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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 zuverldsslige Modellierung der Dichtestruktur ist Grundlage fiir ein fundiertes
Studium der Lithosphére. Dieses ist wiederum unerldsslich fiir das Verstandnis
der Geodynamik im jeweiligen Untersuchungsgebiet. Die Entwicklung eines ver-
lasslichen Modells hingt von der Verfiigbarkeit eines qualitativ hochwertigen, re-
gionalen Schwerefeldes ab. Dieses muss aus verschiedenen heterogenen Beobach-
tungsdaten Zusammengefiigt werden, deren Spektralgehalt, Abdeckung und rdum-
liche Auflosung oft unterschiedlich sind. Auf der anderen Seite konnen die aus
Satellitenbeobachtungen abgeleiteten globalen Potentialmodelle nur zum langwelli-
gen Signal beitragen. Diese Studie préasentiert ein neues kombiniertes Regional-
Schweremodell fiir Agypten, 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.

Fiir die Entwicklung des kombinierten Schweremodells wurde zunéchst das lang-
wellige Signal des Schwerefeldes verwendet, das ausschliefilich aus den Beobach-
tungen des GOCE Satelliten berechnet wurde (satellite-only model mit flichenhafter
Losung); 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. Schliefilich wird dieses kombinierte regionale Schweremodell genutzt,
um ein umfangreiches dreidimensionales Modell der Krusten-Dichtestruktur in Agypten
zu erstellen, das auch die Tiefe der Moho abbildet.

Das 3D Dichtemodell der Kruste in Agypten wird mit verfiigbaren Informatio-
nen aus tiefen seismischen Refraktionsmessungen, aus der Analyse von "receiver-
functions", Bohrlochdaten und geologischen Informationen abgesichert. In Agypten
sind seismische Daten nur spérlich vorhanden und unregelméafsig verteilt. Aus diesem
Grund wurde die Krustenméchtigkeit durch die Kombination von seismischen und
gravimetrischen Daten ermittelt. Dazu wurden die Satellitendaten invertiert, um
ein Anfangsmodell zu generieren. Spiter folgte eine detaillierte 3D Vorwartsmodel-
lierung der Schwere. Die initiale Krustenméchtigkeit wurde durch Daten aus einer
nichtlinearen Inversion der Seismik abgesichert. Der durch Schwereinversion bes-
timmte Verlauf der Moho ist in guter Ubereinstimmung mit den Ergebnissen der
seismischen Untersuchungen und wird fiir die 3D Vorwéartsmodellierung weiter
verwendet. Das 3D Krustenmodell zeigt eine hochaufgeloste Tiefenstruktur der
Moho, die die wesentlichen geologischen und tektonischen Merkmale abbildet.

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

Der partielle Verlust des SCLM konnte die Konservierung kratonaler Relikte
innerhalb des Metakratons begiinstigt haben. Die Existenz dieser moglicherweise
noch bestehender Reste im Bereich des "Sahara Metakratons" wird mit Hilfe einer
integralen Modellierung auf der Grundlage von geophysikalischen, petrologischen
und geologischen Informationen tiber die Kruste und den lithosphirischen Mantel
untersucht. Die kratonalen Relikte sind von paldozoisch-mesozoischen Sediment-
becken {tiberlagert und von topografischen Erhebungen markiert, die im Zusam-
menhang mit dem kénozoischen Vulkanismus stehen: hierzu zdhlt das Ahaggar-
Gebirge, Tibesti und Darfur Dome. Es konnte nachgewiesen werden, dass die drei
kratonalen Uberreste mit einer relativ dicken Lithosphére unterlagert sind (mit der
grofiten Machtigkeit von ca. 200 km unter Al-Kufra). Im Vergleich dazu betragt die
durchschnittliche Machtigkeit der Lithosphédre im "Sahara Metakraton" etwa 150 km.
Auflerdem ergaben die Untersuchungen, dass der subkontinentale lithosphérische
Mantel im Kraton-Bereich relativ kalt und dicht ist. Dies konnte aus der htheren S-
Wellengeschwindigkeit im Vergleich zum umliegenden "Sahara Metakraton" abgeleitet
werden.

In dem bevorzugten Modell besteht unterhalb des Sahara Metakratons also eine
unterschiedliche Lithosphdrenméchtigkeit mit einer gleichférmig moderat abgere-
icherten Komposition (die proterozoische SCLM-Komposition). Es wird vorgeschla-
gen, dass das Vorhandensein der relativ diinnen Lithosphére unterhalb des "Sahara
Metakratons" au8erhalb der kratonalen Uberreste auf zeitlich verschiedene Ereignisse
zurlickzufiihren ist: im Prakambrium auf eine teilweise Delamination des subkon-
tinentalen lithosphédrischen Mantels im Zeitalter des Neoproterozoikums und spater
durch phanerozoische Prozesse wie dem mesozoisch- kdnozoischen Rifting und kédno-
zoischen Mantelvulkanismus.
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Chapter 1

Introduction

High-resolution gravity field 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 fields 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 fields. 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 insufficient as it limited to a spe-
cific 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 field 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 fields (Gotze and Lahmeyer, 1988; Schmidt et al., 2010; Alvers et al.,
2014; Alvers et al., 2015; Schmidt, Barrio-Alvers, and Gotze, 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 flow 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 find data con-
straints for the forward modelling and data inversion: thus data of deep seismic
refraction, wide-angle reflection, receiver functions, and ambient noise tomography
have been compiled from recent publications and a few from fieldwork. 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 flow, 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 modifications along the Sa-
haran Metacraton? The presence of magmatism along the cratonic blocks bound-
aries, where the Cenozoic volcanic field is present might have induced the process
that modified the lithospheric mantle beneath the SMC, which may finally 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 modification associated with the removal/modification of the
SCLM beneath SMC (Abdelsalam, Liégeois, and Stern, 2002). Proposed geodynamic
models include, but are not limited to delamination of cratonic root (Lemnifi 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 defined throughout the modelling process.

Thesis objectives
This thesis has the following major objectives:

e Compile and homogenize the existing gravity database for Egypt.

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

e 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 profiles) and geological information.

e 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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e 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 definition of the geometry of the
lithosphere-asthenosphere boundary, mantle compositional variations, and dis-
tribution of mantle temperature, density, and seismic velocity anomalies.

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

Thesis Structure

This thesis includes five 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 scientific 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 Jorg Ebbing.
Contributions: Mohamed Sobh made the computations, created the figures and
wrote the main part of the paper. Jorg Ebbing verified the method and supervised
the findings. 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 final 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, Jorg Ebbing, Ahmed H. Mansi, and Hans-Jiirgen Gotze.
Contributions: Mohamed Sobh made the computations, created the figures and
wrote the main part of the paper with help from all other authors. All authors
jointly contributed to discussions. Jorg Ebbing, Ahmed H. Mansi, and Hans-Jiirgen
Gotze provided critical feedback and helped shape the research, modelling, and
manuscript.

Manuscript III in preparation: Lithospheric structure of the Saharan Metacraton
from 3D integrated petrological-geophysical modelling.

Authors: Mohamed Sobh, Jorg Ebbing, Ahmed H. Mansi, Hans-Jiirgen Gotze, and
Mohamed G. Abdelsalam.

Contributions: Mohamed Sobh did all modelling and inversion, created the figures,
participated in discussions and interpretations and wrote the manuscript with sup-
port from Jorg Ebbing. All authors jointly contributed to discussions.






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 field 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 fits well with the ter-
restrial gravity data along the chosen North-South oriented profile 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 defined 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 field 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 Liihr, 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 reflected as biases and distortions within the final grav-
ity field 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
tield 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-fitting 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 field 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 field along a North-
South oriented transversal profile 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 field in terms of gravity anomalies derived from the GOCE-based
GGMs and the XGM2016 (Pail et al., 2016) model, and (3) high-resolution (3" x 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 x 5" arc-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 uset, and that the data provider recommends the 1.0 mGal accuracy, it is
difficult 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
5" x 5" arc-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 field 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-Giierr, 2015). These models are available in terms of spher-
ical harmonic (SH) coefficients. For more details about the model differences, see
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Figure 2.2: A- The spatial distribution of the 320 BGI gravity stations; Unit [degree] and B-
the histogram of the discrepancies between the BGI dataset and the Getech-based predicted
values; unit [mGal].

(Pail et al., 2011).

The XGM2016 model (Pail et al., 2016) has been used as the state-of-the-art high-
resolution GGM in order to assess the considered GOCE-only and combined GGMs.
The XGM2016 is a preparation release of the planned Earth Gravitational Model
2020 (EGM42020) that will succeed EGM2008 (Pavlis et al., 2008). For instance, the
XGM2016 combines recent terrestrial gravity data with the latest satellite gravity ob-
servations from GRACE, GOCE, and altimetry up to a maximum SH degree/order
(d/o) of 719.

2.2.3 Digital Terrain Model

The availability of a high-resolution DTM is essential when locally /regionally com-
paring GOCE-based GGMs with the terrestrial gravity data since it would be used
to fill in the remaining gravity signals beyond those provided by the maximum
d/o of GOCE-based models by computing the so-called Residual Terrain Model
(RTM) (Forsberg, 1984). The topographic heights collected by the Shuttle Radar To-
pography Mission (SRTM) with a resolution of 3 arc-second (= 90 m), shown in
Fig. 2.1, have been used. Such data are freely distributed via the public web service
(https:/ /1ta.cr.usgs.gov/SRTM) (Farr et al., 2007). Due to the low resolution of the
terrestrial gravity data, equivalent to 5 arc-minute, the 3 arc-second spatial resolu-
tion DTM was preferred over the other available high-resolution products, e.g. the 1
arc-second, in order to avoid the propagation of any uncorrected artefacts (Walker,
Kellndorfer, and Pierce, 2007; Arrell et al., 2008).
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2.3 Processing Strategy

2.3.1 Overview

The processing scheme that consists of three main steps, in which the output of one
step will serve as the input to the succeeding one, is explained as follows:

1. Comparison: cross-compare the performance of the investigated GOCE-based
GGMs, the XGM2016, and the terrestrial FA gravity signals, where the latter
takes the terrain reduction, i.e. the RTM method, into consideration;

2. Regional modelling: the gravity field, sewing together the ground observa-
tions, GOCE-based SPW solution, and the EGM2008 model, is estimated on
the basis of the RCR method and LSC technique;

3. Validation: the performance of the combined regional gravity model is vali-
dated using the high-resolution XGM2016 GGM and the well-constrained den-
sity model built for a transversal profile oriented North-South along the Nile
Delta region.

In order to decide which of the investigated GOCE-based GGMs would better model
the gravity field over Egypt, the synthesized signals, at least in theory, must be val-
idated using gravity-independent data. In practice, both the XGM2016 and a few
independent gravity stations that took the spectral consistency into consideration,

i.e. the short and very short wavelengths signals beyond the maximum d/o of the
GOCE-based GGMs, were used.

GOCE-based GGMs and the XGM2016 models are cross-compared at the same
spectral bands, where their SH syntheses have been constructed from d/o= 2 up to
Npax = 250 (with a step of d/o= 10). More attention was given to the d/o ranging
from 100 to 250, corresponding to a regional spatial resolution that approximately
varies between 200 and 80 km (20000 km/degree), respectively, to examine which
GGM closely-approximated and better-described the gravity field over Egypt, espe-
cially at the medium-to-short wavelength spectral bands where they are expected
to deliver their improved information (Bruinsma et al., 2013; Sampietro, Mansi, and
Capponi, 2018a).

The performance of the various investigated GOCE-based GGMs and the EGM2008,
with respect to a reference model, for instance, the XGM2016, in terms of degree dif-
ference amplitude (Acy,) are presented in Fig. 2.2. Such differences have often been
computed in order to quantify the powers of the signal and its corresponding gravity
field estimation error at various spatial wavelengths using Eq. 2.1.

GM L

where G is the Newtonian gravitational constant, M is the bulk-mass of the Earth,
Acy and As,,y, are the differences of the SH sine and cosine coefficients between the
GOCE-based GGMs and the corresponding ones of the XGM2016, n and m are the
SH degree and order, respectively, and Rg is the mean radius of the Earth at the ref-
erence ellipsoid = 6378.137 km.
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Figure 2.3: Degree difference amplitude of the gravity field anomalies of the various inves-
tigated GOCE-based GGMs as well as the EGM2008 model (from d/o= 2 to Ny = 250)
with respect to the corresponding signal from the XGM2016 model truncated at the same SH
d/o; unit [mGal].

