithospheric mantle thickening. Despite the fact that the dominant 

contribution to the geoid is generally related with topography, Figure 6.8 shows 

large departures in the regional trends of elevation and geoid along both profiles, 

especially in the central Africa region. The smooth Moho geometry results in a 

LAB depth that mimics the geoid variations, such that the higher the geoid, the 

shallower the LAB. 
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Chapter 7. Discussion 

 

The presented crustal and lithospheric thickness model is based on a set of 

assumptions that, in some places are not partially or totally fulfilled. Apart from the 

simplifications required by the applied method, concerning the crust and 

lithospheric mantle densities, the model assumes local isostasy and a steady-

state thermal regime. For wavelengths more than 100 kilometres, depending on 

the effective elastic thickness and vertical load distribution, local isostasy is an 

acceptable approximation (e.g., McKenzie and Bowin 1976; England and Molnar 

1997), and thermal equilibrium is particularly fulfilled in old tectonothermal 

provinces. Hence, lithosphere thermal equilibrium is valid across most of the study 

area. In regions affected by transient temperature conditions due to lithosphere 

thinning or thickening, steady-state thermal modelling tends to overestimate or 

underestimate the actual lithospheric thickness, respectively, and to minimize the 

LAB depth variations. Therefore, the results of the presented model should be 

interpreted as the physical conditions needed to produce the required density 

distribution rather than as the actual thermal boundaries (for more details see 

Fullea et al., 2007; Robert et al., 2015). 

 In addition to the above mentioned assumptions and limitations, there is the 

contribution to topography associated with the transmission to the Earth’s surface 

of viscous vertical stresses produced by sublithospheric mantle convection, the 

so-called dynamic topography. In that case, the assumption of isostasy, either 

local (Airy) or regional (flexure), is not accomplished. The dynamic topography 

signature of the African continent has been the subject of a vigorous debate over 

the last decade. The fundamental observation, inspired by the seminal work of 

Burke (1996), is that a surge of intraplate volcanism and of uplift and subsidence 

shaped the African continental topography during the last 30 Ma. Since then, a 

number of studies have tried to quantify the contribution of vertical motion on the 

African topography and whether this may be related with mantle dynamics. For 

example, several studies proposed that large-scale, deep-mantle dynamics under 

the African plate are dominated by the influence of a superplume located under 
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southern Africa (Hager et al., 1985; Silver et al., 1988; Lithgow-Bertelloni and 

Silver, 1998; Behn et al., 2004, Gurnis et al., 2000; Conrad and Gurnis, 2003; 

Forte et al., 2010; Moucha and Forte, 2011). 

 To ascertain the amplitude of dynamic topography is a complicated task 

and, in general, it has been done with two different approaches. The first uses a 

direct conversion from free air gravity to an estimated topographic effect resulting 

from dynamic forces on the base of the plate using a 50 mGal/km conversion, 

assuming a mantle density of 3300 kg/m3 (Craig et al., 2011). This approach 

shows localized dome-shaped positive features distributed over the entire 

continent, particularly associated with the EARS (about 500 m), between the 

Ethiopian and Kenya dome, and also with the Southern African dome (up to 700 

m), as well as Hoggar and Tibesti and in the Atlas. Negative anomalies are well 

marked in the Congo basin (up to 500 m) and in the Saharan Basin. The second 

approach uses large-scale tomography to deduce mantle flow and to compare 

with residual topography (Le Stunff and Ricard, 1995; Hager et al., 1985; Forte 

2007). More recently, joint inversion approaches have been carried out between 

global seismic and surface geodynamic datasets, including geoid, gravity, and 

topography anomalies as well as surface plate motions (Simmons et al., 2009; 

Forte et al., 2010). The latter approach shows small dynamic topography in South 

Africa, a remarkable positive anomaly around the Ethiopian-Yemen dome, and 

negative anomalies associated with downwelling in the Egypt and Congo basins. 

Moucha and Forte (2011) investigated the origin of the Congo Basin negative 

anomaly, concluding that it may be related with both a dense anomaly in the deep 

lithosphere (Buiter et al., 2012) and the convective drawdown driven by 

surrounding deep mantle upwellings. Different results in terms of amplitude of 

dynamic topography obtained by different methodologies (e.g., Craig et al., 2011 

vs. Forte et al., 2010) recently raised scepticism on the role mantle dynamics have 

on surface topography (Molnar et al., 2015). 

 It is worth noting that the only region where the difference between 

calculated and measured crustal thickness clearly exceeds the accepted 

uncertainties (4 - 5 km) is the Afar plume region, therefore substantiating the 

contribution of dynamic topography (section 6.4). This does not imply that in the 
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rest of regions the assumptions of the model are strictly fulfilled, but that the 

encountered differences, even exceeding the uncertainty range, can be explained 

by variations in the average crustal density related with sedimentation, magmatic 

intrusions, and/or underplating (section 6.5). 

 In this section I evaluate the significance of the obtained results for Africa in 

terms of: 1) previous global and continental-scale models of crustal and 

lithospheric thickness; 2) contributions from processes modifying the average 

crustal density; and 3) contributions of dynamic topography in the Afar plume 

region. 

 Within 1), the comparison with previous models, the WAC was chosen to 

provide an ideal large-scale tectonic unit to compare the results obtained from this 

study with a number of CMB and LAB models along a transect crossing the WAC. 

In their recent publication, Jessel et al. (2016) examined the architecture of the 

WAC and compiled a wide range of existing geophysical data, including seismic 

tomographic inversions, receiver functions and CMB and LAB depth estimates. It 

was therefore convenient to project the obtained results for this region onto a 

profile crossing the WAC as presented by Jessel et al. (2016). 

 

7.1 Comparison with crustal models 

As mentioned previously, several crustal models are available for Africa, based on 

different methods and input data (Table 7.1). Instead of an extensive comparison, 

I decided to compare the obtained crustal thickness map with the global-scale 

CRUST1.0 model, as it is the most widely used among the modelling community, 

and two gravity-derived continental-scale models, namely Tedla2011 and 

Tugume2013. Figure 7.1 shows the differences between these models and results 

from this work plotted as subtracted grids. A Bouguer anomaly map from Pérez-

Gussinyé et al. (2009) is added to provide additional qualitative information on 

lateral density variations within the crust and on CMB topography. Table 7.1 

summarizes the differences between the above referenced models and the 

presented crustal model. The model with the minimum difference is Tugume2013, 
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with a RMSE of 4 km. Note that although the RMSE varies between 4.04 and 4.95 

km for all the models, the minimum and maximum variations range from +16.7 to -

26.8 km, indicating that, at some regions, differences can be pronounced. 

 A comparison with CRUST1.0 shows that modelled results lie within ±2 to 

±4 km for most areas of the continent and that largest differences (>6 km) are 

concentrated in five regions (Fig. 7.1a). Predicted crust is significantly thicker in 

the Mediterranean margin, the EARS and in the Kaapvaal Craton. However, crust 

is thinner than in CRUST1.0 towards the west and south of the WAC and 

particularly, along the West African Rift extending from the CVL to the Tibesti 

hotspot and the Haruj volcanic field. 

