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Abstract

A reliable density structure modelling is essential for a good lithospheric study that
is, in turn, a milestone to understand the geodynamics of the study region. Achiev-
ing such a reliable model is limited by the availability of a high-quality regional
gravity field developed merging together heterogeneous gravity data acquired by
various observational techniques whose spectral content, coverage, and spatial res-
olution are not the same. On the other hand, the global geopotential models derived
from satellite observations can only contribute to the long wavelength signal. This
study presents a recent combined regional gravity field model over Egypt, devel-
oped by integrating satellite and terrestrial data via applying the remove-compute-
restore principle and the least-squares collocation procedure.

For the development of the combined gravity model, the long wavelength sig-
nal from the GOCE satellite-only model computed with the space-wise solution has
been integrated with the terrestrial data retrieved from approximately 56000 gravity
stations of the Getech data, acquired in the framework of the African Gravity Project.
Ultimately, the combined gravity model is used to prepare a comprehensive three-
dimensional model of the crustal density structure for Egypt in order to mapping
the Moho depths.

The 3D crustal density model for Egypt is constraining by available deep seis-
mic refraction, receiver functions analysis, borehole, and geological information. In
Egypt, seismic data are sparsely and irregularly distributed. Consequently, we de-
veloped the crustal thickness model by integrating seismic and gravity data. Satellite
gravity data was inverted to build an initial model, which was followed by a detailed
3D forward gravity modelling. The initial crustal thickness is determined by apply-
ing seismically constrained non-linear inversion. Moreover, the gravity inversion-
based Moho depth estimates are in good agreement with results of seismic studies
and are exploited for the 3D forward modelling. The developed 3D crustal thick-
ness model provides high-resolution Moho depth estimates that closely resembles
the major geological and tectonic features.

The model part of the thesis was linked to the tectonics of Egypt with the regional
North Africa enigmatic tectonic unit ”Saharan Metacraton” by study the underlying
(deep) structures. We model variations in the crustal and lithospheric thickness as
well as variation in temperature, composition, S-wave seismic velocity and density
of the lithosphere beneath the Saharan Metacraton using three-dimensional (3D) in-
tegrated petrological-geophysical modelling. The Saharan Metacraton was once an
intact Archean-Paleoproterozoic craton, but was remobilized (metacratonized) dur-
ing the Neoproterozoic due to partial loss of its sub-continental lithospheric mantle
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(SCLM) during collisions along its margin. The partial loss of the SCLM might have
allowed for the preservation of cratonic remnants within the metacraton.

We discuss the possible preserved three cratonic remnants within the Saharan
Metacraton by integrated modelling using geophysical, petrological and geological
information for the crust and the lithospheric mantle. The cratonic remnants are
overlain by Paleozoic-Mesozoic sedimentary basins and are surrounded and sepa-
rated by topographic swells with known Cenozoic volcanism including the Hoggar
Swell, the Tibesti Massif, and the Darfur Dome. We find that the three cratonic rem-
nants are underlain by a relatively thicker lithosphere (the thickest being beneath Al-
Kufra reaching � 200 km) compared to the surrounding Saharan Metacraton which
has an average lithospheric thickness of � 150 km. We also find that the SCLM of
the cratonic remnants to be relatively colder and denser, as seen by faster S-wave
velocity compared to the surrounding Saharan Metacraton. Our preferred model
is approached with considering different lithospheric thickness beneath the Saha-
ran Metacraton with uniform moderately depleted composition (Proterozoic SCLM
composition). We suggest that the presence of relatively thinner lithosphere beneath
the Saharan Metacraton outside the cratonic remnants was due to a combination
of Precambrian events (partial SCLM delamination during the Neoproterozoic) and
Phanerozoic events (Mesozoic-Cenozoic rifting and Cenozoic mantle volcanism).
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Zusammenfassung

Eine zuverlässlige Modellierung der Dichtestruktur ist Grundlage für ein fundiertes
Studium der Lithosphäre. Dieses ist wiederum unerlässlich für das Verständnis
der Geodynamik im jeweiligen Untersuchungsgebiet. Die Entwicklung eines ver-
lässlichen Modells hängt von der Verfügbarkeit eines qualitativ hochwertigen, re-
gionalen Schwerefeldes ab. Dieses muss aus verschiedenen heterogenen Beobach-
tungsdaten Zusammengefügt werden, deren Spektralgehalt, Abdeckung und räum-
liche Auflösung oft unterschiedlich sind. Auf der anderen Seite können die aus
Satellitenbeobachtungen abgeleiteten globalen Potentialmodelle nur zum langwelli-
gen Signal beitragen. Diese Studie präsentiert ein neues kombiniertes Regional-
Schweremodell für Ägypten, welches durch die Integration von Satelliten- und ter-
restrischen Daten unter Anwendung des "Remove-Compute-Restore" Prinzips und
der Kollokation nach kleinsten Fehlerquadraten bestimmt wurde.