From d/o 200 onward, the monotonic STD has rapidly increased for all the
GOCE-based GGMs solutions, since the coefficients beyond d/o 180-200 were esti-
mated with the use of Kuala’s rule (Kaula, 1966) and the signal-to-noise ratio (SNR)
noticeably diminished over d/o equivalent to 200 (Rummel, 2015). The SPW-R5
GGM, the fifth release of the SPW solution, provides a small degree difference ampli-
tude at lower SH degrees and, on the meantime, outperforms the other two official
European Space Agency (ESA) products, namely the DIR-R5 and TIM-R5 solutions,
as well as the GOCO5S GGM. The EGM2008 model has the least degree difference
amplitudes especially at higher SH degrees as a direct consequence of the usage of
the altimetry/terrestrial data into its development. Therefore, all above mentioned
GOCE-based GGMs will be analysed but only the plots related to processing the
SPW-R5 model, expected to deliver the best results, will be plotted.

2.3.2 Validations and Pre-processing of the Terrestrial Data

As a start, a quality assurance step is necessary as the terrestrial data were acquired
over a long time span with different measurement techniques without any quality
control /assurance metadata. Therefore, the data were first cross-validated (i.e., fil-
tered) and the existing outliers were tagged and removed. All the heights of the
56250 gravity stations were compared with the commensurate ones from the SRTM-
based DTM. The height discrepancies range between —685 m and 369 m with a mean
and STD of 5.9 and 72.9 m, respectively. All gravity stations with height differences
beyond +100 m, which corresponds to about 30 mGal in terms of FA anomaly val-
ues, were flagged and then filtered. Applying such an empirical outlier detection,
a total number of 6000 stations were identified and then removed as reported in
Fig. 2.4.
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Figure 2.4: Comparison of gravity station heights provided by the Getech dataset, (a) the
absolute heights, (b) the differences to the SRTM-based DTM, where the histogram of these
height differences, whose standard deviation equals 72.9 m, is reported on the lower left
corner, (c) the remaining heights after the removal of outliers; unit [m].

In order to evaluate the topographic effects by means of RTM, two DTMs were
used, namely the detailed and reference ones. The former is the actual high-resolution
DTM (a spatial resolution of 3 arc-second), while the latter is a smoothed DTM (of
5 arc-minute resolution that is consistent with the spatial resolution of the terres-
trial gravimetric data) obtained via applying a moving average window over the
detailed one. The two terrain correction signals, exploited to evaluate the RTM, are
computed by means of the Gravity Terrain Effects (GTE) software package (Sampi-
etro et al., 2016; Capponi, Mansi, and Sampietro, 2018).

The GTE software is an integration of the deterministic prism modelling and
fast Fourier transformation (FFT) techniques in order to maximize the accuracy of
the computed gravitational effects, at any given altitude as well as the surface of
the topography, minimizing the computational time (Sampietro et al., 2016). The
topography potential induced by the residual topographical masses between those
two DTMs is taken into account within the reduction process (Sampietro et al., 2017;
Zaki et al., 2018a). The topography effects on gravity in terms of RTM reduction
dgrrMm is approximated in (Forsberg, 1984).

First, the syntheses of the investigated GOCE-based GGMs, truncated at various
d/o, are compared to the XGM2016 signal, in terms of FA gravity anomalies, where
within Tab. 2.1, the statistics of only d/o 200 and 240 are reported for the sake of
simplicity. The STD of the differences for d/o 200 and 240 are at the level of 0.72
and 2.76 mGal, respectively. Therefore, d/o 200, in which all GGMs delivered the
minimum STD values, will be used as the integration SH threshold. Also, the SPW-
R5 will be exploited in the development of the combined model as it illustrated the
minimum statistics, in terms of minimum, maximum, and mean error values as well
as the lowest STD value.

After checking the height information and before the application of the LSC pro-
cedure, the acquired gravity values had to be validated. This validation was accom-
plished by thoroughly comparing the terrestrial observations to the syntheses of the
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Table 2.1: The statistics of the differences between the free-air gravity anomalies obtained
from GOCE-based GGMs truncated to d /o 200 and 240 and the corresponding signal calcu-
lated from the XGM2016 model; units [mGal].

Model O0AZFrA (Nimax = 200) O6AFA (Niax = 240)
Min Max Mean STD | Min Max Mean STD

SPW-R5 | -286 4.07 002 0.72 |-10.02 959 055 276
DIR-R5 329 449 013 079 | -843 820 025 333
TIM-R5 | -342 428 007 066 | 913 898 035 341
GOCOs5S | 464 534 020 140 | -1699 1581 149 6.16

SPW-R5 and XGM2016 GGMs in a restricted spectral bandwidth, up to d/o 200 and
719, respectively, without using the RTM signal. Consequently, the results of the
mutual-comparison of the data to the SPW-R5 and XGM2016 are shown in Fig. 2.5.
As expected, the differences resulting from the utilization of the SPW-R5 are high
in several regions, because GOCE resolution does not cover the short wavelengths
signals. The small differences obtained from the XGM2016 are justified as it contains
the medium-to-short wavelengths. Tab. 2.2 documents the main statistical proper-
ties of such a validation.
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Figure 2.5: The differences of the terrestrial gravity data with respect to (a) the SPW-R5
synthesized to d/o 200 and (b) the XGM2016 synthesized to d/o 719. The histogram of
the residuals whose standard deviation are 14.70 and 9.03, respectively, are reported on the
lower left corner; unit [mGal].
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Table 2.2: Statistical parameters of the differences between the terrestrial gravity data and
the global gravity field synthesised by the SPW-R5 and XGM2016 models up to Ny;ax = 240;
units [mGal].

| Anomaly | Min  Max Mean STD |

SPW-R5[d/0200] | -7831 5790 -390 14.70
XGM2016 [d/0 719] | -60.17 43.02 0.72  9.03

24 Combined Gravity Field Modelling over Egypt

In order to compute the combined regional gravity model integrating together the
available terrestrial data over Egypt with the SPW-R5 GGM, the classical RCR prin-
ciple has been applied. For more details on the application of the RCR technique in
geodesy, the interested reader is referred to (Moritz, 1980). In physical geodesy, the
RCR is considered one of the most widely applied Methods to remove the long and
very-short wavelengths contributions from the ground-based FA gravity anomalies,
then after performing the LSC process, all the removed signals are restored back.
Fig. 2.6 depicts the flowchart of the RCR principle followed for the evaluation of the
combined regional gravity model. In the following subsections, the remove, com-
pute, and restore steps are explicitly explained.

2.4.1 Remove Step

The effects of both the long and very-short wavelengths components of the gravity
field should be removed from the terrestrial FA gravity anomalies in order to com-
pute the residual field. Also, the data should be downward continued from their
actual altitude to the geoid, in theory, or the surface of the Earth, in practice, by per-
forming a downward continuation, but such a reduction step is out of the scope of
this work, and the interested reader is directed to (Mansi, Capponi, and Sampietro,
2018; Sanso and Sideris, 2016). The syntheses of all the investigated GOCE-based
GGMs truncated at d /o 200 are used to calculate the long wavelengths components.
Furthermore, the very-short wavelengths contributions of the gravity signal were
computed and removed exploiting the RTM method as shown in Fig. 2.7. The statis-
tics of the observed and residual gravity anomalies are reported in Tab. 2.3.

Table 2.3: Statistics of the observed gravity anomalies reduced for the gravity anomalies,
Agpiack of the SPW-R5 model; units [mGal].

‘ Anomaly ‘ Min Max Mean STD
AGobs -62.399 7280 -2.76 19.33
Agred = Agovs — AZGaM -59.190 4329 075 9.03

Agmj = Agobs — AgGGM — AgRTM 97960 65.45 -8.35 14.27

The results clearly show that removing the long wavelengths components yields
a substantial diminution of the data of about 53%, in terms of STD that dropped
from 19.33 to 9.03 mGal. However, a further reduction step that accounts for the
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Figure 2.6: Flowchart describing the computation of the regional gravity model based on the
RCR approach.
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Figure 2.7: Data preparation (remove step) for the LSC. (a) The terrestrial FA anomalies; (b)
the SPW-R5 (long wavelength component of the SPW GOCE solution); (c) the RTM and (d)
the final reduced signals; unit [mGal].

RTM signal, i.e. the removal of the very-short wavelengths contributions, increased
the variation of the data of about 58%, where the STD increased to 14.27 mGal, hence
additional improvements were not gained. Such abnormal results could be due
to limitations in the quality of the terrestrial gravity data provided by the Getech
for Egypt. Consequently, in our study case, the RTM reduction is not a beneficial
step and will not be accounted for within the development of the combined model.
A similar behaviour was observed during the geoid computation of Sudan using
Getech data (Godah and Krynski, 2015). Fig. 2.7 reports the reduced gravity signals,
the SPW-R5 GGM as well as the RTM contributions.
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2.4.2 Compute Step (LSC and Covariance Information)

The LSC method, introduced to geodesy by (Moritz, 1972; Moritz, 1978), is the most
used stochastic modelling technique to perform an optimal linear estimation for
gravity field parameters integrating different heterogeneous gravity data both in
spatial and frequency domains (Barzaghi et al., 1993; Gilardoni, Reguzzoni, and
Sampietro, 2012). (Krarup, 1969) gave a formula for the best linear unbiased esti-
mate of the signal (predictable stochastic part of a target quantity) in a Hilbert space
with a reproducing kernel as follows:

S=Cy(Cy+Cp) -1 (2.2)

where S is the target quantity to be estimated from the vector of observations [, C, is
the cross-covariance matrix that represents the signal covariance between the input
signals I and the target quantity S. Cj; is the auto-covariance matrix of the observa-
tion vector, and C,, is the variance-covariance matrix of the noise, which represents
the standard error of the observed gravity anomalies (in practice a diagonal matrix).
The covariance matrices C;; and C,, describe the statistical correlations of the signal
and noise components, respectively.

One of the key advantages of LSC is that it provides information about the errors
alongside with the estimated regional gravity field and geoid models in forms of
variances or even full variance-covariance matrix Cee (Moritz, 1989):

Cee = Css - Csl(cll + Cw)_l : Cls (2~3)

with C, represents the autocovaiance matrix of the signal. The LSC toolbox used in
this research is based on an algorithm developed by (Tscherning, 1992).

Regarding the modelling step, the quality of the inversion of gravity data highly
depends on the covariance function of the observations, i.e. the residual gravity sig-
nal, (Knudsen, 1987) as well as the covariance that accounts for the noise, if it exists
(Tscherning, 1985). Thereupon, such a task could be easily fulfilled by computing
the empirical covariance function (see Fig. 2.8) using the residual gravity signal by
the Empirical Covariance toolbox described in (Sampietro et al., 2017).

Then, one of the well-known covariance functions that best-fits the empirical
covariance function computed from the data has to be chosen as the theoretical co-
variance function. In our case, the empirical covariance function estimated for the
whole area of Egypt using the reduced gravity signal, Ag,.,, is fitted with a set of
n Bessel functions of the first order and zero degree (Kreh, 2012; Braitenberg et al.,
2016). Bessel functions exploit all the stochastic properties of the residual gravity
signal to its utmost, which, in turn, reduces the mis-fitting/modelling between the
empirical and theoretical covariance functions that can be mistakenly considered as
coloured noise (Braitenberg et al., 2016).

As a consequence, the theoretical covariance function is built as a linear com-
bination (with positive coefficients) of these n Bessel functions in the frequency do-
main, as shown in Fig. 2.8, exploiting the well-known relation between the 2D-power
spectral densities and Bessel functions (Watson, 1995), which guarantees to obtain a
positive definite covariance matrix (Mansi, 2016). Details on the theoretical aspects
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related to this procedure are reported in (Sampietro et al., 2017). Once the theoret-
ical covariance function is estimated, it can be used to build the covariance matrix
for the LSC procedure. In this step, the combination of the terrestrial data and the
SPW-R5 GGM signal, synthesized at the same coordinates of terrestrial stations, can

be straightforwardly performed if an estimate of the error of the SPW-R5 model is
available.

The empirical and theoretical covariance functions, represented in Fig. 2.8, ex-
hibit a good agreement up to 0.65° of spherical distance, before it reaches zero. These
estimated parameters were then utilized to calculate the residual gravity anomalies
on a regular grid of 5’ x 5’ spatial resolution. Having prepared all its constituents,
the LSC was performed according to Eq. 2.2 to generate the targeted combined re-
gional gravity field over Egypt.
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Figure 2.8: Empirical and analytical fitted covariance functions using different GGMs mod-
els; unit [mGal?].