 The largest differences related with the EARS region are due to the 

limitations of the underlying approach. However, overestimation of crustal 

thickness relative to CRUST1.0 is not restricted to the Afar plume region, but it 

extends further north along the Red Sea margin, and to the south along the 

branches of the Eastern and Western rift valleys. These differences are most 

likely related with the fact that the current thermal transient effects and regional 

mantle conditions depart from the assumption of thermal steady-state and 

isostatic equilibrium.  

 Large differences (>8 km) are also observed along the Mediterranean 

margin and it is difficult to identify the cause as the model well fits the few 

Models Max(km) Min(km) RMSE(km) 

CRUST1.0(1) minus this  work 16.1 -26.5 4.95 

Tedla2011(2) minus  this  work 16.7 -15.8 4.45 

Tugume2013(3) minus  this  work 10.5 -16.5 4.04 

CRUST1.0(1) minus Tugume2013(3) 15.92 -18.89 5.99 

CRUST1.0(1) minus Tedla2011(2) 11.55 -26.81 5.27 

Tugume(3) minus Tedla(2) 5.72 -23.25 6.64 

Table 7.1. Statistical comparison among referred crustal models and this work. The 
grid size in each comparison was adapted to the model with lower resolution. Columns 
denote maximum and minimum differences and root mean square error (RMSE). 
References: (1) Laske et al. (2013); (2) Tedla et al. (2011); (3) Tugume et al. (2013). 
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available seismic data at the eastern Mediterranean coast (Fig. 6.1). The thicker 

crust might be related with the different input densities used, as in CRUST1.0 the 

crustal type for northern Libya and Egypt is defined as ‘extended crust’ with very 

low average crustal density (<2700 kg/m3). 

 In the southernmost African cratons, modelled crust is, on average, 4 - 6 

km thicker than that of CRUST1.0, but not in the surrounding Proterozoic belts.  

 The most outstanding differences however, are along the western and 

southern edges of the WAC and along the Cameroon-Haruj lineament, where 

CRUST1.0 suggests crustal thickening and where the model predicts crustal 

thinning (Fig. 7.1a). Similar results are obtained in a comparison with the 

Tedla2011 model, but not with other gravity-based (e.g., Bagherbandi et al., 2013; 

Tugume et al., 2013) and seismological crustal models (Meier et al., 2007; 

Pasyanos and Nyblade, 2007). Moho estimates from RF (Kosarian, 2006) and 

DSS (Klingelhoefer et al., 2009) show crustal thicknesses of 26 to 28 km in the 

West African margin that along with a long-wavelength, north-south orientated 

Bouguer anomaly around 0 mGal give support to the obtained results (Fig. 7d).  

 Similarly, the results question the crustal thickening suggested by 

CRUST1.0 along the Cameroon-Haruj lineament, which largely coincides with the 

Mesozoic West and Central African Rift System (WCARS). Unfortunately, there 

are no seismic constraints on the crustal structure in these regions, but the 

relative Bouguer anomaly high (~10 to -30 mGal) in Nigeria and Niger (Fig. 7.1d), 

together with spectral studies of gravity data indicates a reduction in crustal 

thickness beneath the western portions of the Saharan Metacraton (Okereke, 

1984; Fairhead, 1986; Fairhead and Okereke, 1987; Fairhead and Green, 1989). 

Moreover, Fairhead (1986) pointed out that in contrast to other rifts, the evolution 

of the WCARS is primarily characterized by subsidence and that the amount of 

extension is at least 4 times greater than in the western and central Kenya rifts. 

Therefore, it is reasonable to argue that the observed crustal thinning in this work 

beneath the Mesozoic rift systems is a likely feature. 

 Overall the model is in good agreement with Tedla2011, but differences in 

crustal thickness show an apparent undulating pattern (Fig. 7.1c). Along the 
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 Likewise, for the Ethiopian Plateau, the Tanzania Craton and the centre of 

the Congo Craton the model shows a thicker crust. Tedla et al. (2011) performed 

a gravity Euler deconvolution to estimate the Moho depth at a resolution of 0.25º, 

but the application of this method and its validity to the African continent has been 

questioned (Reid et al., 2012; van der Meijde and Nyblade, 2014). The technique 

is using the spectral content of the gravity field to detect subsurface interfaces, 

and it is especially problematic along continental boundaries or in regions with 

significantly thinned crust (van der Meijde et al., 2015). Additionally, the thinnest 

crust in the Tedla2011 model is around 33 km, indicating a cut-off in the Euler 

solutions at this depth (Tugume et al., 2013). Tedla et al. (2011) did not 

considered seismic estimates of Moho depth to benchmark their crustal model in 

order to reduce the trade-offs between their modelled results and the measured 

crustal thickness in Africa. 

 The comparison with the Tugume2013 model shows that the obtained 

crustal thickness in this work is overall higher, with differences ranging from 0 - 4 

km for most of the African continent (Fig. 7.1b). The model of Tugume et al. (2013) 

is based on a 3D Parker-Oldenburg iterative inversion (Oldenburg, 1974; Parker, 

1973) of EIGEN-6C gravity data and predicts a relatively flat and thin crust (28 - 

34 km) for north, west and central Africa and a thicker crust (36 - 40 km) in 

southern Africa. Major differences with this work (below -4 km) are observed along 

a southwest-northeast oriented corridor, running from the central regions of the 

WAC to the northeast regions of the Atlas Mountains, along the northernmost 

regions of the Sahara Metacraton, the northern coastal zones of the Nubian 

Shield, and the Congo Basin. 

 Locally, thinner crust is also seen in southern Africa and in east Africa (e.g., 

in the flanks of the Ethiopian Plateau). In the Afar Depression and in the central 

and southern regions of the EARS, the Tugume2013 model shows similar 

mismatches than in this study, relative to the seismic estimates and the 

CRUST1.0 and Tedla2011 models. 

 In a recent review of global and continental crustal models, van der Meijde 

et al. (2015) showed that all models have thick crust in the west of northern Africa, 

indicating that crustal thickness is rather underestimated in Tugume2013 (see 
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also Fig. 5.1). In addition, the spatial extent of negative differences with the results 

of this work (Fig. 7.1b) mimics the distribution of thick sediments (>4 km) inferred 

from the global sediment model (Laske and Masters, 1997), which was used by 

Tugume et al. (2013) to correct the input gravity signal for sedimentary basins. 

Hence, the resulting effect of the correction on Moho topography proposed by 

Tugume et al., (2013) might not be valid for terranes that underwent intracratonic 

basin formation, especially in those areas where detailed information on sediment 

thickness and basin structure is missing, and its geodynamic evolution is 

debatable, as for example in the Congo Basin (e.g., Hartley and Allen, 1994; 

Downey and Gurnis, 2009; Crosby et al., 2010). 

 

7.1.2 Crustal thickness in the WAC 

Figure 7.2 compares the three models and results from this work together with a 

number of continental and global crustal models along a NW-SE profile across the 

West African Craton and adjacent areas as presented in Jessel et al. (2016). 