Für die Entwicklung des kombinierten Schweremodells wurde zunächst das lang-
wellige Signal des Schwerefeldes verwendet, das ausschließlich aus den Beobach-
tungen des GOCE Satelliten berechnet wurde (satellite-only model mit flächenhafter
Lösung); es wurde mit einem terrestrischen Datensatz von 56.000 Schweremessun-
gen der Firma "Getech" gemischt, die im Rahmen des "African Gravity Project" er-
hoben wurden. Schließlich wird dieses kombinierte regionale Schweremodell genutzt,
um ein umfangreiches dreidimensionales Modell der Krusten-Dichtestruktur in Ägypten
zu erstellen, das auch die Tiefe der Moho abbildet.

Das 3D Dichtemodell der Kruste in Ägypten wird mit verfügbaren Informatio-
nen aus tiefen seismischen Refraktionsmessungen, aus der Analyse von "receiver-
functions", Bohrlochdaten und geologischen Informationen abgesichert. In Ägypten
sind seismische Daten nur spärlich vorhanden und unregelmäßig verteilt. Aus diesem
Grund wurde die Krustenmächtigkeit durch die Kombination von seismischen und
gravimetrischen Daten ermittelt. Dazu wurden die Satellitendaten invertiert, um
ein Anfangsmodell zu generieren. Später folgte eine detaillierte 3D Vorwärtsmodel-
lierung der Schwere. Die initiale Krustenmächtigkeit wurde durch Daten aus einer
nichtlinearen Inversion der Seismik abgesichert. Der durch Schwereinversion bes-
timmte Verlauf der Moho ist in guter Übereinstimmung mit den Ergebnissen der
seismischen Untersuchungen und wird für die 3D Vorwärtsmodellierung weiter
verwendet. Das 3D Krustenmodell zeigt eine hochaufgelöste Tiefenstruktur der
Moho, die die wesentlichen geologischen und tektonischen Merkmale abbildet.

Im "Modellierteil" der Arbeit wird die Tektonik der tieferliegenden Schichten
Ägyptens verknüpft mit dem tektonisch enigmatischen "Sahara Metakraton" im Nor-
den Afrikas. Dabei werden die Variationen der Krusten- und Lithosphärenmächtigkeit,
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sowie der Temperatur, Komposition, S-Wellen Geschwindigkeit und Lithosphären-
dichte unter dem "Sahara Metakraton" durch die Anwendung einer 3D petrologisch-
geophysikalischen Modellierung modelliert. Ursprünglich war der Sahara Metakra-
ton ein intakter archaisch-paläoproterozoischer Kraton. Aufgrund des partiellen
Verlusts seines subkontinentalen lithosphärischen Mantels (SCLM) wurde er während
des Neoproterozoikums remobilisiert bzw. "meta-kratonisiert"; verursacht wurde
dies durch eine Kollisionen entlang des ehemaligen Kontinentalrands.

Der partielle Verlust des SCLM könnte die Konservierung kratonaler Relikte
innerhalb des Metakratons begünstigt haben. Die Existenz dieser möglicherweise
noch bestehender Reste im Bereich des "Sahara Metakratons" wird mit Hilfe einer
integralen Modellierung auf der Grundlage von geophysikalischen, petrologischen
und geologischen Informationen über die Kruste und den lithosphärischen Mantel
untersucht. Die kratonalen Relikte sind von paläozoisch-mesozoischen Sediment-
becken überlagert und von topografischen Erhebungen markiert, die im Zusam-
menhang mit dem känozoischen Vulkanismus stehen: hierzu zählt das Ahaggar-
Gebirge, Tibesti und Darfur Dome. Es konnte nachgewiesen werden, dass die drei
kratonalen Überreste mit einer relativ dicken Lithosphäre unterlagert sind (mit der
größten Mächtigkeit von ca. 200 km unter Al-Kufra). Im Vergleich dazu beträgt die
durchschnittliche Mächtigkeit der Lithosphäre im "Sahara Metakraton" etwa 150 km.
Außerdem ergaben die Untersuchungen, dass der subkontinentale lithosphärische
Mantel im Kraton-Bereich relativ kalt und dicht ist. Dies konnte aus der höheren S-
Wellengeschwindigkeit im Vergleich zum umliegenden "Sahara Metakraton" abgeleitet
werden.