2.4.3 Restore Step

At this point, the long and short wavelengths components of the gravity field can
be restored and summed up to the residual gravity anomalies in order to obtain the
full gravitational signal for the SPW-R5, DIR-R5, TIM-R5, and GOCO5S GGMs, as
shown in Fig. 2.9. The former can be restored using the FA gravity field derived from
the syntheses of the different GGMs truncated at d/o 200, whereas the latter is re-
coverable from the EGM2008 model synthesized from d/o 201 to its maximum d/o,
i.e. 719, in order to be compatible with the XGM2016. A note must be taken that the
one does not need to restore the RTM signal as it has not been considered within the
remove step because the reduced signal did not gain any improvements after taking
it into consideration. The statistics of the differences between the various developed
combined models and the XGM2016 model are reported in Tab. 2.4, where the SPW-
R5-based regional combined model delivered the minimum STD value of 8.75 mGal,
as expected. Therefore, the best combined regional gravity model for Egypt is com-
puted on basis of the SPW-R5 model, displayed in Fig. 2.10, by summing up all the
effects with the residual signal.
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Table 2.4: The statistics of the comparison between the XGM2016 model and the different
combined models computed on basis of the SPW-R5, DIR-R5, TIM-R5, and GOCO5S GGMs;

units [mGal].

‘ Model ‘ Min Max Mean STD ‘
XGM2016 - SPW-R5 | -126.72 102.07 0.69 8.75
XGM2016 - DIR-R5 -11897 104.38 1.29 9.59
XGM2016 - TIM-R5 -126.49 101.09 0.77 8.82
XGM2016 - GOCOS5S | -100.25 121.78 2.04 1046
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Figure 2.10: Comparison of the combined regional gravity model with the XGM2016 global
model. (a) The free-air gravity anomalies according to our combined model, (b) the Bouguer
anomalies (i.e. free-air anomalies reduced by the topographic effect) computed by the com-
bined model, (c) the free-air gravity anomalies synthesised from the XGM2016 global model,
and (d) the Bouguer anomalies retrieved by the XGM2016 global model. The black line
shows the location of the profile described in Fig. 2.12. The brown line P1 shows the lo-
cation of the profile described in Sec. 2.5 and the black line S1 displays the location of the
NorthEast-SouthWest cross-section S1; unit [mGal].

2.5 Combined Model Validation

Firstly, the Bouguer anomalies were computed by removing the gravitational effects
of the topographic masses from the developed combined regional gravity model,
computed by means of the GTE, as shown in Fig. 2.10, in order to validate the good-
ness of such a combined model. The estimated combined model in terms of FA and
Bouguer anomalies (Fig. 2.10-a and c) is compared to the XGM2016 model (Fig. 2.10-
b and d). Moreover, the differences evaluated by the combined regional gravity
models with respect to the XGM2016 (see, Fig. 2.5) illustrated the lowest STD of
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8.75 mGal for the SPW-R5-based combined model, see Tab. 2.4. A reminder must be
made here, that the computational steps have been systematically repeated in order
to compensate for the long wavelengths contributions using the DIR-R5, TIM-R5,
and GOCOS5S models, whose restored signals with respect to the XGM2016 are char-
acterized by STD values of 9.59, 8.82, and 10.46 mGal, respectively.

Hence, such differences could be seen as a direct reflection of the improvements
gained from the produced combined regional gravity model, which has accounted
for terrestrial data contribution, over XGM2016 model, where such data were not
used.

Furthermore, for an additional validation step, the radial average power spec-
trum of the combined gravity model, the XGM2016, and the SPW-R5 GGMs was
calculated. As illustrated in Fig. 2.9, the power of the combined model is evidently
higher in the short wavelengths band as a direct contribution of the terrestrial data.
That is due to the fact that the combined model has more details since it contains
short wavelengths attributes gained from the ground gravity data. The power of the
XGM2016 model lies in between both models, the combined model and the SPW-R5,
which is reasonable as it has a maximum d/o of 719.

A NorthEast-SouthWest cross-section, namely S1, was considered for a thorough
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Figure 2.11: The Spectral representation of the combined model (blue), the XGM2016 model
(purple), and the SPW-R5 GGM (red).

wavelengths comparison between the combined, the SPW-R5, and the XGM2016
models, see Fig. 2.10. It can be easily noticed, from Fig. 2.12, that the SPW-R5 signal is
the smoothest since it only contributes the long wavelengths. On the other hand, as
mentioned earlier, the combined model retrieved more detailed short wavelengths
as a direct contribution of terrestrial data. In contrast, the XGM2016 model, along
the cross-section S1, looks smoother in comparison to the combined model since it
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Figure 2.12: The differences between the combined model, the XGM2016, and the SPW-R5
GGM along NE-SW profile; unit [mGal].

2.6 Forward Density Modelling

As a geophysical application, the combined regional gravity model was utilised to
build a forward density model for the Delta region, located within the Northern
Egypt, where dense data are available. The 2D forward gravity modelling was ac-
complished using the IGMAS+ software (Gotze and Lahmeyer, 1988; Schmidt et al.,
2010).

The representative profile, named P1 (see Fig. 2.10), has been taken perpendicu-
lar to the general geological strike of the region oriented in the North-South direc-
tion. For the purpose of this research, the model set-up initially contained several
layers that were constrained by the interpretation of various deep seismic profiles
(Makris et al., 1982; Marzouk, 1988) with a fine-tuning applied on the geometry. The
density values of the sedimentary layers were estimated based on the available drill
wells studies executed over the Nile Delta area and those of the crust and upper
mantle were derived from the P-wave seismic velocity by converting the velocities
to density values using the approach of (Christensen and Mooney, 1995).

The model represents thick sedimentary basins from the North near the off-shore
area (more than 8 km) that thin towards the South. The Northern part of the model
shows a thin crust (~ 24 km) beneath the coastal line of the Mediterranean Sea,
with the crustal thickness increasing toward the South, reaching about 32 km (see
Fig. 2.13).

The original density model proposed by (Saleh, 2012) was constructed without
using any satellite gravity data. The calculated Bouguer anomaly represented as a
black solid line in Fig. 2.13 served as a reference model in order to compare these
estimated by the combined gravity model and the XGM2016 GGM.

The original model geometry and densities (Saleh, 2012) were kept fixed and subse-
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Figure 2.13: A vertical cross-section of a 3D density model from the P1 (N-S) profile over
the Nile Delta region (P1). The thin solid black line is the measured gravity anomaly, the
red solid line is the modelled gravity signal using the combined gravity model, and the blue
solid line is the calculated gravity using the XGM2016 model. The Geometry and the density
values of the model were retrieved from (Saleh, 2012).

quently, the Bouguer anomaly of the combined regional gravity model was forward-
calculated. The modelled signals almost perfectly match the observed gravity values
with a STD of 7.0 mGal for the residuals evaluated for the observed and modelled
signals. In contrast, the XGM2016 anomalies fit the general trend of the observed
data but with a higher STD equivalent to 18.0 mGal.

The produced mass deficit associated with the XGM2016 can be compensated
by an increase in the crustal and sediment density values or a decrease in the crustal
and sediment thickness. However, such scenarios lead to an unrealistic crustal struc-
ture, which deviates from the density model of (Saleh, 2012) that is seismically con-
strained. We aim to test the combined model with the existing model without any
changes. The displayed anomalies from the combined model along the cross-section
present a good agreement with the well-constrained density model (Saleh, 2012).
For our combined regional gravity model, the contribution of the terrestrial grav-
ity measurements improved the gravity signals in comparison with the XGM2016
model over the study region, since it has been generally developed using only a
limited number of terrestrial gravity points, over Egypt.

2.7 Conclusion

A new combined regional gravity model has been developed for Egypt utilizing the
recently-made-available terrestrial FA gravity anomalies integrated with the satellite
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gravity data. The terrestrial data used in this study, characterized by consistent grav-
ity and height values, were exploited for the first time over the Egyptian territory. A
quality control analysis has been done, for these terrestrial data, in order to exclude
the gravity points, which have large discrepancies with respect to the SRTM-based
DTM heights and/or positions in order to produce a homogeneous dataset that is
used for the development of the combined gravity field modelling.

In regards to the investigated GOCE-based gravity data, namely the SPW-R5,
DIR-R5, TIM-R5, and GOCO5S GGMs, the space-wise SPW-R5 solution, synthesized
up to a SH d/0 200, is found to be the best model to closely-approximate the gravity
field over Egypt, especially in terms of the long wavelengths components. Accord-
ingly, the classical RCR method and LSC technique have been applied in order to
reduce the order of magnitude of the terrestrial FA gravity observations and after-
wards integrate them with satellite gravity data.

Correspondingly, a combined model in terms of FA anomalies has been devel-
oped and compared with respect to the state-of-art XGM2016 model, which was
developed using a limited number of terrestrial gravity stations in Egypt, whose
performance has been thoroughly investigated. In order to test the combined grav-
ity model, the Bouguer anomaly data, which were calculated from the FA signal,
synthesized from the combined model, were forward-modelled using the IGMAS+
3D modelling along a transversal profile, P1, crossing the Nile Delta area from North
to South.

The modelled gravity signals, derived from the calculated combined gravity
model, are in a good agreement with the observed gravity signals producing residu-
als characterized by a low STD equivalent to 7.0 mGal compared with the residuals
of the XGM2016 that exhibited a STD of 18.0 mGal. This emphasizes that the devel-
oped combined regional gravity model delivers significant improvements over the
XGM2016 model as a result of jointly exploiting both the satellite and a large num-
ber of terrestrial gravity observations. The combined model would definitely be
of added-value for geophysical and geodetic applications where no or only sparse
ground data are available. In addition, the method may be useful when combining
other heterogeneous datasets of different resolution e.g. onshore gravity data with
offshore satellite data.
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Chapter 3

Manuscript II: Inverse and 3D
forward gravity modelling for the
estimation of the crustal thickness

of Egypt

Abstract

A 3D crustal density model for Egypt was compiled. It is constrained by available
deep seismic refraction, receiver functions analysis, borehole, and geological data.

In Egypt, seismic data are sparsely and irregularly distributed. Consequently,
we developed 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 deter-
mined by applying seismically constrained non-linear inversion, based on the mod-
ified Bott’s method and Tikhonov regularization assuming spherical Earth approx-
imation. Moreover, the gravity inversion-based Moho depth estimates are in good
agreement with results of seismic studies and are exploited for the 3D forward mod-
elling.

Crustal thicknesses range from 25 to 30 km along the rifted margins of the Red
Sea, which thin toward the Mediterranean Sea. Thicknesses in southern Egypt reach
values between 35 and 40 km. A maximum crustal thickness of 45 km is found in
the southwestern part of Egypt. Within the Sinai Peninsula, the thickness varies
from the shallow southern edge (~ 31 km) and increases toward the North (~ 36
km). Our model revealed a thick lower crust beneath the southern part of Egypt,
which can be associated with the crustal modification that occurred during the col-
lision of East Gondwana and the Saharan Metacraton along the Keraf suture zone
during the final assembly of Gondwana in the Neoproterozoic. Finally, the isostatic
implications of the differences between the seismic and gravity-derived Mohos are
thoroughly discussed.

In conclusion, the developed 3D crustal thickness model provides high-resolution
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Moho depth estimates that closely resembles the major geological and tectonic fea-
tures. Also, the existing correlation between the topography, Bouguer anomalies,
and Moho depths indicates that the investigated area is close to its isostatic equilib-
rium.

3.1 Introduction

The present-day structure and the dynamics of the lithosphere of Egypt and its ad-
jacent regions are controlled by the relative motion of three major tectonic plates:
the Eurasia, Africa, and Arabia. The interaction of these continental plate margins
causes a complex geodynamic setting. Therefore, mapping Moho depths can help to
understand the crustal structure, the degree and style of isostatic compensations of
continental plates, by lithospheric modelling techniques.

Seismic data such as derived from deep seismic refraction/wide-angle reflection, re-
ceiver functions and ambient noise tomography permit to perform the most robust
imaging of the subsurface, although they are sparsely distributed due to limited ac-
cess to the desert of Egypt. Gravity data has better spatial coverage and distribution
compared to seismic data and can, therefore, be considered complementary infor-
mation to resolve the crustal density and thickness variations (Aitken, Salmon, and
Kennett, 2013).

In general, high-resolution mapping of Moho depths is fundamental and leads
to a better understanding of the geometrical structure of the subsurface, the geo-
dynamical evolution of the study area and 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 struc-
tures can help to improve the heat flow modelling and the prediction of source rock
maturity and hydrocarbon accumulations (e.g., Allen and Allen, 2005; Hantschel
and Kauerauf, 2009; Bouman et al., 2015).

Regarding Egypt, a number of seismic studies have imaged the crust in the past
(e.g., Makris et al., 1979; Makris, 1983; Rihm, 1984; Makris, Rihm, and Allam, 1988;
Makris and Rihm, 1991; Rihm, Makris, and Moller, 1991; Dorre et al., 1997; Seber
et al., 2000; Tealeb, Gharib, and Hussein, 2003; El-Khrepy, 2008; Salah, 2011; Ab-
delwahed, El-Khrepy, and Qaddah, 2013; Hosny and Nyblade, 2014; Hosny and
Nyblade, 2016; Corchete et al., 2017). Most of these studies have explicitly focused
on the northern and eastern parts of the country, i.e. the Red Sea and the Mediter-
ranean Sea coastlines, respectively, while large data gaps away from the coast remain
(Fig. 3.1).