Huge differences are visible in both crustal thickness and the amplitude of lateral 

thickness oscillations, especially for the southern part of the profile. Despite their 

lower resolution, the global models (3SMAC, VMM, CRUST1.0, GEMMA and 

LITHO1.0) show more significant short wavelength variations in crustal thickness 

compared to the continental models (Pasyanos07, Tugume2013, Tedla2011) and 

this study. Along the profile thickness estimates for cratonic crust beneath the 

WAC range between 27 km and 47 km, with the LITHO1.0 model predicting a 

significantly thicker crust than the other models. Overall, results from this work 

and the gravity based models (Tugume2013, Tedla2011, GEMMA, and VMM) 

show smoother Moho-geometries with minor thickness variations. Anyhow, among 

them the VMM is the only model that shows crustal thinning beneath the southern 

part of the profile, with a negative kink approximately across the boundary of the 

Taoudeni Basin. A similar feature is also observed in Pasyanos07 which shows 

thinned crust of around 26 km beneath this region. 

 Anyhow, the regional crustal thinning in VMM and Pasynaos07 is not 

visible in the rest of the models. 
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terms of its properties (Artemieva, 2009; Eaton et al., 2009; Artemieva, 2011). 

Especially beneath cratons, its rheological characteristics might change over a 

thick transition zone, ranging from 20 km in presence of fluids to 50 km in dry 

conditions (Eaton et al., 2009). Usually, seismic LAB models account for the 

velocity-depth distribution of different seismic waves, mainly P-, S-, and surface-

waves and therefore, cannot be directly related with the thickness of the thermal 

lithosphere. However, since there is a strong rheological change between the 

conductive lithosphere and the underlying convective upper mantle, the velocity-

depth sections reflect lateral variations in lithospheric thickness rather than the 

precise LAB depth. Therefore, I present a relative comparison between the results 

of this study and the different models focusing on regional changes in the lateral 

LAB geometry beneath Africa. 

 Depth to the LAB in the above mentioned models was obtained by the use 

of different data and methods (for details see Chapter 5.2). Whereas the TC1 

model presents thickness of the thermal lithosphere based on global heat flow 

data, the FB2011, PMK2013 and LITHO1.0 models were constructed converting 

regional velocity variations into temperature estimates and further into lithospheric 

thickness. Special caution interpreting these models is recommended, as velocity 

anomalies of non-thermal origin may account for up to +3% of Vs amplitude 

caused by variations in chemical composition and/or to the presence of 

melts/fluids (e.g., Artemieva, 2009; Afonso et al., 2010). Furthermore, differences 

between the presented results and the FB2011, PMK2013 and LITHO1.0 models 

may be related with their spatial resolution and vertical uncertainties. Usually, the 

horizontal resolution of these models allow features on the order of 200 - 250 km 

to be recovered, with a vertical resolution of 25 - 50 km (Fishwick and Bastow, 

2011; Priestley and McKenzie, 2013). 

 Interestingly, a comparison between this work and the seismic PMK2013 

and FB2011 models shows that the overall distribution pattern of thick lithosphere 

is very similar, especially beneath the cratons (Fig. 7.3). The PMK2013 and 

FB2011 models (Fig. 7.3 b and c) exhibit a thick lithosphere (>160 km) beneath 

western, central and southernmost Africa and thinner lithosphere (<140 km) 

beneath the Atlas region, the CVL, the WCARS, the Saharan Metacraton and 
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 In the WAC, results from this study show a thick lithospheric root beneath 

the Tauodeni Basin, which agrees very well with the observations in the FB2011 

and PMK2013. Both models (also the LITHO1.0 model) display another common 

feature; the extension of thick lithosphere towards the northeast, across the 

boundaries of the WAC, paralleling the Atlas Mountains. As this thickening is also 

expressed in the presented crustal model (see Fig. 6.3) both thick crust and 

lithosphere might be a realistic feature in this region. Compared to FB2011, the 

lithospheric thinning along the western boundary of the WAC is more pronounced 

in this study and the PMK2013 and TC1 models, where they show thinner 

lithosphere beneath the Neoproterozoic Mauritanian Belt relative to the WAC. 

 Large variations in lithospheric thickness are visible beneath the Saharan 

Metacraton in this study and the continental FB2011 model, but not in the global 

PMK2013 (Fig. 7.3). Indeed, the PMK2013 model shows almost no variations in 

lithospheric structure beneath north-eastern Africa, which might be related with 

the parameterization used to estimate the LAB-depth and/or the limited vertical 

resolution of the model (see Priestley and McKenzie, 2013 for details). The 

observed lateral thickness variations in this study and in FB2011 are of similar 

amplitude (~80 km) and seem to be related with the remnants of the pre-

Neoproterozoic Saharan craton (i.e., the Kufrah Craton), the Mesozoic rifts and 

the Cenozoic volcanic provinces. 

 The TC1 model shows a completely different LAB geometry beneath the 

Saharan Metacraton with thickest lithosphere (> 160 km) in the region coinciding 

with the Tibesti hotspot and the Haruj Volcanic province, where all the other 

models, including this work, suggest thinner lithosphere (<80 - 120 km) compared 

with the surrounding. 

 Overall the lithospheric structure in the PMK2013 and LITHO1.0 models is 

fairly similar. Both propose strongly thinned metacratonized lithosphere without 

significant lateral variations and lithospheric thickening to the NE as visible in all 

models, with exception of TC1. Among all models, LITHO1.0 shows the thinnest 

lithosphere beneath the Saharan Metacraton with values lower than 60 km, which 

should be treated with caution, because despite the fact that the region was 

affected by metacratonization it is still underlain by huge portions of Precambrian 
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continental lithosphere (e.g., Black and Ligeois, 1993; Fezza et al., 2010). 

 Furthermore, all models (except the TC1 model) show a north-northeast 

and an east-northeast trend in lithospheric thinning along the WCARS extending 

from the CVL towards the Haruj volcanic province and the Darfur hotspot, 

respectively, which coincides with crustal thinning in the region (see this work, 

Tugume et al., 2013; Meier et al., 2007; Pasyanos and Nyblade, 2007). According 

to Fairhead (1988), the over 8000 km long WCARS has a consistent geological 

and geophysical expression, that is best explained by lithospheric extension 

accomplished by ductile flow of the lower crust and upper lithospheric mantle as 

quantified by McKenzie (1978) and by Jarvis and McKenzie (1980). Though 

absolute lithosphere thickness in this study is around 40 km thicker in the WCARS 

compared to the FB2011 and PMK2013 models, due to the differences between 

thermal and seismic LAB definitions and the vertical resolution, the impact of the 

tectonic processes caused by large-scale Mesozoic extension on the lithospheric 

structure are well expressed in the obtained results in both the crustal (Fig. 6.3) 

and lithospheric thickness maps (Fig. 6.4). 

The presented LAB map is also in good agreement with lithospheric 

thickness variations across the Congo Craton seen in FB2011, PMK2013 and 

LITHO1.0 and also with lithosphere thickness estimates of ~210 km from 

kimberlitic garnet xenocrysts (Batumike et al., 2009). A thick cratonic root beneath 

the Congo Craton is visible in all models, but its lateral and vertical extend varies 

with differences in maximum thickness of ~100 km. With the exception of 

PMK2013, all models show extension of the thick root beneath the western part of 

the craton, but the distribution pattern of thick lithosphere in the TC1 model, where 

maximum root thickness is located in the western part solely, is very dissimilar. 

For the centre of the Congo Craton differences in lithospheric thickness between 

TC1 and other models amount to more than 120 km, this exceeds three times the 

minimum thickness proposed by TC1. A decrease in thickness to the south of the 

Congo Craton is visible in all models, but this thinning is more pronounced in the 

PMK2013 model. 