In dem bevorzugten Modell besteht unterhalb des Sahara Metakratons also eine
unterschiedliche Lithosphärenmächtigkeit mit einer gleichförmig moderat abgere-
icherten Komposition (die proterozoische SCLM-Komposition). Es wird vorgeschla-
gen, dass das Vorhandensein der relativ dünnen Lithosphäre unterhalb des "Sahara
Metakratons" außerhalb der kratonalen Überreste auf zeitlich verschiedene Ereignisse
zurückzuführen ist: im Präkambrium auf eine teilweise Delamination des subkon-
tinentalen lithosphärischen Mantels im Zeitalter des Neoproterozoikums und später
durch phanerozoische Prozesse wie dem mesozoisch- känozoischen Rifting und käno-
zoischen Mantelvulkanismus.
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Chapter 1

Introduction

High-resolution gravity �eld interpretations became of greater importance for both
geophysical and geodynamical models of the Earth. Such a high-resolution grav-
ity model is typically compiled from terrestrial gravity measurements. However,
they are not always available with suitable coverage. Today, terrestrial gravity data
are supplemented by equally high-resolution gravity �elds from satellite gravime-
try, which also allow the modelling of the gravity potential at a more regional scale.
This information allows also large-scale interpretation due to the long wavelengths
which are imaged in these �elds. In this thesis, interdisciplinary three-dimensional
modelling approaches are used for static and kinematic interpretations of the litho-
spheres of North Africa. The quality and coverage of the terrestrial gravity data for
the North Africa region as a whole were considered insuf�cient as it limited to a spe-
ci�c area. Focusing on Egypt, since I have access to the consistent terrestrial gravity
data which covering most part of the Egyptian territory provided by the GETECH
(Geophysical Exploration Technology). However, these terrestrial gravity data over
Egypt suffer data gaps as well as being heterogeneously distributed, which lead to
a low-resolution gravity �eld model, which, in turn, is not practical for a reliable
density structure modelling. Consequently, for Egypt and similar regions (e.g., the
entire North Africa area), there is a persistent need to develop high-resolution re-
gional combined gravity models based, mainly, on the terrestrial gravity data that
have recently become available. In the framework of my PhD thesis these studies
were carried out in the research group “Satellite- and Aerogeophysics” at Christian-
Albrechts-University in Kiel, because their members have many years of experience
in gravity data processing and the interpretation of large-scale tectonic structures, as
well as many years of experience in the acquisition of satellite gravity data.

For the development of the combined gravity model, the long wavelength signal
from GOCE satellite-only model developed with the space-wise solution has been
integrated with the terrestrial data retrieved from approximately 56000 gravity sta-
tions of the Getech data, acquired in the framework of the African Gravity Project
(Fairhead et al., 1988). The newly combined gravity model was used to build a de-
tailed density model for Egypt in order to mapping the Moho depths. GOCE satellite
gravity data is inverted in order to build an initial crustal thickness map precedent
to performing a detailed, three-dimensional density model of Egypt constrained by
available deep seismic refraction, receiver functions analysis, borehole, and geolog-
ical information. This model was prepared by using the Interactive Geophysical
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Modelling Assistant (IGMAS+) software, which is a 3D geo-modelling package de-
veloped based on the simultaneous forward modelling of gravity, gravity gradients,
and magnetic �elds (Götze and Lahmeyer, 1988; Schmidt et al., 2010; Alvers et al.,
2014; Alvers et al., 2015; Schmidt, Barrio-Alvers, and Götze, 2015). In general, high-
resolution mapping of Moho depths is fundamental and results in a better under-
standing of the geometrical structure of the subsurface and the geodynamical evo-
lution of the study area and, consequently, it can be used for both the prediction and
mitigation of geohazards, e.g., earthquakes. Moreover, the knowledge of a precisely
modelled crust would increase the potential to target and extract natural resources
as well as to understand regional dynamics. A better understanding of the deep
structures can help to improve also heat �ow modelling and the prediction of source
rock maturity and hydrocarbon accumulations (Allen and Allen, 2005; Hantschel
and Kauerauf, 2009; Bouman et al., 2015).