This study exploits satellite gravity data as well as terrestrial gravity observations
acquired over the study area, integrated with the results of the aforementioned ma-
jor seismic experiments as physical constraints for the development of the crustal
thickness model as well as to perform an interdisciplinary interpretation.

Since seismic data in Egypt are sparse and irregularly distributed, the main ob-
jective of this study is to develop a crustal thickness model for Egypt (Fig. 3.1) by
integrating both seismic and gravity data. First, satellite gravity data is inverted in
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Figure 3.1: The geographic map of Egypt and the spatial location of the constraining geo-
physical data. Cyan lines show the location of deep seismic profiles from (Makris, Rihm,
and Allam, 1988). Red lines show the location of the refraction seismic profiles from (Mar-
zouk, 1988). Blue circles indicate the location of the receiver functions results inside Egypt
from Hosny and Nyblade, 2016. Magenta triangles show the location of receiver functions
result around Egypt from (El-Isa et al., 1987; Webb et al., 2004; Al-Damegh, Sandvol, and
Barazangi, 2005; Mechie et al., 2005). The major geographic features are named and geo-
graphically positioned. The shaded digital elevation model in the background is derived
from the ETOPO1 model (Amante, 2009).

order to have an initial crustal thickness map precedent to performing a detailed 3D
forward gravity model constrained by independent information.

Because variations in the Moho boundary depth correspond to different geolog-
ical terranes, we compare the Moho map with the major surface geological units
within the study area.

This paper commences with a summary of Egyptian geological and tectonic set-
tings in Sec. 3.2. The data exploited for the present and previous Moho depths esti-
mates are thoroughly presented in Sec. 3.3. The implemented theory and methodol-
ogy for the development of the gravity-based Moho model in addition to the isostatic
state of the study area and the necessary corrections as well as the gravity inversion
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and the compilation of the 3D forward gravity modelling are described in Sec. 3.4.
The analyses and the final Moho model are presented in Sec. 3.5. The discussion is
held in Sec. 3.6, while some relevant conclusions are drawn in Sec. 3.7.

3.2 Tectonic Settings and Previous Geophysical Studies

This section is dedicated to the description of the tectonic settings as well as the
previous estimations of the Moho depths in the study area.

3.2.1 Tectonic and Geological Settings of Egypt

Egypt is primarily divided into four major provinces; the Arabian-Nubian Shield,
stable shelf, unstable shelf, and the Gulf of Suez-Red Sea graben (Said, 1962). The
Arabian-Nubian shield that consists mainly of Precambrian rocks, extends over large
parts of the Eastern Desert, the southern Sinai Peninsula, and the extreme southern
part of the Western Desert at the Uweinat area (southwest of Egypt). The stable shelf,
located in the North and the West of the Arabian-Nubian Shield, exhibits gentle tec-
tonic deformations, where the continental and epicontinental deposits such as the
Mesozoic Nubian Sandstone mainly represent its sedimentary cover. The sedimen-
tary sequence on the stable shelf is relatively thin of about 400 m near the Arabian-
Nubian shield and increases to, as thicker as, 2500 m near the transition zone into
the unstable shelf in the North. The Hinge Zone, located between the mobile shelf
and the miogeosynclinal basinal area, is characterized by a rapid thickening of the
Oligocene to Pliocene sediments and partially coincides with the present Mediter-
ranean coastal area (Fig. 3.2).

However, in southern Egypt, a number of granitic outcrops have been inter-
preted to be part of the much older Saharan Metacraton. Fig. 3.2 displays a sim-
plified geologic map of Egypt and the main tectonic provinces. The suture between
the Neoproterozoic terranes to the East and the Metacraton to the West is marked by
the Keraf shear zone. (Abdelsalam and Stern, 1996a; Abdelsalam and Stern, 1996b;
Abdelsalam et al., 1998). On the one side, Phanerozoic sedimentary rocks overlie
the Precambrian basement across most of the Egyptian territory. On the other side,
Palaeozoic sandstones and shales are found at the base of the sedimentary section,
which in many places are overlain by the Mesozoic sandstones, Paleogene and Neo-
gene limestones, sandstones, and conglomerates, and unconsolidated Quaternary
sediments.

3.2.2 Previous Moho Depths Studies of Egypt

The crustal thickness of Egypt has been previously investigated in a number of
studies, summarised in Table 3.1 and Fig. 3.1. However, most of these studies fo-
cused on the northern and eastern parts of the country, along the Red Sea and the
Mediterranean Sea, by elaborating the older seismic refraction, receiver functions
studies, and ground-based gravity measurements. Specifically, most of such stud-
ies are based on seismological analyses, e.g., local earthquake travel time inversion
(Abdelwahed, El-Khrepy, and Qaddah, 2013), seismic profiles (Makris et al., 1979;
Makris, 1983; Gaulier et al., 1988; Marzouk, 1988; Makris and Rihm, 1991; Rihm,
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Figure 3.2: The simplified geologic map of Egypt, redrawn after the geological map of the
Egyptian Geological Survey and Mining Authority 1981. Black dashed lines show the loca-
tions of the main tectonic provinces after (Said, 1962).

Makris, and Moller, 1991), or deep seismic sounding (Ginzburg et al., 1981; EL-
Hadidy, 1995; Segev et al., 2006). (Corchete et al., 2017) determined the crustal
and uppermost mantle structure in north-eastern Egypt based on the Rayleigh wave
analyses. While, (Hosny and Nyblade, 2014) modelled P-wave receiver functions
around Lake Nasser in southern Egypt, for a single station in north-eastern Egypt
and they extended their research to include the all-broadband beneath all seismic
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stations in Egypt (Hosny and Nyblade, 2016).

Table 3.1: Previous Moho depths estimates for Egypt (see Fig. 3.1). The methodology is also
indicated; unit [km].

Area References Method Depth Esti-
mates
Sinai Peninsula Marzouk, Seismic refraction 30-35
1988
Saleh et al., | Gravity 31
2006
Abdelwahed, | Local earthquake travel time | 31-35
El-Khrepy, inversion
and Qaddah,
2013
Ginzburg et | Deep Seismic Sounding 33-35
al., 1981
Hosny  and | Receiver Functions 32-38
Nyblade, 2016
Corchete et al.,, | Rayleigh wave analysis 30-35
2017
Northern Egypt | Makris et al., | Seismic refraction 30-32
and SE Mediter- | 1991
ranean
Segev et al.,, | Deep Seismic Sounding 30-35
2006
Dorre et al., | Gravity 30-32
1997
Abdelwahed, | Local earthquake travel time | 29-31
El-Khrepy, inversion
and Qaddah,
2013
NW Red-Sea Salah, 2011 Receiver Functions 31
Cairo El-Khrepy, Seismic refraction 33
2001
Fayoum Makris et al., | Seismic refraction 32.5
1979
Dahshour Makris et al., | Seismic refraction 31-33
1979
Middle Egypt Marzouk, Seismic refraction 32
1988
Dorre et al., | Gravity 30-32
1997
Abdelwahed, | Local earthquake travel time | 32-33
El-Khrepy, inversion
and Qaddah,
2013
Continued on next page
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Area References Method Depth Esti-
mates

EL-Hadidy, Deep Seismic Sounding 31
1995

Western Desert Makris, Rihm, | Seismic refraction 33-35
and Allam,
1988
Dorre et al., | Gravity 32-34
1997
Abdelwahed, | Local earthquake travel time | 38
El-Khrepy, inversion
and Qaddah,
2013

Upper Egypt Makris, Rihm, | Seismic refraction 34
and Allam,
1988
Dorre et al., | Gravity 32-34
1997
Abdelwahed, | Local earthquake travel time | 35-40
El-Khrepy, inversion
and Qaddah,
2013
Hosny  and | Receiver Functions 35-40
Nyblade, 2016

Eastern Desert

Northern Red Sea | Makris et al., | Seismic refraction 30-35
1991
Rihm, Makris, | Seismic refraction 30-32
and Moller,
1991
Saleh et al., | Gravity 31
2006
Abdelwahed, | Local earthquake travel time | 29-31
El-Khrepy, inversion
and Qaddah,
2013

In addition to the seismic investigations, a number of gravity-based calculations
of the crustal thickness have been reported. (Dorre et al., 1997) compiled a crustal
thickness variation map for Egypt by use of 2.5D gravity models. They used the
gravity data collected within the framework of the African Gravity Project (Fairhead
et al., 1988), which encompasses both terrestrial and airborne measurements, and
applied the 2D power spectrum analysis.
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(Seber et al., 2000) estimated the crustal thickness of the Middle East and Egypt
combining gravity data with refraction seismic profiles. Moreover, (Saleh, 2012) re-
ported Moho depths along the Nile Delta utilising the 3D forward gravity and mag-
netic modelling constrained by the available seismic reflection and well logs data.
After this brief overview of the past Moho calculations, the next section will describe
the new gravity datasets exploited in our investigations to determine a country-wide
Moho, which is a combination of terrestrial and satellite gravity data.

3.3 Database

This section is concerned with the description of the various gravity datasets used
in this study and the procedure of data correction.

3.3.1 Gravity Data

Two different gravity field datasets were implemented: (1) a high-resolution com-
bined (terrestrial and satellite gravity) dataset exploited for building the detailed
3D density model, (2) the Gravity field and steady-state Ocean Circulation Explorer
(GOCE)-based dataset utilised for the initial Moho depth estimation via the gravity
inversion.

High Resolution Gravity Data

A new combined regional gravity model has been developed for Egypt integrating
the recently-made-available terrestrial free-air (FA) gravity anomalies with satellite-
based gravity observations (Sobh et al., 2018). The terrestrial data used in this study,
characterized by consistent gravity and height values, are exploited for the first time
over the Egyptian territory.

Gravity Data Processing

In regards to the data processing, one has to consider that the gravity observations
at the Earth’s surface and the Earth near space vary from the theoretical “normal”
field values. The signal magnitude is not caused only by the latitude effect but
also the elevation of observational points, the density of the cap beneath the sta-
tion in the subsurface, and the effect of the topographic/bathymetric masses in the
vicinity /surrounding. After correcting the gravity measurements for the Earth tidal
effects and the air pressure variations, the remaining time-invariable residuals of
the measured signal are theoretically: the normal gravity (7o), the effect of topo-
graphic/bathymetric masses (6grc), the Bouguer slab (dggp1), the elevation effect
(FA term) (6gra), and the effect of the crustal root (6gr).

The common representations of the gravity measurements, as maps and profiles,
depend on the applied corrections to the gravity measurements. From all the mea-
sured values, the normal gravity value is subtracted and therefore the term ”gravity
anomaly” is defined. This is simply the difference between the observed and the
“normal” gravity values.
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In geophysics, the main three anomalies, i.e. the FA anomaly, Bouguer anomaly
(BA), and isostatic anomaly (ISA), are distinguished in order to define the gravity
field in terms of the height of the observations (e.g. (Naudy and Neumann, 1965;
LaFehr, 1991; Li and Gotze, 2001; Hackney and Featherstone, 2003; Zaki et al., 2018b)
and many others).

Using the dgr, which accounts for the effects of a mountain root, one can easily
define the FA, BA and isostatic anomalies (ISA) as follow:

FA = Ag, = 88ops + 0gra[+81C] — 70 @3.1)
BA = Ag, = 6gops + 0gra + 0gTC + 6gBPL — Y0 (3.2)
ISA = Agrsa = 6gops + 68FA + 68TC + 08BPL + O&R — Y0 (3.3)

Based on the objective of the survey, specific corrections must be considered, in or-
der to process the observations, g,,s. The calculation of the topographic reduction
(6gToP) necessitates the precise knowledge of the topography/bathymetry and sur-
face densities, which is commonly given in terms of a digital elevation model (DEM),
is normally calculated using an area of influence, e.g. a surrounding circular area of
50 — 167 km radius (e.g. (LaFehr, 1991; Hinze. et al., 2005). However, (Mikuska,
Pasteka, and Marusiak, 2006) studied the so-called “long distant relief effects” and
recommended the calculation of the effects of all the topographic masses on Earth.
The gravity effects of a Bouguer slab with a certain thickness value, which is defined
by the difference between the physical station height and a reference level, which
is normally taken as the geoid, should always be calculated as a spherical cap (e.g.
(Baschlin, 1948)). For smaller areas (with an influence radius R < 20 km) and mod-
erate terrain roughness, the Bouguer slab can be simply calculated by:

AngL = 27TGP(H5 — HB) (34)

where G is the gravitational constant (6.672 - 10~ 1)(m3-s72-kg~!), p is the crustal
density (2670 kg-m3), Hg is the topographic height or the bathymetric depth of the
gravity station, and Hp is the reference height (usually it refers to the geoid).