The mobile belts surrounding the Tanzania Craton are affected by 

continental rifting, possibly associated with a mantle plume (Nyblade and 
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Robinson, 1994; Simiyu and Keller, 1997; Prodehl et al., 1997; McNutt, 1998; 

Ritsema et al., 1999; Weeraratne et al., 2003). In all models a region of thinned 

lithosphere, beneath the Western Branch of the EARS is visible separating the 

Congo and Tanzania cratons. Nevertheless, in this work and the FB2011 this is 

not as clearly expressed as in the other models (e.g., the TC1). Beneath the 

Tanzania Craton the modelled lithosphere in this work is slightly thinner than in 

other African cratons, but still shows a thick lithospheric keel of 140 to 160 km. 

This is also observed in the PMK2013 and FB2011models. In LITHO1.0 the 

lithospheric root is absent in the eastern portion of the craton. The TC1 and 

LITHO1.0 models propose a much thicker cratonic root beneath Tanzania down 

to >240 km. Generally, the results from this work also support the findings of a 

Rayleigh wave tomography study by Weeraratne et al. (2003), who found the LAB 

beneath the craton at a depth of 150 ±20 km, demonstrating the stability of the 

Archean lithosphere in the presence of a mantle upwelling. To the east of the 

Craton the modelled lithosphere beneath the Eastern branch of the EARS is 

thinner as observed in all models. 

In Southernmost Africa obtained thickness estimates agree well with the 

thick lithosphere (>160 km) imaged in the FB2011, PMK2013 and TC1 models 

(Fig 7.3). Lithosphere in LITHO1.0 is 40-60 km thicker than in the other models. A 

relative local lithospheric thickening (>180 km) is visible in all models probably 

related with the collisional zone between the Kaapvaal and Zimbabwe cratons. 

Anyhow, predicted lithosphere thickness beneath the Kaapvaal is lower compared 

to other African cratons, which is also visible in any of the other models. Thinner 

lithosphere relative to the big African cratons is also consistent with seismic 

estimates of 180 ±20 km (Li and Burke, 2006) and 170 - 200 km (Priestley et al., 

2008; Priestley and Tilmann, 2009) and probably reflects originally rigid cratonic 

lithosphere that was affected by thermal weakening and metasomatic modification 

at its base during the Mesozoic, as suggested by Griffin et al. (2003) and 

Kobussen et al. (2008). 

In summary, a comparison of the presented lithospheric thickness map with 

seismic tomography models shows great similarity in distribution of thick 

lithosphere and depth to the LAB in the African cratons. Biggest differences with 
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all models occur in the Afar plume region, where the applied approach is not valid, 

and in general with the heat flow based TC1 model, which shows a somewhat 

distinct pattern in LAB geometry. In the recently published LITHO1.0 model the 

lithosphere is significantly thinner in off-craton and thicker in cratonic regions than 

in any of the other models. In Northern Africa the modelled lithospheric structure 

reveals i) thick lithosphere related with the WAC and across its boundaries to the 

northeast, ii) significant lateral variations in the Saharan Metacraton related with 

Archean remnants of cratonic lithosphere and iii) lithospheric thinning along the 

WCARS. These large-scale features agree very well with the PMK2013 and 

FB2011 models. Also for southern Africa the obtained results coincide surprisingly 

well with the PMK2013 and FB2011 models, considering the different datasets 

used in the modelling processes. Despite the differing methodologies, the 

obtained lithosphere thickness map for Africa predicts similar features as imaged 

in previous LAB studies. 

The overall coincidence, except for the Afar region, with the above referred 

tomography models can be extended to the effective elastic thickness (Te) model 

by Perez-Gussinyé et al. (2009), who calculated the thickness of the elastic 

lithosphere from topography and Bouguer anomaly data. The wavelength band 

over which topography and Bouguer anomaly are correlated (Bouguer coherence) 

provides information on the elastic properties of the lithosphere. Although 

maximum values are limited to 110 km near the saturation level the authors found 

features comparable to tomography studies and this work with maximum Te 

values related with cratonic domains and minimum values to the Afar plume 

region and the West and Central African Rifts Systems (see Fig 7.3f). 

 

7.2.1 Lithosphere thickness in the WAC 

As with the crustal model in the previous section the modelled lithospheric 

structure is compared with global and continental models along a profile across 

the West African Craton and adjacent areas (Fig. 7.4). The figure shows that 

results from this work do not propose such a thick lithosphere beneath the WAC 

as LITHO1.0, FB2011, and Pasyanos10, but in the area of the Taoudeni Basin the 
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7.3 Crustal density and Moho depth  

Using a linear, depth-dependent crustal density with a homogeneous average 

value throughout the continent results in a good fit with the available seismic data, 

but it does not necessarily satisfy the differences in crustal thickness for distinct 

tectonic domains. Local differences, exceeding ±5 km between modelled and 

seismic estimates of Moho depth, can be attributed to deviations from the model’s 

input average density distribution. For instance, in the northwest Congo Craton, 

calculated crustal thickness values are ~8 km thinner compared with receiver 

function studies by Tokam et al. (2010), who observe a significantly thick crust 

(~45 km). These authors also imaged a 23 km thick, high velocity lower crustal 

layer, which is more than 10 km thicker than beneath the Tanzania, Kaapvaal, and 

Zimbabwe cratons. The associated effect of the thick mafic layer can be related 

with an increase of 60 to 80 kg/m3 on the bulk density of the crustal column. 

Increasing the average crustal density to 2870 kg/m3 in the Congo Craton would 

result in a modelled crustal thickness of ~45 km, in agreement with the seismic 

estimates. 

 Likewise, changing the input crustal density within bounds of ±40 kg/m3 

enabled to associate misfits in Southernmost Africa with variations in the local 

density structure. These variations can be related with magmatic events, which 

might have added high density rocks to the crust (i.e., in the Namaqua-Natal Belt 

and Bushveld Igneous Complex), and/or to sediment accumulations that might 

have lowered the bulk crustal density (i.e, in the Witwatersrand Basin). The 

related maximum variations in crustal thickness were about ±4.2 km and resulted 

in a complete fit of modelled crustal thickness compared to seismic estimates from 

the SASE experiment. In summary, it is possible to fit the estimated crustal 

thickness from seismic experiments by locally changing the average crustal 

density within reasonable bounds. However, the applied methodology to calculate 

the crustal thickness for the whole Africa continent, where data is not available, 

has the tradeoff of assuming a homogeneous crustal density value because 

possible lateral density variations are unconstrained. 
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7.4 Uncompensated topography in the Afar plume region  

The Afar plume region, including the surrounding plateaus, exhibits rough 

topography, comprising a >1000 km wide domal uplift intersected by the ~80 km 

wide MER valley with highly uplifted rift flanks (>2000 m). The MER is surrounded 

by the elevated Ethiopian and Somalian plateaus (~1500 m) as well as a low relief 

(<500 m) zone to the north, in the Afar Depression. The model shows 

overcalculated crustal thicknesses in this region, locally exceeding 15 km 

compared to available seismic observations (e.g., Maguire et al., 1994; Prodehl et 

al., 1997; Dugda et al., 2005; Wölbern et al, 2010, Fig. 6.4). On average, the 

modelled crust is ~10 km thicker than estimates from RF studies by Dugda et al. 