From the theoretical viewpoint, each interpretation of gravity data is ambigu-
ous. Therefore, it is an important concern of the presented thesis to �nd data con-
straints for the forward modelling and data inversion: thus data of deep seismic
refraction, wide-angle re�ection, receiver functions, and ambient noise tomography
have been compiled from recent publications and a few from �eldwork. Temper-
ature and the composition of the lithosphere are key parameters in modern litho-
spheric modelling, since they determine the physical properties (elasticity, rheology,
density, etc.) which control the dynamics of the Earth's interior. The modelling in
the present work is based on both static interactive forward modelling techniques
and integrated geophysical-petrological methodology. Elevation, geoid, gravity, its
gradients, surface heat �ow, and seismic and upper mantle petrological data will
be combined and interpreted simultaneously and compared with results of earlier
modelling.

The model part of the thesis was linked to the tectonics of Egypt with the regional
North Africa enigmatic tectonic unit ”Saharan Metacraton” by study the underlying
(deep) structures in the crust and upper mantle. In general, cratons are stable tec-
tonic units that have not been affected by major tectonic or magmatic events for
a long time, possibly since the time of their formation (e.g., (Black and Liégeois,
1993)). The stability of cratons has been largely attributed to the presence of thick,
cold, depleted and anhydrous sub-continental lithospheric mantle that is isolated
from the surrounding convecting mantle. However, it has been realized that cra-
tons can lose their long-lasting stability through geodynamic processes leading to
their total destruction (referred to as decratonization by (Yang et al., 2008) or partial
destruction (referred to as metacratonization by (Abdelsalam, Liégeois, and Stern,
2002)). The Saharan Metacraton is a former craton that has been remobilized during
tectonic and/ or thermal events but can still be recognized through its rheologi-
cal, geochronological and isotopic characteristics (Abdelsalam, Liégeois, and Stern,
2002). It was once an intact Archean-Paleoproterozoic craton but was remobilized
(metacratonized) during the Neoproterozoic due to partial loss of its sub-continental
lithospheric mantle during collisions along its margin. The partial loss of the sub-
continental lithospheric mantle might have allowed for the preservation of cratonic
remnants within the metacraton. Consequently, the three-cratonic blocks (Al-Kufra,
Murzuq, and Chad) are escaped the metacratonization process and preserved as cra-
tonic remnants.
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In terms of the origin and development of the Saharan Metacraton lithosphere,
there are some challenging questions: Are we able to model these three cratonic
remnants? Are these cratonic blocks different from the density and temperature
properties than the surrounding Metacraton? At which depth can we still model
the three cratonic remnants? How compatible are our model with the recent seismic
tomography model?

What is the role of the thermal anomaly for cratonic modi�cations along the Sa-
haran Metacraton? The presence of magmatism along the cratonic blocks bound-
aries, where the Cenozoic volcanic �eld is present might have induced the process
that modi�ed the lithospheric mantle beneath the SMC, which may �nally lead to the
gravitational instability and destruction of the lower part of the lithosphere (Fezaa
et al., 2010; Liégeois et al., 2013). Moreover, a high-temperature anomaly is imaged
around the cratonic blocks within the SMC and its distribution correlates well with
the location of the recent volcanism in the region. This anomaly seems to be re-
lated to the upwelling of the sub-lithospheric material, which creates forced down-
wellings and erosion of the basal parts of the lithosphere.

At present, there is no general agreement as to the actual causes, processes, and
extent of lithospheric modi�cation associated with the removal/modi�cation of the
SCLM beneath SMC (Abdelsalam, Liégeois, and Stern, 2002). Proposed geodynamic
models include, but are not limited to delamination of cratonic root (Lemni� et al.,
2017), thermomechanical erosion due to asthenospheric upwelling, to that the cra-
ton was subjected to collisional events in the Neoproterozoic along its entire mar-
gins and potential mantle plumes in the underlying asthenosphere (Burke, 1996). In
order to answer these questions, we study the density, thermal, and compositional
structure of the Saharan Metacraton lithosphere. A model of the thermal and compo-
sitional structure of the lithosphere provides crucial information for understanding
the present-day lithospheric features and geodynamic processes. Therefore, a reli-
able crustal structure model needs to be de�ned throughout the modelling process.