In the last step, the FA effects, dgra, is calculated using the “normal gradient”
relationship, where (0.3086 mGal/m): gra = 0.3086 - (Hs — Hg) mGal/m, (1 mGal
=1x10"°m-s72).

It is worth mentioning that the implementation of a constant gravity gradient is
limited to large-scale investigations and it has to be replaced by equivalent values
of the derivation of closed-mathematical expressions of the normal gravity, which is
always latitude and height dependent.

The BA field is nothing but correcting the FA gravity anomaly signal for the
topography correction (TC) before being used in the modelling step, as follows:

BA=TFA-TC (3.5)

The TC signal has been computed, using the gravity terrain effects (GTE) package
(Sampietro et al., 2016; Capponi, Mansi, and Sampietro, 2018) with a continental
crustal density of 2670 kg-m? and 1630 kg-m? for the offshore. For each station, the



36 Chapter 3. Inverse and 3D forward gravity modelling of the crust

gravitational effect of the prisms inside a circle with radius (167 km) around the sta-
tion is computed, where all the first and second spherical corrections of the Earth’s
shape (Braitenberg et al., 2016; Mansi, 2016) have been considered.

The FA values of the study area, shown in Fig. 3.3-a, range between —45 and
110 mGal and they are found to be strongly correlated with the topography. The
Arabian-Nubian shield, which is a stable tectonic unit that consists of the exposed
basement rocks in the Eastern Desert, the southern part of the Sinai Peninsula and
the isolated outcrops in southern Egypt are characterized by positive FA anomalies.
The north-western part of Egypt is characterized by a positive FA anomaly (up to
70 mGal) decreasing towards the Mediterranean coast ( 45 mGal). The Nile Delta is
characterized by a negative FA anomaly (~ —27 mGal) that increases towards the
Mediterranean coastline (~ 30 mGal). On the meanwhile, the FA gravity anoma-
lies along the Nile River have negative values (~ —15 mGal). A series of elongated
gravity high-values parallel to the overall Red Sea trend is located outside the axial
rift.

The computed TC signal varies between —10 and 120 mGal (Fig. 3.3-b), which nat-
urally shows a strong correlation with the topography as it solely depends on the
elevation. The Uweinat area, the locality of high mountains, has the highest TC
value (~ 120 mGal), where the Qattara Depression, where the lowest altitude values
are found, has the lowest altitude values has a negative value (~ —2 mGal). The
BA, shown in Fig. 3.3-c, was obtained subtracting the TC values from the FA gravity
signal.

The error of the calculated BA signal is estimated propagating the uncertainties
of the gravity measurements and TC. The exploited high-resolution gravity dataset
consists of a total number of 56250 ground stations integrated with satellite-based
gravity data via the classical remove-compute-restore technique and the collocation
procedure. The data provider has suggested an accuracy of 1.0 mGal for such ter-
restrial data. However, it is expected that the accuracy of the provided FA gravity
anomalies, due to the noticeable high-inhomogeneity should be substantially low
(~ 5 mGal) over the majority of the study area (Sobh et al., 2018).

The TC signal has an error of about 2.0 mGal, which comes from the mean error
of the Shuttle Radar Topography Mission (SRTM) equivalent to 6.0 m, as reported
by (Rodriguez, Morris, and Belz, 2006). A note must be taken that the computed
TC assumed a constant density for all rock masses above the mean Sea level, which
might introduce additional errors.

In general, the continental part of the study area is characterized by negative
BA values, whereas the northern part, along the coastal area of the Mediterranean
Sea, is characterized by positive values (> 50 mGal). In the meanwhile, the Nile
Delta is characterized by a pronounced negative BA in the East-West direction (—35
mGal), whereas the northern delta has positive anomalies (> 50 mGal) that occupy
the coastal area of the Mediterranean Sea. The Southwestern part of Egypt has a
negative BA footprint that coincides with the Uweinat area.

The highest mountains, located at the shoreline of the Red Sea (altitudes greater
than 1000 m), are characterized by negative BA values that range between —30 to
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Figure 3.3: (a) The Free-air anomaly from the combined regional gravity model (Sobh et
al., 2018), (b) the topographic correction computed using the GTE software (Sampietro et
al., 2016; Capponi, Mansi, and Sampietro, 2018), (c) the Bouguer gravity anomaly obtained
by subtracting (b) from (a), and (d) the GOCE-based synthesised satellite Bouguer gravity
signal; unit [mGal]. This gravity anomaly signal of the panel (d) has been inverted for the
Moho surface estimation. Red solid lines show the location of three profiles taken, where the
seismic refraction profiles were carried out. Black lines show the location of the representing
cross-sections S1 and S2. The major geographic features are named. unit [mGal].

—10 mGal. These BA values reveal that the crust attains its maximum thickness
below the Red Sea Mountains and considerably thins towards the Red Sea Rift (Saleh
et al., 2006).

GOCE Satellite Data

The Gravity Observation COmbination fifth release (GOCO5S) model (Mayer-Giierr,
2015) is used to synthesize the BA signal at a constant altitude at 50 km above the
ellipsoid. The GOCO5S model is developed up to a spherical harmonic d/o 280 and
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was built using the full GOCE mission data with a spatial resolution of about 70 km.
The synthesized BA signal is then inverted to obtain initial estimates of the Moho
depths.

The TC for the GOCE-based data was computed using the Tesseroids (Uieda,
Barbosa, and Braitenberg, 2016) using the 1 arc-min spatial resolution ETOPO1 model
(Amante, 2009). A continental crustal density of 2670 kg-m? and 1030 kg-m? for the
offshore were applied. A 5-degree padding has been used in all directions, extend-
ing the actual digital elevation model, i.e. topography;, of the study area to avoid any
edge effects even for the far-field topography (Szwillus, Ebbing, and Holzrichter,
2016; Mansi, Capponi, and Sampietro, 2018; Sampietro, Mansi, and Capponi, 2018b;
Sampietro, Mansi, and Capponi, 2018a; Zaki et al., 2018a). The BA signal calculated
from GOCE data is reported in (Fig. 3.3-d).

3.3.2 Constraining Data for the 3D Modelling Procedure

The initial model consists of four layers, namely, the sediments, two different crustal
domains, and the upper mantle. Moreover, the initial model takes into consideration
all the significant geological and geophysical observations. Subsequently, the free
parameters of the initial model can be modified until the forward computed gravity
signal best-fit the measured values.

Geometrical Constraints

The 3D model is initially constrained by the deep seismic profiles, receiver functions
studies (Fig. 3.1), drilled boreholes, and geological information. Moreover, the grav-
ity inversion-based Moho and the isostatic Moho interface are used to constrain the
Moho depths in regions where seismic observations are null. Besides, the sedimen-
tary layer is constrained by the thickness data of the sediments retrieved from the
global sediment thickness (Fig. 3.4) compilation of the Exxon Tectonic Map of the
World (Exxon, 1985).

Crustal Density Constraints

The densities of the crustal models of Egypt were defined exploiting the rock density
values of the various studies, summarised in Table 3.2. The density values were
carried out in the northern part of the Egyptian Western Desert, the Nile Delta, and
the Mediterranean Sea. Also, the P-wave velocities of (Hosny and Nyblade, 2016)
were converted densities by applying the nonlinear relationships of (Christensen
and Mooney, 1995).

3.3.3 Upper Mantle Density Constraints

The initial density of the upper mantle is obtained based on the S-wave tomogra-
phy model of (Schaeffer and Lebedev, 2013a), which is converted to densities in two
steps: first, the P-wave velocities (v,) were calculated from the S-wave velocity (vs),
then, in turn, the obtained P-wave velocities were converted into densities (Kaban et
al., 2016). The upper mantle density structure at 50 km depths is shown in Fig. 3.4-b.
The model demonstrates very small density changes.
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Figure 3.4: The model constraints. (a) Sediment thickness from Exxon, 1985; unit [km] and
(b) Upper mantle density configuration at 50 km depth, converted from the SL21035v model
(Schaeffer and Lebedev, 2013a); unit [km-m~3]. The major geographic features are named
and geographically positioned. Red solid lines show the location of three profiles taken,
where the seismic refraction profiles were carried out. Black lines show the location of the
representing cross-sections S1 and S2.

Table 3.2: Previous Moho depths estimates for Egypt (see Fig. 3.1). The methodology is also
indicated; unit [km].

Layer Density Reference
[km-m 3]
Sediments 2400 (Ginzburg and Ben-Avraham, 1987; Makris
etal., 1994)
Upper crust 2700 (Ginzburg and Ben-Avraham, 1987; Ab-

delrahman, Refai, and El-Ghalban, 1988;
Makris et al., 1994)

Lower crust 2900 (Jacobs, Russell, and Wilson, 1959; Makris et
al., 1979; Ginzburg and Ben-Avraham, 1987;
Prodehl and Mechie, 1991; Rihm, Makris,
and Moller, 1991; Makris et al., 1994)

Upper mantle | 3250 — 3300 (Jacobs, Russell, and Wilson, 1959; Ginzburg
and Ben-Avraham, 1987; Makris et al., 1994)

Accordingly, the density of the lithospheric upper mantle was assumed to be
laterally homogeneous with a density value of 3300 km-m~2 as the main focus is
on the crustal structure itself with the exception towards the Red Sea in the W-E
direction.

3.4 Methods

The space-wise approach (Sampietro et al., 2017) has been applied for the data inte-
gration, then the 3D density modelling, which incorporates forward and inversion
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techniques, was performed, where the geometry for the structural and the density
model have been defined.

3.4.1 Gravity Inversion

In order to get preliminary information about the crustal thicknesses of Egypt, a reg-
ularized non-linear gravity inversion was applied (Uieda and Barbosa, 2017). The
method is based on the modified Bott’s method (Silva, Santos, and Gomes, 2014a)
with the Tikhonov regularization to stabilize the computed solutions in a two-step
procedure. In the first step, the regularization parameters are determined using a
predefined set of initial values for the mean depth and the density contrast of the
Moho discontinuity. In the second step, the gravimetric inversion is carried out for
a set of different mean depth and density contrast values, where the best estimate,
i.e. the final solution, is obtained after the cross-comparison with the seismic-based
Moho depth estimates is held.

For such a purpose, the GOCE- synthesized BA signal at an ellipsoidal height of
50 km is inverted. The results of the gravity inversion are controlled by two param-
eters namely, the Moho reference depth and the density contrast between the crust
and the upper mantle. Therefore, the available seismic data displayed in Fig. 3.1,
were used to validate the obtained results by examining all the possible combina-
tions of the nine Moho reference depth values that range from 20 to 40 km with a
2.5 km incremental step, and the seven density contrast values that range from 200
to 500 km-m~3 with 50 km-m~2 intervals. Fig. 3.5 visualises the Mean Square Er-
ror (MSE) values with respect to the seismological Moho dataset. The optimal MSE
value has been obtained using the 32 km reference depth and the 450 km-m~2 den-
sity contrast. The gravity residuals appear to follow a Gaussian distribution with a
mean of 0.23 mGal and a standard deviation (STD) of 2.56 mGal. The obtained Moho
depths model varies between 20 km and 40 km as shown in Fig. 3.6.

3.4.2 3D Modelling with IGMAS+

In order to compile a 3D model for Egypt, the Interactive Geophysical Modelling As-
sistant IGMAS+) software has been used, which is a 3D geo-modelling package de-
veloped based on the simultaneous forward modelling of gravity, gravity gradients,
and magnetic fields (e.g. Gotze and Lahmeyer, 1988; Schmidt et al., 2010; Schmidt,
Barrio-Alvers, and Gotze, 2015; Alvers et al., 2014; Alvers et al., 2015; Gotze, 2020).
The IGMAS+ platform offers an interdisciplinary 3D modelling approach integrat-
ing independent seismic, boreholes, and geological datasets, thusly reducing the
ambiguity of the potential field inversion. The model consists of several parallel
cross-sections, in which the vertical sections run from the East to the West direc-
tion with a separation offset of 50 to 100 km. The implemented IGMAS+ algorithm
automatically eliminates the edge effects of a limited 3D model.

3.5 Results

The gravity-based results are reported and then cross-compared with the results of
some of the previous seismic data sets (Sec. 3.2.2.). Such a comparison is thoroughly
done along 3 longitudinal profiles.
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Figure 3.5: The validation step exploited to determine the Moho reference level (Z,.r) and
the density contrast (Ap). The colours represent the Mean Square Error. The best-fit model
is marked by the grey rectangular, which indicates a density contrast of 450 km-m 2 and a
Moho reference depth of 32 km.