(2005), showing thicknesses between 35 - 40 km in the Ethiopian Plateau, 30 - 35 

km in the MER and about 25 km in the Afar Depression. Upper mantle seismic 

tomography (Bastow et al., 2005; Benoit et al., 2006; Bastow et al., 2008) beneath 

the seismically and volcanically active MER shows a broad thermal upwelling or 

mantle plume from 75 km depth down to 400 km (Nyblade et al., 2000; Benoit et 

al., 2003; Nolet et al., 2003), which drives extension between the Nubian and 

Somalian plates. After plume impingement at ~30 Ma a rapid lithospheric thinning 

occurred (Dugda et al., 2007; Gani et al., 2007) and broad Oligocene flood basalt 

volcanism affected the region, such that the thermally modified Pan-African 

lithosphere underlies huge portions of the Ethiopian Plateau and Afar Depression 

(Keranen et al., 2009). The Cenozoic interaction of mantle magmas with the crust 

(i.e., volcanism, dike intrusions and underplating) would increase the average 

crustal density and the calculated crustal thickness in the plateau, resulting in a 

larger misfit. Clearly, the modelling approach cannot conciliate the observed geoid 

and elevation with the measured crustal thickness in this region. As the thermal 

perturbation associated with the Afar plume might involve a dynamic component 

to the uplift in the plateau (e.g., Ebinger et al., 1989; Moucha and Forte, 2011), 

the overcalculated crustal thickness in the model could be explained by an offset 

in the input elevation data between the non-isostatic (dynamic) and the isostatic 

topography components. 

 In order to test if the model misfits in the Afar region can be explained by 

dynamic topography induced by sub-lithospheric buoyancy forces (e.g., Cazenave 
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 The isostatic contribution to elevation due to crustal thickness variations is 

ߝߜ ൌ
ሺߩ െ ሻߩ

ఢߩ
 ݄ߜ

where m, c and  are the densities of the mantle (3300 kg/m3), crust (2790 

kg/m3), and topography (2670 kg/m3), respectively and  and hc are the 

variations of elevation and crustal thickness, respectively. Therefore, with the 

above considered densities, the topography associated with a change of 9.81 km 

in crustal thickness is 1874 m, which is the average residual topography relative to 

the model in the Afar region. Finally, I have assumed that the dynamic contribution 

(εr) to topography is close to the inferred residual topography, and that it is a 

function of the radial distance d from the plume centre, such that εr = 1800 m for 0 

≤ d ≤ 500 km and decreases linearly to zero, being εr = 2 x 1800 (1 – d/r) for 1000 

≥ d > 500 km. The so estimated dynamic contribution is then subtracted from the 

filtered ETOPO1 elevation corresponding to the location of each considered 

seismic station (Dugda et al., 2005; Maguire et al., 2006) and is used as the input 

data to recalculate the crustal thickness with the applied method. 

 Figure 7.6 shows the observed versus crustal thicknesses for a 

combination of appropriate corrected elevations (-1600 to 1200 m), determined as 

described above, and for the corresponding geoid anomalies (2 - 7 m) in the Afar 

plume region, using a range of average crustal densities from 2790 to 2850 kg/m3. 

After topography correction, the majority of the data fall inside the area of possible 

thickness solutions when the uncertainties associated with seismic experiments is 

also considered. It is worth noting that as shown in Fig. 7.6, an increase in the 

average crustal density, probably related with magmatic processes, is required to 

fit about 71% of the observed crustal thickness values. The resulting lithospheric 

thickness after corrections is reduced by ~60 km on average, thus also better 

fitting the tomography estimates. 

 Gravity, admittance, and river profile modelling (Roberts and White, 2010; 

Jones et al., 2012) suggest a maximum surface uplift of modern African swells 

from 800 to 2000 m. However, smaller peak amplitudes of dynamic topography 

(~700 m) are predicted in the EARS from mantle flow calculations based on 
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8. Summary, conclusions and future recommendations 

 

The main objective of this thesis is to apply a straightforward top to bottom 

approach in order to present new crustal and lithospheric thickness maps for 

Africa, which provide new insights into the vast regions of the continent where 

knowledge of the lithosphere’s structure is absent and existing models are 

predicting contradicting results. In the following, I will briefly summarize the work 

presented in this thesis and present the main conclusions reached from this study. 

Last but not least an outlook to future work is given. 

 

8.1 Summary 

A new map of crust and lithosphere thickness for continental Africa is presented 

based on joint modelling of elevation and geoid data combined with thermal 

analysis under the assumptions of local isostasy and thermal steady-state 

condition. The obtained results are constrained by a new comprehensive 

compilation of seismic Moho-depth data consisting of 551 data points covering 

about 20% of Africa, and by published tomography models relative to LAB-depth 

resulting in a more confident image of the present-day lithospheric structure of 

Africa. 

 The incorporation of sediment thickness and lateral density variations do 

not modify noticeably the obtained results and consequently were not considered 

in the final model. Combining elevation, geoid, and thermal analysis allowed me to 

calculate the crustal thickness with confidence relative to the seismic observed 

values, with the exception of the Afar plume region, and therefore to extrapolate 

results to those areas with no seismic constraints (80% of Africa).  

 The calculated crustal thickness shows significant differences with previous 

gravity-based continental models and seismic global models. The obtained crustal 

thickness map correlates better with geological structure and tectonic provinces 

as well as with gravity anomalies, and shows a higher spatial resolution. 
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The LAB-depth map shows large spatial variability, with deeper LAB related to 

cratonic domains and shallower LAB related to Mesozoic and Cenozoic rifting 

domains, in agreement with tomography models. The main novelty is that in the 

Africa continent I integrate in a unique model both crustal and lithospheric mantle 

thickness variations. Though crustal and lithosphere thickness maps show similar 

regional patterns, major differences are found in the Atlas Mountains, the West 

African Rift System, and the intracratonic basins. 

 

8.2 Main conclusions 

From the presented work, I can draw the following concluding remarks: 

 The applied methodology is improved by defining a reference column at 

sea level to calculate the optimal average crustal density and geoid level, 

resulting in ρc = 2790 kg/m3, N0 = 6168 m, and a fitting of 76% compared to 

available seismic observations, when the Afar plume region is excluded. 

The reference column has a crustal thickness of Zc = 32.16 km and a total 

lithospheric thickness of ZL = 153 km. 

 Incorporation of sediment thickness and crustal density data from 

CRUST1.0 into the calculations leads to significant misfits between the 

resulting crustal model and the seismic data. Thus, the consider crustal 

model with an average constant density distribution proves to provide a 

good first-order crustal thickness map, which is in much better agreement 

with the seismic Moho estimates in Africa. 

 The calculated crustal thickness values across Africa have a RMSE of 6.5 

km and a fit of 60.8% relative to the whole compiled seismic dataset, 

showing the best minimum RMSE (4.3 km) and a maximum fit (76.3%) 

compared to other global and continental models, after excluding the Afar 

plume region. 

 The crustal model depicts a bimodal distribution, with a clear north-south 

division and with distinct crustal structure and thicker cratonic crust in 

southern Africa (38 - 44 km) compared to northern Africa (33 - 39 km). The 
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most striking feature is the crustal thinning (28 - 34 km) along the Mesozoic 

West African Rift separating the western and eastern regions of northern 

Africa. Overall, the thick crust (37 - 48 km) is related to Archean cratons 

and shields as well as Proterozoic belts, whereas thin crust (28 - 30 km) is 

found along the Atlantic coastal zone and regions affected by Mesozoic 

and Cenozoic extension. 