Thesis objectives

This thesis has the following major objectives:

� Compile and homogenize the existing gravity database for Egypt.

� Develop a combined regional gravity �eld model of Egypt which can serve as
a base of geodetic and geophysical applications.

� Build a detailed 3D density model for Egypt from the high-resolution gravity
data, constraining with the available seismic data (e.g., Receiver function, deep
seismic pro�les) and geological information.

� Providing a 3D crustal and lithospheric thickness map of the area of Egypt
and Saharan Metacraton that are consistent with the available seismic data and
tomography models.
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� Modelling the lithospheric mantle structure, combining geophysical and petro-
logical data. This task will allow the characterization of the lithospheric man-
tle in the Saharan Metacraton, through the de�nition of the geometry of the
lithosphere-asthenosphere boundary, mantle compositional variations, and dis-
tribution of mantle temperature, density, and seismic velocity anomalies.

� Understanding the regional lithospheric structure of SMC with related to the
geodynamic history of the region.

Thesis Structure

This thesis includes �ve chapters, three main chapters in addition to the introduc-
tion and conclusion. Each chapter includes a published or ready for submission
manuscript; a brief outline of each chapter is given here:

Chapter 1 represents the research framework of the thesis and the research ob-
jectives. It also includes a description of the thesis structure.

Chapter 2 presents the development of the combined regional gravity model by
integrating satellite and homogenous terrestrial data applying the remove-compute-
restore technique and least-square collocation procedure. The study presented here
is from an article published in Pure and Applied Geophysics (Sobh et al., 2018).

Chapter 3 discuss how the crustal thickness model of Egypt was developed
based on the gravity inversion and 3D forward gravity modelling. This chapter
is written based on a published paper in Tectonophysics (Sobh et al., 2019).

Chapter 4 presents the density, thermal, compositional, and velocity structure of
the Saharan Metacraton lithosphere through an integrated petrological-geophysical
modelling using LitMod3D. This chapter is based on a manuscript in preparation.

Chapter 5 provides the main conclusions of the dissertation. Additionally, it
discusses the suggestions for the future directions of research.

Contributions

The two published manuscripts and the other manuscript, which is ready for sub-
mission, form the core of this thesis and constitute the main scienti�c effort devel-
oped therein.

Manuscript I (Sobh et al., 2018) : Regional Gravity Field Model of Egypt Based on
Satellite and Terrestrial Data. Pure Appl. Geophys. 2018, 1–20.
https://doi.org/10.1007/s00024-018-1982-y.
Authors : Mohamed Sobh, Ahmed H. Mansi, Simon Campell, and Jörg Ebbing.
Contributions : Mohamed Sobh made the computations, created the �gures and
wrote the main part of the paper. Jörg Ebbing veri�ed the method and supervised
the �ndings. Simon Campell provided the terrestrial gravity data from Getech Com-
pany. Ahmed H. Mansi computed the terrain corrections using the GTE program.
All authors discussed the results and contributed to the �nal manuscript.

Manuscript II (Sobh et al., 2019) : Inverse and 3D forward gravity modelling for the
estimation of the crustal thickness of Egypt. Tectonophysics, 752, 52-67.
https://doi.org/10.1016/j.tecto.2018.12.002
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Authors : Mohamed Sobh, Jörg Ebbing, Ahmed H. Mansi, and Hans-Jürgen Götze.
Contributions : Mohamed Sobh made the computations, created the �gures and
wrote the main part of the paper with help from all other authors. All authors
jointly contributed to discussions. Jörg Ebbing, Ahmed H. Mansi, and Hans-Jürgen
Götze provided critical feedback and helped shape the research, modelling, and
manuscript.
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Chapter 2

Manuscript I: Regional Gravity
Field Model of Egypt Based on
Satellite and Terrestrial Data