3.5.1 Isostatic Gravity Anomaly

In order to calculate the isostatic state of the lithosphere in Egypt, the Airy-isostatic
correction has been applied to the BA values, which removes a significant part of
the effects of the dominating deep density heterogeneity of the BA signal. This cor-
rection assumes that the crust is compensated by variations of the Moho depths.
First, the root effects were computed and removed from the BA signal to obtain the
residual isostatic gravity field. The Airy-isostatic Moho was then calculated using
the topography/bathymetry data provided by the ETOPO1 model (Amante, 2009).
The estimated Moho depths model (Fig. 3.7-a) ranges from 30 to 35 km in most parts
of Egypt (e.g., (Abdelwahed, El-Khrepy, and Qaddah, 2013; Hosny and Nyblade,
2016). For that reason, a reference Moho depth is set to 32 km.

Miso = Mohoye + —F™— % Aggpo (3.6)
C

m

where p. and py, are the crust and mantle density, respectively, the Moho,f is the
Moho reference depth, and Ay, is the equivalent topography, which is calculated
to account for the areas below the sea level:

Apopo =kt (3.7)
where k = 1 km-m ™2 for the onshore regions and k = % km-m~3 for the

offshore area. The Moho density contrast 450 km-m~3, a value of which generally
corresponds to the petrological data (Rabbel, Kaban, and Tesauro, 2013).

For the crustal structure, if the implemented isostasy model-related parameters
are correct, the positive values of the residual field will indicate a thinner and/or
a denser crust than assumed, the negative values will infer a thicker and/or a less
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Figure 3.6: The Moho depth estimates obtained by inverting the GOCE gravity data after
applying the topographic correction, of GOCE, with a reference depth of 32 km and a den-
sity contrast equivalent to 450 km-m~3. The major geographic features are named and geo-
graphically positioned. Red solid lines show the location of three profiles taken, where the
seismic refraction profiles were carried out. Black lines show the location of the representing
cross-sections S1 and S2; unit [km].

dense crust.

Within the estimated residual isostatic anomalies (Fig. 3.7-b), several features are
detected: (i) negative residuals are observed beneath the Nile Delta. Possible expla-
nations could be that this area has thick sediments, of which whose effects are not
fully removed from the observed BA signal, (ii) the existence of a positive anomaly
along the coast of the Mediterranean Sea in the north-western desert, which could
be related to some denser bodies located in the crystalline crust, or might be related
to the subduction complex of the African lithosphere under the Eurasia. The high
topography along the Red Sea coast is not isostatically compensated on a local scale,
according to insignificant positive isostatic anomalies. Beneath the Uweinat area, a
positive anomaly is observed, which might be linked to a thicker crust compared to
the value considered within the model setup.
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Figure 3.7: (a) The Airy-isostatic Moho depth estimates assuming density contrast of 450
kg'm 3 between the crust and the mantle, and a reference depth of 32 km; unit [km] and (b)
Isostatic gravity residual; unit [mGal]. The major geographic features are named and geo-
graphically positioned. Red solid lines show the location of three profiles taken, where the
seismic refraction profiles were carried out. Black lines show the location of the representing
cross-sections S1 and S2.

3.5.2 Modelling Prerequisites

As a first step, all the available constraints are used to build up the initial model,
whose gravity responses have been computed without any changes to the constrained
layers (Sediments and Moho topography). The calculated gravity signal deviates
from the observed field represented by the high residual gravity field. Therefore,
the initial model was poorly explained the gravity data.

A tuning process has to be conducted by carefully shifting both layers surface
(the Moho depths and sedimentary thickness) to improve the t of the gravity sig-
nal. The initial model has been carefully modied at every trial except when the
Moho is constrained by seismic data and/or when the basement is constrained by
borehole information. The density contrast between the crystalline crust and the
sediments, caused shorter wavelengths gravity anomalies than those of deeper den-
sity contrasts, for example, in the crystalline crust or the upper mantle. From the
modelled BA gravity map, shown in Fig. 3.8-a, the main features on both maps, the
measured and the modelled gravity signal, are cross-comparable with small notice-
able differences in shape. The spatial distributions of the residual gravity anomalies
are reported in Fig. 3.8-b. The average mist between the measured and calculated
anomalies reveals a correlation coefcient of 0.91 and a STD of 10 mGal, which is an
acceptable value for regional gravity field modelling.

The gravity response of the modelled sediments thickness was calculated and pre-
sented in Fig. 3.9-a. In the southern part and along the Red Sea Mountains, the
gravity response ranges between —5 and —10 mGal and it increases northward and
toward the Nile Delta and the Mediterranean Sea Cost. Along the Nile Delta, where
the sediments thickness reaches 9 km, the gravity response increases to —90 mGal.
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Figure 3.8: (a) The calculated Bouguer gravity map for Egypt and (b) The gravity residu-
als of the resulted model. Grey lines show the location of modelling cross-sections for the
triangulation of the 3D density model. The major geographic features are named and geo-
graphically positioned. Red solid lines show the location of three profiles taken, where the
seismic refraction profiles were carried out. Black lines show the location of the representing
cross-sections S1 and S2; unit [mGal].

Since the sediment thickness map has a coarse resolution of 1° compared to the grav-
ity data that has a finer resolution, uncertainty is introduced by the interpolation of
the sedimentary map.

In Fig. 3.10 and Fig. 3.11 , only five out of a total number of 18 vertical cross-
sections, of the final model, are displayed. Two of them are running in the E-W
direction where the other three profiles coincide with the seismic lines.

East-West Profiles of the 3D Density Model

The profile S1, see Fig. 3.10, is realized along the W-E direction over a distance of
about 1000 km, on which its gravity model is shown in Fig. 3.10-a. The undula-
tion of the short wavelengths is due to the variations of the sediment thicknesses,
whereas the western part has a sedimentary layer of 4 km thick increasing towards
the Nile River then decreases toward the eastern direction that coincides with the
Red Sea Mountains. In addition, the final model confirms the presence of a steep
increase in the crustal thickness toward the East close to the Red Sea coastline. The
estimated Moho depths range between 33 and 35 km at the West direction and grad-
ually decrease and get steeper and/or shallower close to the Red Sea coastline, with
a value of about 28 — 30 km.

The profile S2, demonstrated in Fig. 3.10, is oriented in W-E direction also to
the north of the study area. The western part is characterized by deep sediments
along the Mediterranean Sea coastline, whose thickness increases toward the East
direction reaching a maximum value of about ~ 7 — 8 km beneath the Nile Delta.
The Moho depth is clearly shallow at the western part, which coincides with the
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Figure 3.9: (a) The gravity response of the sediments thickness. The gravity response in-
crease with the sediment thickness; unit [mGal]. (b) a three-dimensional perspective view
of the IGMAS+ model with the Bouguer gravity anomaly on top. The major geographic fea-
tures are named and geographically positioned. Red solid lines show the location of three
profiles taken, where the seismic refraction profiles were carried out. Black lines show the
location of the representing cross-sections S1 and S2.

Mediterranean Sea coastline, and then increases toward the East beneath the Nile
Delta reaching values up to 32 km, and then it slightly gets shallower to the further
Westside.

Vertical Cross-Sections of the 3D Density Modelling along Seismic Profiles

The three cross-sections are taken, where the seismic refraction profiles were carried
out from the final 3D model.

The profile P1 extends from the Mediterranean Sea coast to the Egyptian-Libyan
border. It stretches in the NW-SE direction, see Fig. 3.11-a, for about 450 km through
the topographic feature of the Qattara Depression. Toward the Mediterranean coast,
the observed gravity values increase with the increase of the thickness of the sedi-
ments and coincide with the thin Moho thickness of about ~ 28 km with significant
differences with respect to the isostatic Moho while being in a good agreement with
the seismic-based Moho values.

The trending profile P2 extends from the Western Desert, oriented in a SW-NE
direction, crosses the northern part of Egypt and ends at Cairo (Fig. 3.11-b). This pro-
file corresponds to the seismic refraction profile of (Makris, Rihm, and Allam, 1988),
see the Cyan dotted line in Fig. 3.1 The Moho depth below the Western Desert is 33
km that decreases eastward reaching a depth of 30 km beneath Cairo. The modelled
Moho along this profile is in a good agreement with the gravity inverted Moho (blue
dotted line) but in the meanwhile is characterized by small discrepancies with the
isostatic Moho (red dotted line) of about ~ 2 km indicating that the area is close to
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Figure 3.10: (a and b) The East-West vertical cross-sections of the 3D density model S1 and
S2, respectively. The 3D Moho and the modelled sediment interfaces setting up the model,
as well as the measured Bouguer anomaly are shown in (c). The upper part show gravity eld
undulations, the solid line indicates the observed gravity field, and the dashed line indicates
the modelled gravity field. The lower part shows the density structure of the lithosphere, the
thick black lines represent the layers boundary. Green diamonds show the location of sedi-
ments from (Exxon, 1985); Blue dots show the location of gravity inverted Moho depths; Red
dots show the location of the deep seismic profiles from (Makris, Rihm, and Allam, 1988);
and Black dots show the location of the receiver function results from (El-Isa et al., 1987;
Webb et al., 2004; Al-Damegh, Sandvol, and Barazangi, 2005; Mechie et al., 2005) according
to the location of the cross-section.

its isostatic equilibrium state.

The profile P3 that extends in the SW-NE direction, runs along the seismic refrac-
tion profile of (Makris, Rihm, and Allam, 1988) from the Western Desert across the
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Figure 3.11: The vertical cross-sections of the 3D density model along seismic lines P1, P2
and P3, respectively. The upper panel shows gravity eld undulations, the solid Black line in-
dicates the observed gravity field, and the Black dashed line indicates the modelled gravity
field. The lower panel shows the density structure of the lithosphere, the black lines rep-
resent the layers boundary. Green diamonds show the location of sediments from (Exxon,
1985); Green dashed lines show the location of gravity inverted Moho depths. See Figure 6;
Red dashed line indicates the Airy isostatic Moho; Cyan dashed lines show the location of
the deep seismic profiles from (Makris, Rihm, and Allam, 1988).

Nile River and the Eastern Desert and ends at the Red Sea coastline, see Fig. 3.11-
c. Westward, the crustal depth below the Western Desert is about ~ 33 km and
gradually decreases to reach a value of ~ 31 km then increases eastward to reach its
maximum value of ~ 35 below the Red Sea hills. The Moho depths decrease towards
the Red Sea coastline to a value of about ~ 28 km. Our Moho depths estimation is in
a good agreement with the seismic Moho illustrating a small discrepancy along the
Red Sea coast.

The Moho depth increases south-westward reaching a value of 31 km beneath
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the Siwa Oasis then gradually increases toward the south-west up to 35 km with a
good agreement with the gravity inverted Moho value.

3.6 Discussion

The obtained gravity-based Moho depths results are cross-compared with the previ-
ous seismic-based estimates, both at local and regional scales.

3.6.1 Moho Depths Estimates Compared with the Main Geological Units

The residuals of our final Moho depth estimates compared to the local and global
Moho values are displayed in Fig. 3.12. The Moho depths map is overlying the
main geological units in the study area, as seen in Fig. 3.12, the Moho depth varies
spatially between 25 and 45 km throughout Egypt. Generally, areas with a signif-
icant Moho depth gradient correlate well with the major tectonic boundaries. The
deepest Moho value was found along the Uweinat Mountains, reaching a depth
value of 45 km. The pronounced Moho depth around Naser Lake in Southern Egypt
is interpreted to be along the mapped Precambrian suture zone, the Keraf shear
zone, which was likely formed during the collision between east Gondwana and
the Sahara metacraton during the final assembly of Gondwana in the Neoprotero-
zoic (Abdelsalam and Stern, 1996a; Abdelsalam and Stern, 1996b; Abdelsalam et
al., 1998; Hosny and Nyblade, 2016). These tectonic units are associated with the
” Arabian-Nubian shield”. The map clearly reveals both the northward and the east-
ward crustal thinning trends toward the Mediterranean Sea and the Red Sea, respec-
tively. Eastward, the Moho under the Eastern Desert is situated at a depth of ~ 31
km.

The crustal thickness varies within the Sinai Peninsula from the southern edge to
the north side, which provides evidence for the presence of an Early Mesozoic pas-
sive margin with thinned continental crust in the north of Sinai. The shallower depth
of the Moho in the southern Sinai reflects a thinning phenomenon related to the rift-
ing process in the Gulf of Suez. Linking our findings to the tectonic map of Egypt,
the final Moho model presents a rapid thinning crust toward the Mediterranean Sea,
which coincides with the Hinge Zone.