 The calculated lithospheric thickness shows a large spatial variability 

ranging from 90 to 230 km. Though the regional patterns of crustal and 

lithospheric thickness share similarities, major differences are delineated in 

the Atlas region (Northeast-Morocco), where the crust is relatively thick 

compared to the lithospheric mantle; along the Mesozoic West African Rift, 

where the crust is relatively thin compared to the lithospheric mantle; and 

beneath the intracratonic basins (e.g., Congo Basin and Taoudeni Basin), 

where the maximum LAB depths exceed 200 km. The different 

deformations patterns indicate strong strain partitioning most probably due 

to intra-lithospheric decoupling along the CMB. 

 Strongest variations within craton boundaries in both crustal (28 - 38km) 

and lithospheric (110 - 190km) thickness are found beneath the vast 

Saharan Metacraton, where the results very well reflect the disturbed 

nature of the metacratonized mantle lithosphere. Thick crust and a strong 

lithospheric root beneath the proposed Kufrah Craton suggest the survival 

of pre-Neoproterozic cratonic remnants and that huge portions in the 

eastern Metacraton escaped regional lithospheric delamination during 

Neoproterozoic remobilization. 

 Comparing the crustal model with other existing models shows differences 

along the western and southern edges of the WAC, and along the West 

African Rift, where the modelled results predict large-scale crustal thinning 

instead of relative thickening. The lithospheric model shows an overall 

similar pattern to that seen in tomography models, especially in Archean 

and Proterozoic regions.  

 Density variations of ±60 kg/m3 relative to the initial value of 2790 kg/m3 
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resulted in minor crustal thickness changes of ±2 km for most parts of the 

continent and up to ±5 km in the MER, and the Taoudeni, Congo and 

Kalahari basins allowing for a better fit with seismic data. The related 

differences in LAB depth were ±5 km with maximum changes in the 

aforementioned regions of ±15 km. 

 The sublithospheric mantle flow associated with the Afar plume may 

involve a dynamic component to the topography in that region. The 

calculated crustal thickness in the model, that on average exceeds 9.8 km 

compared to seismic observations, can be corrected by applying a 

reduction in the elevation of ~1800 m at seismic stations located within a 

radius of 500 km from the centre of the plume. After corrections, the 

resulting LAB depth is reduced by ~60 km. 

 

8.3 Future recommendations 

The presented results demonstrate the efficiency of the applied methodology 

in successfully modelling first-order features of the lithosphere. However, the 

model`s inherent assumptions and numerical simplifications (assumed crustal 

and lithospheric density distribution and rock parameters) may cause 

significant deviations from the actual lithospheric structure. 

Further methodological improvements have been made since the work of 

Fullea et al. (2007), including 1D, 2D and 3D approaches (Fullea et al., 2009; 

Afonso et al., 2013; Fullea et al., 2014). All of them include a self-consistent 

petrological-geophysical approach to better constraint the upper mantle down 

to 400 km depth, allowing to incorporate additional observables such as body 

and surface seismic waves, magnetotelluric results and mineral composition.  

Therefore, future works and intended improvements should consider the 

following recommendations: 

 Application of the newly developed 1D approach to consider lateral 

chemical variations within the lithospheric mantle which can result in 
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significant density variations at depth and laterally, related to 

enrichment/depletion mantle processes. This would result in an 

improvement of the LAB topography and a better comparison with 

tomography models. 

 Application of 2D petrological/geophysical approaches will allow to better 

constrain the crustal and the lithospheric mantle structure along selected 

transects crossing different tectonic provinces where confident geological 

and geophysical data are available. 

 A combined forward/inversion 3D approach for the whole continent would 

result in the most confident crust/lithospheric structure considering the 

available methodologies, which allows incorporating the maximum number 

of constraints. 

 A common feature of these methodologies is that they assume steady-state 

thermal regime and isostasy, either local or regional. These implies that 

thermal transient effects related to recent tectonics or departures from 

isostasy (dynamic topography) related to sublithospheric mantle convection 

are not considered. Accounting for these effects requires the 

development/application of full geodynamic models and more importantly a 

new set of geophysical and geological observations of the whole continent.
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Abbreviations 

 

CMB - Crust-Mantle Boundary 

CVL - Cameroon Volcanic Line 

DSS - Deep Seismic Sounding 

EAGLE - Ethiopia-Afar Geoscientific Lithospheric Experiment 

EARS - East African Rift System 

GOCE - Gravity field and steady-state Ocean Circulation Explorer 

GRACE - Gravity Recovery and Climate Experiment 

KRISP - Kenya Rift International Seismic Project 

LAB - Lithosphere-Asthenosphere Boundary 

MAMBA - Geophysical Measurements Across the continental Margin of Namibia 

MER - Main Ethiopian Rift 

Moho - Mohorovic Discontinuity 

RF - Receiver Function 

RMSE - Root Mean Square Error 

SASE - South Africa Seismic Experiment 

SIMA - Seismic Imaging of the Moroccan Atlas 

WAC - West African Craton 

WAMZ - West African Mobile Zone 

WCARS - West and the Central African Rift System
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Figure 2.1. Simplified tectonic map of Africa based on Milesi et al. (2010) showing the location and 

extent of the Archean Cratons, intracratonic basins and the surrounding Precambrian and 

Paleozoic fold belts, which were affected by rifting processes during Mesozoic and Cenozoic times 

and Cenozoic volcanism. Figure was taken from Globig et al. (2016). 

Figure 2.2. Simplified map of African Archean blocks and cratons. West African Craton (1a-

Reguibat Shield; 1b- Man Leo Shield); Sahara Metacraton (2a-Murzuq Craton; 2b-Al Kufrah 

Craton; 2c-Chad Craton); Congo Craton (3a-Gabon Cameroon Shield; 3b-Bomu-Kibalian Shield; 

3c-Kasai Shield; 3d-Angolan Shield); 5-Uganda Craton; 6- Bangweleu Block; 7-Limpopo Block; 

Kaapvaal Craton (4a-Kimberley Terrain; 4b-Pietersburg Terrain; 4c-Witwatersrand Terrain, 4d-

Swaziland Terrain).  

Figure 2.3. Simplified map showing the African Proterozoic mobile belts. Paleoproterozoic belts: 1-

West Central African Belt; 2-Magondi Belt; 3-Ubendian Belt; 4-Ruwenzori Belt; 5-Usagaran Belt; 6-

Kheis Belt. Paleo-Mesoproterozoic Province: 7-Rehoboth. Mesoproterozoic Belts: 8-Kibaran Belt; 

9-Irumide Belt; 10-Namaqua Natal Belt. Neoproterozoic Belts: 11-Lufilian Arc; 12-Rokelide Belt; 

13-Mauretanian Belt, 14-Mozambique Belt; 15-Zambezi Belt; 16-Damara Belt; 17-Central African 

Belt; 18-Pharusian Belt; West African Mobile Zone (TB-Tuareg Block; BNB-Benin-Nigeria Block). 

Neoproterozoic-Paleozoic Belt: 19-Cape Fold Belt. Paleozoic Belt: 20-Atlas Mountain Belt. 