Abstract

This study presents a recent combined regional gravity �eld model over Egypt, de-
veloped by integrating satellite and terrestrial data via applying the remove-compute-
restore (RCR) principle and the least-squares collocation (LSC) procedure. A high-
resolution digital terrain model was exploited for the computation of the terrain and
residual terrain corrections. Hereby, all the signals that can be modelled or deter-
ministically computed are considered known and then removed in order to reduce
the order of magnitude of the input gravity data prior to applying the LSC. Sev-
eral GOCE-only and combined global geopotential models (GGMs) have been thor-
oughly investigated with respect to the EGM2008, in which the space-wise (SPW)
solution, namely the SPW-R5 model, demonstrated the best performance. For the
development of the combined model, the SPW-R5 GGM has been integrated with
both the EGM2008 GGM and the terrestrial data retrieved from 56,250 gravity sta-
tions of the Getech data, acquired in the framework of the African Gravity Project.
The combined regional gravity model was compared to the state-of-art XGM2016
global gravity model. The standard deviation of the differences is 18.0 mGal in
terms of Bouguer anomalies. The combined regional model �ts well with the ter-
restrial gravity data along the chosen North-South oriented pro�le through the Nile
Delta region. The improvements of the developed combined regional model over
the XGM2016 are due to the use of a more extensive terrestrial dataset. In conclu-
sion, our model is more suitable than solely using ground data or GGMs for regional
density modelling over Egypt. As an example, the comparison of using a global or
regionally de�ned gravity model with the forward gravity modelling based on Saleh
(Acta Geodaetica et Geophysica Hungarica 47(4):402–429, 2012) density model is
performed.

2.1 Introduction

High-resolution regional gravity �eld models are of great importance for both geo-
physical and geodynamical applications, e.g. reliable density structure modelling of
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the crust and lithosphere (Shih et al., 2015; Sampietro, Mansi, and Capponi, 2018b).
Such a high-resolution gravity model can be typically estimated from terrestrial
gravity measurements, which are not always available with a suitable coverage den-
sity. On the other hand, the global geopotential models (GGMs) derived from satel-
lite observations can only contribute to the long wavelength signal.

There is a distinction between satellite-only models, e.g. the Laser Geodynamics
Satellites (LAGEOS) (Yoder et al., 1983), CHAllenging Minisatellite Payload (CHAMP)
(Reigber, Schwintzer, and Lühr, 1999), Gravity Recovery And Climate Experiment
(GRACE) (Tapley et al., 2004), and, recently, the Gravity Field and Steady-State
Ocean Circulation Explorer (GOCE) (Drinkwater et al., 2003; GOCE, 2010), and com-
bined ones. Currently, several different combined GGMs such as the Gravity Obser-
vation Combination solutions (GOCO) (Pail et al., 2010), the European Improved
Gravity models of the Earth by New techniques (EIGEN6C4) (Bruinsma et al., 2014),
and the GOCE and EGM2008 combined model (GECO) (Gilardoni, Reguzzoni, and
Sampietro, 2016) have been produced. These models comprise non-homogeneous
terrestrial datasets, which is re�ected as biases and distortions within the �nal grav-
ity �eld model (Gatti, Reguzzoni, and Venuti, 2013). On the one hand, in the last
decade, the International Association of Geodesy (IAG) has been interested in es-
tablishing a reliable geoid for the African continent as a whole (for instance, see
(Abd-Elmotaal et al., 2018), where the Getech data, utilised in the current research,
were not available), and accurate local/regional geoids for each state. For the geoid
determination and geodetic applications, the interested reader is referred to (Abd-
Elmotaal, 2008; Hanafy and El Tokhey, 1993; Alnaggar, 1986; Dawod, 2008), where
the Egyptian geoid has been estimated exploiting the available terrestrial and the
GGMs built utilising the CHAMP and GRACE missions.

In particular, the terrestrial gravity data over Egypt suffers large data gaps as
well as being heterogeneously distributed, which lead to a low-resolution gravity
�eld model, which, in turn, is not practical for a reliable density structure mod-
elling. Consequently, for Egypt and similar regions, there is a persistent need to
develop high-resolution regional combined gravity models based, mainly, on the
recently-made-available terrestrial gravity data.

Hence, the best-�tting regional gravity models are derived by implementing
the Remove-Compute-Restore (RCR) procedure and the Least-Squares Collocation
(LSC) algorithm to integrate the available ground-based gravity data (Sec. 2.2.1) with
GOCE-based GGMs (Sec. 2.2.2).

As a preliminary step, the GOCE-based GGMs were evaluated/assessed using
independent ground-based gravity data in order to exclusively concentrate on those
models that closely-describe the gravity �eld over Egypt and to understand within
which spectral bands they deliver improved information. Accordingly, after the
evaluation and modelling processes, the capabilities of the developed combined
model were assessed by forward-compute the Bouguer anomaly �eld along a North-
South oriented transversal pro�le that passes through the Nile Delta region based on
the well-constrained density model proposed by (Saleh, 2012).