3.6.2 Comparison with Local Seismic-Based Moho Depths

Our estimated Moho depths are in good agreements with those obtained from seis-
mic investigations, regardless that the available seismic points are sparsely distributed.
Fig. 3.13-a displays the differences between the seismic-derived Moho depths and
gravity-derived model (Fig. 3.12). The differences approximately range between
—5.0 to 7.5 km (Fig. 3.13-b) with a mean value of 0.52 km and a STD of 2.6 km.
Along the Red Sea coastline, our model slightly overestimates the Moho depths of
approximately 31 km with a difference of 5 to 7 km. On the other hand, our model
could produce more reliable depths estimation, when the coverage of the seismic
stations is very limited, and from the literature, acceptable Moho depth discrepan-
cies can reach 10 km (Knapmeyer-Endrun, Kriiger, and Group, 2014).
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Figure 3.12: The crustal thickness map determined from the 3D gravity modelling with ma-
jor geological units indicated. Black lines show the geographic location of the representing
the modelled cross-sections S1 and S2. Dashed grey lines are the main tectonic boundaries,
Black dashed line is the Keraf shear zone between the Neoproterozoic terranes and the Sa-
haran Metacraton (Abdelsalam et al., 1998). The major geographic features are named and
geographically positioned. Red solid lines show the location of three profiles taken, where
the seismic refraction profiles were carried out.

3.6.3 Comparison of Regional Moho Models

A regional comparison of the gravity-derived Moho depth estimates with respect to
the global seismic crustal model CRUST1.0 (Laske, 1997; Laske et al., 2013), shown
in Fig. 3.14-a, revealed significant differences. In addition, our findings were cross-
compared with two gravity-derived continental-scale models, namely, the GOCE
Exploitation for Moho Modelling and Applications, known as the GEMMA model
(Reguzzoni, Sampietro, and Sanso, 2013; Reguzzoni and Sampietro, 2015), and the
Globig2016 model (Globig et al., 2016a). Table 3.3 summarizes the statistics of the
differences.
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Figure 3.13: (a) The differences between the Moho depths from the receiver functions anal-
ysis and gravity-modelled Moho depths. (b) The histogram of the differences with their
corresponding mean and standard deviation values; unit [km]. As shown in b, the differ-
ences around 0.5 km which indicates the gravity-derived Moho in agreement with the depth
derived from receiver functions analysis.

The comparison with the GEMMA model, see Fig. 3.14-b, illustrated that an overall

Table 3.3: Statistical Comparison between Referenced Crustal Models and the new density
model.

Model Min [km] | Max [km] | RMSE [km]
CRUST1.0 — the developed model | —5.76 3.50 2.74
GEMMA — the developed model —15.97 5.84 4.67
Globig2016 — the developed model | —0.80 11.50 1.42

thicker crust, with differences ranging from —5 to 5 km for most of the study area
is obtained. The GEMMA model is a gravimetric-based Moho model computed ex-
ploiting both the CRUST1.0 and GOCE data.

The Globig2016 model, displayed in Fig. 3.14-c, revealed the minimum RMSE
value of 1.42 km. Although the RMSE varies between 1.7 and 4.7 km for all compar-
isons, the minimum and maximum crustal variations range from —15.97 to 11.5 km,
indicating that in some regions, differences can be pronounced. Generally speak-
ing, our crustal model is much thinner than the Globig2016 model, with differences
ranging from 0 to 5 km for most of the study area. A note must be taken that the
Globig2016 model is developed based on the joint modelling of the elevation and
geoid data, combined with thermal analyses under the assumptions of local isostasy
and thermal steady-state conditions.
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Figure 3.14: Comparison between regional crustal thickness models and our model. (a) The
CRUST1.0 model (Laske et al., 2013), (b) the GEMMA model (Reguzzoni, Sampietro, and
Sanso, 2013), and (c) the Globig2016 model (Globig et al., 2016a). The (top panel) reports
the residuals of the designated model with respect to the crustal thickness calculated in this
study; unit [km], and the (bottom panel) is the histograms of the differences between the
developed model and the CRUST 1.0; GEMMA; and Globig2016, respectively; unit [km].
The major geographic features are named and geographically positioned.

3.6.4 Errors of Moho Depth Estimations

The accuracy of the estimated gravity-based Moho depths depends on several fac-
tors, related to the quality of the input gravity data and the applied corrections, the
constraining seismic data, the availability of a precise topographic model, and the
sediment thickness. With regard to the used receiver functions data for determi-
nation of the Moho interface an average error of about +4 km indicated for Egypt
(Hosny and Nyblade, 2016).

The Moho depth uncertainties attributed to the errors of the gravity data are rel-
atively small because the accuracy of the input gravity signal and the corresponding
applied corrections are of about +7 mGal or better. Specifically, the uncertainty of
the FA anomaly provided by the Getech is 5 mGal (Sobh et al., 2018). The topo-
graphic correction has an error of ~ 2 mGal, which is caused by the 6 m mean error,
over North Africa, of the SRTM model (Rodriguez, Morris, and Belz, 2006). The
topographic corrections computed with a constant density value of 2670 kg-m? for
all rock masses above the mean Sea level, which will contribute an additional error
during the computation of the TC as well as the estimated Moho depths.
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3.7 Conclusions

Based on the combination of the Bott’s method with regularization, the anomalous
Moho has been discretized using the Tesseroids, in order to develop the first order
Moho depths map that would be consequently used as an initial layer for the 3D
forward gravity modelling by (IGMAS+) over Egypt. Then, the 3D model is fed
with precise topographic values. The obtained results are cross-compared with the
available seismic data and the Airy-type local isostatic compensation model. A sig-
nificant correlation between the crustal thicknesses, elevation values, and Bouguer
gravity advocates that the crust is isostatically compensated.

The 3D gravity model was constrained using the available deep seismic profiles,
depths of receiver functions studies, and geological information in order to produce
a regional model of the crustal thickness for the continental part of Egypt. The devel-
oped Moho depths model was compared with compilations of the seismic estimates
showing a good agreement as well as a high level of consistency.

The modelled Moho depths clearly exposed both the northward and eastward
crustal thinning trends toward the Mediterranean Sea and the Red Sea, respectively.
Eastward, the Moho under the Eastern Desert is located at a depth of ~ 31 km,
which increases in southern Egypt to values ranging from 35 to 40 km. A maxi-
mum crustal thickness of 45 km is found in the southwestern part of Egypt. Within
Sinai, the crustal thickness varies from being shallow at the southern edge to deep
towards the north. Our model revealed a thick lower crust beneath the Southern
part of Egypt that can be associated with the modification of the crust that occurred
during the collision between east Gondwana and the Sahara metacraton along the
Keraf suture zone during the final assembly of Gondwana in the Neoproterozoic.

The study demonstrates the advantage of gravity inversion in studying the 3D
density structure of geologically-interesting formations, where the Bouguer anomaly
data is combined with a priori information retrieved from the petrophysical (e.g.,
density values) and seismic datasets. Compared to previous studies, the developed
model shows a better match with the available seismic studies than the global crustal
model (e.g., the CRUST1.0 and GEMMA), in which interpolation such global models
on local scales might give unrealistic Moho depth values.

This study has mainly focused on the continental crust, where successive studies
targeting the entire lithospheric scale incorporating seismic tomography and ideally
petrological data are highly recommended.
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Chapter 4

Manuscript III: Lithospheric
structure of the Saharan
Metacraton from 3D integrated
petrological-geophysical modelling

Abstract

We model the variations of the crustal and lithospheric thicknesses as well as the
variation in temperature, composition, S-wave seismic velocity and density of the
lithosphere beneath the Saharan Metacraton (SMC) using three-dimensional (3D)
modelling. The SMC was once an intact Archean-Paleoproterozoic craton, but was
remobilized (metacratonized) during the Neoproterozoic due to partial loss of its
sub-continental lithospheric mantle (SCLM) during collisions along its margin. The
partial loss of the SCLM might have permitted the preservation of the cratonic rem-
nants within the metacraton. We discuss the possible preserved cratonic remnants
within the SMC exploiting 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 they are sur-
rounded and separated by topographic swells with known Cenozoic volcanism in-
cluding the Hoggar Swell, the Tibesti Massif, and the Darfur Dome. We find that
the three cratonic remnants are underlain by a relatively thicker lithosphere (the
thickest being beneath Al-Kufra reaching ~ 200 km) compared to the surrounding
SMC, 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 velocities compared to the surrounding SMC. Our preferred models
are approached considering different lithospheric thicknesses beneath the SMC with
a uniform moderately-depleted composition (Proterozoic SCLM composition). We
suggest that the presence of a relatively thinner lithosphere beneath the SMC, out-
side 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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41 Introduction

cratons are parts of the Earth’s continental lithosphere that have not been affected
by major tectonic or magmatic events for a long time, possibly since the time of their
formation (Black and Liégeois, 1993). The stability of the cratons has been largely
attributed to the presence of thick, cold, depleted, and anhydrous sub-continental
lithospheric mantle (SCLM) that is isolated from the surrounding convecting man-
tle. However, it has been realized that cratons can lose their long-lasting stability
through geodynamic processes leading to their total destruction (referred by Yang et
al., 2008 as decratonization) or partial destruction (referred to by (Abdelsalam, Lié-
geois, and Stern, 2002) as metacratonization). Recently, (Ngalamo et al., 2017) listed
examples of cratons that have been decratonized similar to the North China craton
(e.g., (Kusky et al., 2014; Santosh, 2010; Zhai and Santosh, 2011; Zhang et al., 2011;
Zhao and Zhai, 2013; Zhang et al., 2014)), the Wyoming craton (Foster et al., 2006;
Kusky et al., 2014; Dave and Li, 2016), the Southwest Kaapvaal craton (Kobussen
et al., 2008; Eriksson et al., 2009)), and the West Amazon craton (Kusky et al., 2014).
These are in addition to the Saharan Metacraton (SMC) (Abdelsalam, Liégeois, and
Stern, 2002). The term “metacraton” as exemplified by the Saharan Metacraton
(Fig. 4.1) is defined as a “craton” that has been remobilized during tectonic and/or
thermal events but can still be recognized through its rheological, geochronological
and isotopic characteristics (Abdelsalam, Liégeois, and Stern, 2002). Later, (Liégeois
et al., 2013) suggested that the metacratonization processes could occur at the cra-
ton’s boundaries or within the craton’s interior during events such as lithospheric
plate collision or development of lithospheric-scale shear zones.

(Abdelsalam, Gao, and Liégeois, 2011) used low-resolution seismic tomography
from the model of (Grand, 2002) to interpret the upper mantle structures of the Sa-
haran Metacraton. The upper 100 km of the metacraton’s SCLM has a S-wave veloc-
ity structure similar to the West African craton, the Congo craton, and the Kalahari
craton. However, they also observed that the S-wave velocity of the metacraton’s
SCLM below 100 km depth is much lower than that of the other cratons. (Abdel-
salam, Gao, and Liégeois, 2011) proposed that such upper mantle structure was due
to partial SCLM delamination or convective removal of the cratonic keel, hence im-
plying that the entire craton has been metacratonized. However, (Liégeois et al.,
2013) suggested that the upper mantle structure of the Saharan Metacraton is het-
erogeneous and that metacratonization might be unevenly distributed leaving some
remnants of the original cratonic lithosphere unaltered. These include the Murzug,
the Al-Kufra, and the Chad cratonic remnants (Fig. 4.1).

The understanding how cratons were formed and destructed (decratonized and
metacratonized) is fundamentally important for advancing our understanding of
the rates of continental growth and destruction because these processes might have
led to the alteration of the volume of the continental lithosphere (Stern and Scholl,
2010). The first step to understand the geodynamics evolution, and the thermal state
of the Earth’s mantle beneath the SMC is constraining the present-day thermal and
compositional 3D structure of the lithosphere/uppermost mantle as a fundamental
element to understand the metacratons processes.

Geochronological and isotopic data (Abdelsalam, Liégeois, and Stern, 2002) in-
dicate that the crust of the Saharan Metacraton is heterogeneous in age and con-
trasts the Neoproterozoic juvenile crust (crust derived from the mantle with a short
crustal residence time) of the Arabian-Nubian Shield to the East and the Archean
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Figure 4.1: (A) Sketch of a Gondwana reconstruction with the major tectonic elements of
Africa identied from geological mapping, geochemical, and geochronological studies, and
seismic tomography (modified after Liégeois et al. (2013), Brito Neves and Fuck (2014),
Ganade et al. (2016), and Gray et al. (2008)). (B) sketch map showing the cratons, metacraton,
and orogenic belts of Africa (modified after Meert and Lieberman (2008)). (C) Tectonic map
of the Saharan Metacraton modified from the Tectonic Map of Africa. The boundaries of
the cratonic remnants are modified from Liégeois et al. (2013). SMC = Saharan Metacraton.
MC = Murzugq cratonic remnants. AC = Al-Kufra cratonic remnants. CC = Chad cratonic
remnants. HS = Hogar Swell. TM = Tibesti Massif. DD = Darfur Dome. CVL = Cameroon
Volcanic Line. D-E = Djanet-Edembo terranes. U = Uweinat. BD = Bayuda. COC = Congo

craton.

continental crust of the Congo craton in the South. These data indicate that such
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a region constitutes a pre-Neoproterozoic continental crust overprinted by Neopro-
terozoic tectonic events (e.g., Pan-African collision events), which culminated in the
formation of the Late Neoproterozoic supercontinent Gondwana (Kroner and Stern,
2005) as well as containing Neoproterozoic juvenile material. Ages ranging between
Archean and Neoproterozoic are obtained from different rock types in the Saharan
Metacraton that has been interpreted as an indicator on the presence of an Archean-
Paleoproterozoic crust, which was subsequently reworked during the Neoprotero-
Zoic.