Figure 2.4. Simplified map showing African hotspots, rifts and anomalous swells. Big Mesozoic 

Rift Systems (1a-West African Rift System; 1b-Central African Rift System); East African Rift 

System (2a-Main Ethiopian Rift; 2b-Western Branch; 2c-Eastern Branch). 

Figure 3.1. The different definitions of lithosphere and properties used to define its base. From left 

to right the five panels illustrate the concepts of i) the Mechanical Boundary Layer where the top of 

a decoupling zone between lithosphere and asthenosphere coincides with the LAB; ii) the Thermal 

Boundary Layer, where heat transfer gradually changes from conduction to convection in a 

Transition Layer that separates the purely conductive lithosphere from the convecting 

asthenosphere and the LAB coincides with the intersection of the downward continuation of the 

geotherm with the mantle adiabat; iii) the seismic lithosphere and observed changes in its seismic 

structure; iv) the Rheological Boundary Layer, where the LAB coincides with a change in seismic 

anisotropy; v) the Electrical Lithosphere, where the LAB is interpreted via changes in electrical 

anisotropy and reduction in resistivity. Figure and figure caption are taken from Eaton et al. (2009).   

Figure 3.2. Relationship between the reference ellipsoid and measured geoid and the effect of 

density variations (mass anomalies) on the geoid anomaly ∆N. A negative deflection of the geoid 

occurs over regions of mass deficit, a bulge or a positive geoid anomaly occurs in regions of 

excess mass. 
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Figure 3.3. Classic end-member models of hydrostatic equilibrium (a) Airy isostatic model (b) Pratt 

isostatic model with homogeneous mantle density ρm. In the Airy-case crustal density is constant 

and changes in topography need to be compensated by changes in lithospheric thickness. The 

Pratt-case assumes topography variations being compensated by changes in crustal density.   

Figure 3.4. Schematic view of the lithospheric model by Fullea et al. (2007) used in this work. The 

model is composed of four layers; i) the crust with density ρc, ii) the lithospheric mantle with 

density ρm, iii) sea water column with density ρw and iv) the asthenosphere with the density ρa. E 

is the elevation (E>0 topography, E<0 bathymetry), zc and zL are the depths of the crust/mantle 

and lithosphere/asthenosphere boundaries, respectively, referred to the sea level. L is the total 

thickness of the lithosphere and L0 is the depth of the free asthenospheric level, i.e. without any 

lithospheric load. Figure and figure caption are taken from Fullea et al. (2007). 

Figure 4.1. Elevation map showing filtered elevation from global relief model ETOPO1 (Amante 

and Eakins, 2009) after application of a low-pass filter to eliminate the short wavelengths (< 100 

km) and gridding to 10-arc minutes. Profiles A, B and C cross the most important topographic 

features of African landscape. Inset shows the bimodal distribution of elevation as result of the 

long-wavelength basin and swells topography.    

Figure 4.2. Visualization of the filtering of ETOPO1 elevation data along the profiles A, B and C as 

located in Fig. 4.1. Raw ETOPO1 data are plotted in black and the red lines show the input 

elevation after applying a linear low-pass filter with λ=100 km.      

Figure 4.3. Geoid anomalies. a) Geoid anomaly map for Africa extracted from EGM2008 global 

model (Pavlis et al., 2012). b) truncated and filtered geoid to degree and order 10. 

Figure 4.4. Thickness of sediments in Africa, the data were extracted from the global sediment 

thickness map from Laske and Masters (1997). 

Figure 4.5. Lateral density variations. The density data from CRUST1.0 were used as input to 

account for the heterogeneous density structure within the crust related with the different types and 

ages of African tectonic settings. a) Mean crustal density and b) density at the base of the crust. 

The 2790 kg/m3 (a) and the 2950 kg/m3 (b) contour lines denote regions that approach crustal 

density values used in this thesis. Both datasets were gridded to 10 arc-min. 

Figure 4.6. Available seismic Moho estimates from active (triangles) and passive (circles) seismic 

experiments. For details see Table 2. Note the irregular and local distribution of point estimates. 

Regional knowledge on crustal thickness is restricted to Morocco, Cameroon and Eastern and 

Southern Africa. Note that for the majority of continental areas data are absent.   

Figure 4.7. Histogram plot showing the distribution of measured crustal thickness from seismic 

data in Africa. The data compilation shows a mean crustal thickness of 36.58 km and a standard 

deviation of 5.79 km.  

Figure 5.1. Juxtaposition of existing crustal models for Africa as described in the text. The gravity 
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based models are Tugume13, GEMMA, Tedla11, VMM, and DMM-1. Seismological models are 

CRUST1.0, Pasyanos07 and Meier07. Thick black lines denote the 35 km contour line. Note the 

relatively smooth Moho variations in the gravity based models compared to the seismological 

models. Similarities in DMM-1 and CRUST1.0 result from the incorporation of CRUST1.0 into the 

DMM-1 model.The figure was taken and modified from van der Meijde et al. (2015).     

Figure 5.2. Overview of existing thermal and seismic models of lithospheric thickness. The upper 

four panels (a-d) are displayed with black contour lines every 40 km starting from 120 km and 

share the same colorscale. a) LITHO1.0 model, b) FB2011 model, c) PMK2013 model and d) the 

thermal model TC1. The lower panels show e) the PT09 model derived from surface wave 

tomography and f) a shear-wave speed map at 200 km depth beneath Africa from the global 

tomographic study of Lebedev and van der Hilst (2008).    

Figure 6.1. Degree of fitting (in %) between calculated and observed crustal thickness for different 

reference columns determined by the average crustal density and geoid reference level values: a) 

Considering all available seismic data in Africa; b) Considering all available seismic data in Africa 

excluding the Afar plume region. Misfits are calculated considering uncertainties in seismic 

estimates of ±4 km for DSS and ±5 km for RF experiments. 

Figure 6.2. The effect of sediments in Africa on a) lateral changes in crustal density and the 

resulting crustal (b) and lithospheric (c) thickness. Panels b) and c) display the residual thickness 

maps showing the differences between a model using a constant average density distribution and 

a model including lateral density variations. Maximum deviations from the reference model 

(constant densities) are of course found in thick sediment basins, were the effect on the crustal 

density structure is strongest. 

Figure 6.3. The effect of input densities from CRUST1.0 on a) the resulting crustal and (b) 

lithospheric thickness estimates. The panels display the residual thickness maps showing the 

differences between a model using a constant average density distribution and a model including 

lateral density variations. Crust and lithosphere show strong differences in the rifts of East Africa 

(+20 km/+50 km), the big African basins (-8 km) and the north-eastern Mediterranean margin (-10 

to -15 km).  

Figure 6.4. a) Difference between observed and calculated crustal thickness at each seismic 

station (see colour scale). Triangles denote Deep Seismic Sounding experiments and circles 

denote Receiver Function experiments. b) Scatter plot showing observed versus calculated crustal 

thickness. Black continuous (±5 km) and dashed (±4 km) lines denote uncertainties related with 

seismic experiments. Coloured symbols: Yellow refers to the Afar plume region, and black refers to 

the rest of Africa/Arabia. 