This paper is organized as follows: Sec. 2.2 gives a brief description of the various
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utilised datasets. Then, the methodology to evaluate the performance of GOCE-
based GGMs with respect to the XGM2016 (Pail et al., 2016) model and terrestrial
gravity data is reviewed in Sec. 2.3. Sec. 2.4 reviews the computation of the regional
gravimetric model, integrating the terrestrial data, the SPW-R5 solution, and the
EGM2008 global model, via the RCR method and LSC algorithm. Sec. 2.5 discusses
the model validation, whereas details on the forward density modelling process are
given in Sec. 2.6. Finally, some relevant conclusions regarding the assessment of the
regional gravity modelling using combined GOCE-based data and terrestrial gravity
observations are drawn in Sec. 2.7.

2.2 Datasets

The datasets used in this study consist of (1) terrestrial free-air (FA) gravity anoma-
lies, (2) gravity �eld in terms of gravity anomalies derived from the GOCE-based
GGMs and the XGM2016 (Pail et al., 2016) model, and (3) high-resolution (3” � 3”
arc-second) topographic heights provided in terms of a digital terrain model (DTM)
over the study area.

2.2.1 Terrestrial Gravity Data

A regular 5 0� 50arc-minute grid of FA gravity anomalies, extended over Egypt, was
provided by the Getech. This grid was developed using a simple interpolation algo-
rithm over the 56250 observation stations, acquired in the framework of the African
Gravity Project (Fairhead et al., 1988). Fig. 2.1 shows the distribution of those gravi-
metric stations projected onto a topographic map. As some of these data were col-
lected long before the GNSS/GPS era, the major sources of errors that contaminate
the data are the inaccurate estimates of the positions and heights of the stations. For
most surveys, details on the accuracy and/or errors are neither separately provided
nor reported within the acquisition logs metadata. The data provider has suggested
an accuracy of 1.0 mGal. However, it is expected that the accuracy of the provided
FA gravity anomalies, based on the noticeable high-inhomogeneity should be sub-
stantially lower in the majority of the study area.

Since the processing of the Getech gravity data is not clearly understood, by the
common user, and that the data provider recommends the 1.0 mGal accuracy, it is
dif�cult to assess the actual accuracy of the data used for creating the FA grid. How-
ever, considering that the BGI (Bureau Gravimétrique International) gravity data
over the Egyptian territory have been included for the generation of the previous
50� 50arc-minute grid of gravity anomalies, we have attempted to assess the predic-
tion accuracy by comparing each validated BGI gravity observation with its corre-
sponding Getech grid-based predicted value using the Spline interpolation. Fig. 2.2-
a shows the spatial distribution of the 320 BGI gravity stations used for such a val-
idation. The residuals range between � 20.83 and 20.26 mGal with a mean value of
about � 0.43 mGal and a standard deviation (STD) of 7.01 mGal. Fig. 2.2-b shows the
histogram of the Getech grid data evaluation, where the residuals show a Gaussian
normal distribution. The analysis of the results proves that such a gridded gravity
dataset is suitable for geophysical applications such as the purpose of this research,
i.e. regional density modelling.
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Figure 2.1: The spatial distribution of the available terrestrial gravity stations over Egypt
projected onto a topographic map; unit [m].

2.2.2 GOCE-Based GGMs and XGM2016

The various existing GOCE-based GGMs are globally optimized, therefore they, gen-
erally, exhibit similar characteristics when the gravitational signal is analysed on a
global scale. Still, these models can differ, especially, when the gravity �eld is stud-
ied on a local or regional scale. Hence, three recent GOCE-based GGMs, based on the
space-wise (SPW) (Gatti et al., 2016), direct-wise (DIR) (Bruinsma et al., 2013), and
time-wise (TIM) (Pail et al., 2010) approaches, have been utilized in order to cross-
validate the terrestrial FA gravity anomalies. While the development of the SPW-R5
solution exploited the full GOCE gradiometry mission, both the DIR-R5 and TIM-R5
solutions only used about 42 months of GOCE measurements. In details, the latter,
namely the TIM-R5, has been considered the core data in developing the GOCO5S
combined model (Mayer-Güerr, 2015). These models are available in terms of spher-
ical harmonic (SH) coef�cients. For more details about the model differences, see
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