Figure 6.5. Histograms showing the mismatch between observed and calculated crustal thickness 

for whole Africa and the different regions where seismic data are available. A positive/negative 

mean mismatch indicates average under/over calculated crustal thickness, respectively. 
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Figure 6.6. Left panel: Calculated crustal thickness map with isolines every 2 km. Right panel: 

calculated crustal thickness map superimposed on the structural map with the main tectonic units. 

The encircled area denotes the Afar plume region where crustal thickness is overcalculated 

because the assumptions of the approach are not fulfilled. 

Figure 6.7. Left panel: Calculated lithospheric thickness map with isolines every 20 km. Right 

panel: calculated lithospheric thickness map superimposed on the structural map with the main 

tectonic units. Isolines every 20 km. The encircled area denotes the Afar plume region where 

lithospheric thickness is overcalculated because the assumptions of the approach are not fulfilled 

Figure 6.8. Lithospheric cross-sections across the Africa continent showing the observed elevation 

and geoid height anomaly (upper panels), and the calculated crustal (blue line) and lithospheric 

(red line) thickness (lower panels). Different thickness ratios of crust and lithosphere mantle 

characterize the Tibesti and Hoggar hotspots and the Atlas Mountains, the Congo and Taoudeni 

intracratonic basins, and the cratonic domains of Congo, Tanzania and southern African Plateau. 

Figure 7.1. Comparison between global and continental crustal models and the model presented 

in this work. Differences are plotted as subtracted grids with respect to crustal thickness calculated 

in this study: a) CRUST1.0 (Laske et al., 2013) minus this study; b) Tugume2013 (Tugume et al., 

2013) minus this study; c) Tedla2011 (Tedla et al., 2011) minus this study d) Bouguer anomaly 

map (Pérez-Gussinyé et al., 2009). 

Figure 7.2. Comparison of crustal thickness models along a profile crossing the WAC. Profile 

location is given in the map to the left. Global models are 3SMAC (Nataf and Ricard, 1996), VMM 

(Bagherbandi and Sjöberg, 2012), CRUST1.0 (Laske et al., 2013), GEMMA (Reguzzoni et al., 

2013) and LITHO1.0 (Pasyanos et al., 2014). Continental models are Pasyanos07 (Pasyanos and 

Nyblade, 2007), Tugume2013 (Tugume et al., 2013), Tedla2011 (Tedla et al., 2011) and this work. 

Note the difference in short wavelength variations between global and continental models. The 

figure was modified after Jessel et al. (2016). 

Figure 7.3. Comparison of LAB maps for Africa. a) this work; b) global PMK2013 model (Priestley 

and McKenzie, 2013); c) continental FB2011 model (Fishwick and Bastow, 2011); d) global TC1 

model (Artemieva, 2006) and e) the LITHO1.0 model (Pasyanos et al., 2014). Note that the colour 

scale has been adapted to facilitate the comparison with the FB2011 model. Dark blue and red 

spots in the TC1 and LITHO1.0 models depict out of range values compared to the PMK2013 and 

FB2011 models and this study and show were lithospheric thickness thicker or thinner, 

respectively. f) Shows the map of effective elastic thickness of Africa from Perez-Gussinyé et al. 

(2009). 

Figure 7.4. Comparison of lithospheric thickness models along a profile crossing the WAC. Profile 

location is given in the map to the left. Global models are LITHO1.0 (Pasyanos et al., 2014), 

PMK2013 (Priestley and McKenzie, 2013) and TC1 (Artemieva, 2006). Continental models are 

Pasyanos10 (Pasyanos, 2010), PT09 (Priestley and Tilmann, 2009), FB2011 (Fishwick and 
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Bastow, 2011) and this work. The figure was modified after Jessel et al. (2016). 

Figure 7.5. Scatterplot of observed (Dugda et al., 2005; Maguire et al., 2006) versus calculated 

crustal thickness in the Ethiopian Plateau and Afar depression (see inset for location). Solid black 

line denotes perfect agreement between observed and calculated values and dashed lines denote 

the associated uncertainties (±5 km). Red solid line corresponds to the regression line parallel to 

the 1:1 line, showing a shift of -9.81 km. Symbols refer to the station location in the Ethiopian 

Plateau as displayed in the inset. Stars = NW Plateau, squares = SW Plateau, tringles = Main 

Ethiopian Rift Valley, diamonds = Turkana Depression and circles = E Plateau.  

Figure 7.6. Crustal thickness from seismic experiments (Dugda et al., 2005; Maguire et al., 2006) 

plotted against corrected elevation by non-isostatic contribution to topography. Symbols denote the 

location of stations (see inset), and colors denote the distance to the center of the Afar plume. 

Topography correction is of 1800 m for distances ≤500 km to the center of the plume and 

decreases linearly until vanishing at 1000 km distance. Red lines denote the range of average 

crustal densities considered in calculations and dashed lines denote the associated uncertainties 

(±5 km). 

Table 4.1. Crustal thickness estimates for distinct tectonic terrains in Africa from DSS (a) and RF 

(b) studies: a) a Ayarza et al. (2014), b Wigger et al. (1992), c Makris et al. (1985), d Gil et al. (2014), 
e Buness et al. (2003), f Morelli and Nicolech (1990), g Maguire et al. (1994), h Prodehl et al. (1997b), 
I Kahn et al. (1989), j Achauer et al. (1992), k Braile et al. (1994), l Gajewski et al. (1994), m Rihm et 

al. (1991), n Mechie et al. (2005), o Weber et al. (2004), p El-Isa et al. (1987), q Stuart and Zengeni 

(1987), r Durrrheim et al. (1992), s Lindeque et al. (2007), t Green and Durrheim (1990), u Parsiegla 

et al. (2009), v Stankiewicz et al. (2008), w Wright and Hall (1990), x Contrucci (2004a), y 

Klingelhoefer et al. (2009),  z Hirsch et al. (2009), β Bauer et al. (2000). b) 1Mancilla et al. (2012), 
2Sandvol et al. (1998), 3van der Meijde et al. (2003), 4Kosarian (2006), 5Tokam et al. (2010), 
6Dugda et al. (2005), 7Hansen et al. (2009), 8Woelbern et al. (2010), 9Tugume (2011), 10Yousuff et 

al. (2013), 11Nair et al. (2006), 12Kagaswane et al. (2009), 13Midzi and Ottemoeller (2001), 14Miller 

and Becker (2013), 15Spieker et al. (2014), 16Cooper and Miller, 17Di Leo et al. (2015). 

Table 5.1. Overview of previous global and continental crustal models, the applied method and 

their resolution.  

Table 5.2. Summary of existing lithospheric thickness estimates for Africa from global and 

continental models. Information on the underlying approach and spatial resolution is also given. 

Table 6.1. Model input parameter setup 

Table 6.2. Statistical comparison among referred crustal models and this work. The grid size in 

each comparison was adapted to the model with lower resolution. Columns denote maximum and 

minimum differences and root mean square error (RMSE). References: (1) Laske et al. (2013); (2) 

Tedla et al. (2011); (3) Tugume et al. (2013). 
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Supplementary material 

 

The supplementary material is stored on the CD, in the back of the 
book. 

The Cd contains the following files: 

 PDF version of this thesis 

 The seismic data compilation: DSS and RF (lon/lat/Moho/ref) 

 The crustal thickness model (lon/lat/Z_C) 

 The lithospheric thickness model (lon/lat/Z_L) 
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