The mantle structure beneath the SMC region has been studied using regional
and global seismic tomographic models. Fig. 4.2 shows the S-wave velocity distri-
bution obtained from the regional seismic tomography model (Fishwick, 2010) at
100 km depth. The model shows lateral heterogeneities in shear wave velocities.

The three-cratonic remnants are associated with high S-wave velocity (Fig. 4.2),
and the Darfur Dome, the Tibesti Massif, and the Hoggar Swell are characterized by
alow S-wave velocity anomaly that coincides with a shallow Lithospheric-Asthenosphere
Boundary (LAB) supporting the idea of the upwelling mantle beneath these Ceno-
zoic volcanic areas. The positive S-wave velocity anomaly are shown in most of
the recent tomographic models (global or regional) (Emry et al., 2019; Fishwick and
Bastow, 2011; Schaeffer and Lebedev, 2013a; Sebai et al., 2006). Early S-wave seismic
tomography models have also identified the positive anomaly beneath Al-Kufra cra-
ton to a 100 km depths, but no deeper.

In this study, we present the three-dimensional (3D) lithospheric thermochemical
structure of the Saharan Metacraton through an integrated petrological-geophysical
modelling exploiting gravity, gravity gradients, topography, geoid, and seismic ve-
locity datasets.

4.2 The Tectonic Settings of the Saharan Metacraton

The tectonic setting of the Saharan Metacraton is introduced in detail in (Abdel-
salam, Liégeois, and Stern, 2002). The region is bounded in the East, West, and
South by lithospheric-scale suture zones resulting from Neoproterozoic collisional
events of the metacraton with the surrounding terranes.

To the East, a N-trending arc-continental suture separates the Saharan Metacra-
ton from the Arabian—Nubian Shield (see, Fig. 4.1-A), which represents the northern
part of the East African Orogen (Abdelsalam and Dawoud, 1991; Abdelsalam and
Stern, 1996a; Stern et al., 1994). Similarly, a N-trending shear zone in the West is
interpreted as a suture defining the collision zone between the metacraton and the
Tuareg Shield (consult, Fig. 4.1-A), which represents the northern part of the Trans-
Saharan Orogen (Liégeois et al., 1994; Liégeois et al., 2003; Henry et al., 2009). In the
South, as shown in Fig. 4.1-A, the Saharan Metacraton is separated from the Congo
craton (COC) by the E-trending Oubanguides Orogen, which is interpreted as im-
bricated Neoproterozoic and Archean-Paleoproterozoic thrust sheets, tectonically
emplaced southward onto the Congo craton (Pin and Poidevin, 1987; Toteu et al.,
2006).

Significant portions of the Precambrian rocks of the Saharan Metacraton are cov-
ered either by Phanerozoic sedimentary rocks or unconsolidated sediment. Most
of the Precambrian rocks crop out within outliers surrounded by these sediments.
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Figure 4.2: Tomographic S-wave model from Fishwick (2010). Slice at a depth of 100 km, two
vertical transects are displayed: A-A and B-B profiles. MC = Murzugq cratonic remnants. AC
= Al-Kufra cratonic remnants. CC = Chad cratonic remnants. TM = Tibesti Massif. CASZ=
Central African Shear Zone. Both cross-sections show high-velocities along the Murzugq,
Chad, and Al-Kufra cratonic remnants and low-velocities along the Tibesti Massif and Cen-
tral African Shear Zone

These outliers include the Tibesti Massif (TM), the Uweinat (U), the Bayuda (BD),
and the Darfur Dome (DD) besides small scattered outcrops (Fig. 4.1-C).

Within the Saharan Metacraton, there are three broad sedimentary basins of Paleozoic-
Mesozoic age, namely, the Chad, the Murzugq, and the Al-Kufra. At least one of these
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basins (Al-Kufra) has been identified as an intracontinental sag basin (Heine et al.,
2008) and its evolution has been attributed to the lithospheric cooling and thicken-
ing of an initially thin lithosphere (Holt et al., 2010). Also, the Saharan Metacraton
is surrounded by Mesozoic continental rifts related to the breakup of the Gondwana
and those rifts are grouped as the west and the Central African Rift Systems (see,
Fig. 4.1-C) Fairhead, 1979; Fairhead et al., 1988. In addition, widespread Cenozoic
volcanism has affected the Saharan Metacraton that is interpreted to be associated
with the continental rifting (Thorpe and Smith, 1974), Neoproterozoic Pan-African
crustal reworking (Ashwal and Burke, 1989), or hotspots beneath the Hoggar (HS),
the Tibesti (TM), the Darfur (DD), and the Cameroon Volcanic Line (CVL) (Fig. 4.1-
C). The volcanic fields of the Hoggar, the Tibesti, and the Darfur are associated with
topographic swells of uplifted Precambrian crystalline basement (see, Fig. 4.1-B).
The source of the Cenozoic volcanism might be fed by the Afar plume (Ebinger and
Sleep, 1998), unconnected plumes (Wilson and Guiraud, 1992; Burke, 1996), or by
upwelling of the asthenosphere associated with the Africa-Europe collision (Bailey,
1992).

4.3 Methods

4.3.1 Moho Depth from Gravity Inversion

To develop the Moho depth of the Saharan Metacraton, we follow the methodology
of (Uieda and Barbosa, 2017), who developed a non-linear inversion algorithm that
integrates both gravity and seismic data. This inversion technique is based on the
modified Bott’s method (Silva, Santos, and Gomes, 2014b) with a Tikhonov regular-
ization to stabilize the computed solutions in a two-steps procedure. In the first step,
the regularization parameters are determined using a predefined set of initial values
for the mean depth and the density contrast of the Moho discontinuity. In the second
step, the gravimetric inversion is carried out for a set of various values of the mean
Moho depth and density contrast, where the best estimate, i.e. the final solution, is
obtained after the cross-comparison with the seismic-based Moho depth estimates is
held. The results of the gravity inversion are controlled by two parameters namely,
the Moho reference depth and the density contrast between the crust and the upper
mantle.

Since the mean depth of the Moho boundary and its density contrast are poorly
known for the Saharan Metacraton, we would examined all the possible combina-
tions of the nine Moho reference depth values that range from 20 to 40 km with a 2.5
km incremental step, and the seven density contrast values that range between 200
and 500 km-m 3 with 50 km-m 3 intervals. Afterwards, the Moho depth results are
validated against the Moho depth from seismological estimates. Finally, the model
that gives the lowest Mean Square Error (MSE) values will be chosen as the best
fitting model. For more details on the gravity inversion methodology, the reader is
referred to (Uieda and Barbosa, 2017)

4.3.2 Integrated Modelling by LitMod3D and Model Assumptions

Here we provide a brief review of the modelling technique; LitMod3D (LIThospheric
MODelling in a 3D geometry) is thoroughly introduced and explained in (Afonso et
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al., 2008; Fullea et al., 2009). The general scheme of the modelling work-flow is
shown in Fig. 4.3.
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Figure 4.3: A simplified flowchart of the LitMod3D after Pappa et al. (2018) (pers. comm:.)

LitMod3D was developed to perform integrated geophysical-petrological for-
ward modelling of the lithosphere and the sublithospheric mantle down to the top
of the transition zone at 410 km depth. The LAB definition is based on both, the
temperature and compositional distributions. Therefore, we assume that the litho-
spheric mantle is defined:

e thermally, as the portion of the mantle characterized by a conductive geotherm;

e compositionally, as the portion of the mantle characterized by, generally, a dif-
ferent (normally, more depleted) composition with respect to the fertile pri-
mary composition in the sub lithosphere, i.e., Primitive upper mantle compo-
sition (PUM) (McDonough and Sun, 1995).

The lithospheric geotherm is computed under the assumption of a steady-state
heat transfer condition in the lithospheric mantle, considering a P-T-dependent man-
tle thermal conductivity (Afonso et al., 2008; Fullea et al., 2009). As boundary condi-
tions, we impose no lateral heat flow across the vertical limits of the model and fixed
temperature at the surface (15° C) and at the base of the defined lithosphere (1330°
O).

The heat production and thermal conductivity of each layer are defined. Between
the lithosphere and sub-lithospheric mantle, a “transition” region (a buffer layer) is
assumed with a variable thickness and a continuous linear super-adiabatic gradient
(i.e., heat transfer is controlled by both conduction and convection, see (Fullea et al.,
2009) for more details). Below the buffer layer, the geotherm is given by an adiabatic
temperature gradient that is forced to be in the range 0.35 to 0.6° C/km.
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Stable mineral assemblages in the mantle are calculated using a Gibbs free en-
ergy minimization using Perple_X as described by (Connolly, 2005). The composi-
tion is defined within the major oxide system CFMAS (CaO-FeO-MgO-Al,03-5i0;).
In our study, all the stable assemblages are based on the (Stixrude and Lithgow-
Bertelloni, 2005; Lithgow-Bertelloni and Stixrude, 2011) thermodynamic database.
The LitMod3D approach allows for a self-consistent calculation of phase equilibria
(identity and amount of mineral phases stable at a certain pressure and temperature)
and physical properties. The density and seismic velocities in the upper mantle are
determined according to the elastic moduli and density of each end-member mineral
as described by (Connolly and Kerrick, 2002; Afonso et al., 2008).

4.4 Data

The data used to constrain the lithospheric model of the SMC can be divided into
three groups.

1. Geophysical observables and fields (elevation, geoid height, gravity, gravity
gradients, and surface heat flow ) 4.1. For initiating the model we need infor-
mation (data) related to the geometry of the start model;

2. Crustal thickness information; Lithospheric thickness and geometry. For the
petrological part, we use

3. Petrological information on the SCLM compositions as a model input.

Table 4.1: Summary of the exploited datasets used to constrain the initial model.

Data Reference

Geophysical

Elevation ETOPO1 (Amante, 2009)

Calculated Bouguer gravity | GOCO5S (Mayer-Giierr, 2015)

Geoid GOCOS5S (Mayer-Gtierr, 2015)

Gravity gradients Bouman et al. (2015)

Surface heat flow Pollack, Hurter, and Johnson (1993)

Seismic tomography Fishwick (2010)

Geometrical

Sediment thickness Exxon Tectonic Map of the World data Exxon, 1985

Moho depth Compilation (Tokam et al., 2010; Hansen et al., 2013)
(Hosny and Nyblade, 2016; Tahir et al., 2013),
gravity inversion (Uieda and Barbosa, 2017)

Base lithosphere Fishwick and Bastow (2011)

4.4.1 Geophysical Fields Observables

We used the 1 arc-min spatial resolution ETOPO1 global elevation model shown in
Fig. 4.4-A Amante, 2009. The Saharan Metacraton has a relatively low-lying topog-
raphy, that is interrupted by a number of shorter wavelength swells and uplifted
regions, such as the Darfur Dome (reaching an elevation of ~ 1200 m), the Hoggar
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Swell (reaching an elevation of ~ 1000 m), and the Tibesti Massif (reaching an ele-
vation of ~ 2000 m). In places, there is relief lower than ~ 500 m and this has been
interpreted as due to large-scale crustal flexure associated with the development of
sedimentary basins such as the Chad Basin (Fig. 4.4-A).
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Figure 4.4: Geophysical fields in the Saharan Metacraton. (a) Topography of the Saharan
Metacraton generated from the Global 1 arc-minute elevation data ETOPO1 Amante, 2009.
The presence of the elevated Darfur Dome (DD), the Tibesti Massif (TM) and the Hogar
Swell (HS) aligned in a NW-SE direction. The three cratonic remnants (Al Kufrah, Murzugq,
and Chad) are located within the topographic low regions between and around the elevated
swells. (b) Geoid height of the Saharan Metacraton calculated from the GOCO5S model
Mayer-Glierr, 2015. The three cratonic remnants (Al Kufrah, Murzugq, and Chad) are charac-
terized by low geoid whereas the three swells (Darfur, Tibesti, and Hogar) are characterized
by high geoid. (c) Free air anomaly from the GOCOS5S model. (d) Bouguer anomaly map
from GOCO55

The geoid height was derived from the fifth release of Gravity Observation Com-
bination model (GOCO5S) (Mayer-Giierr, 2015). The GOCO5S model was devel-
oped up to a spherical harmonic d/o 280 exploiting the full GOCE (Gravity field
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and steady-state Ocean Circulation Explorer) mission data with a spatial resolu-
tion of about 80 km. In order to remove the long wavelength anomalies larger than
4000 km, the spherical harmonics up to a d/o 10 has been subtracted. The obtained
geoid anomaly, which reflects the distribution of density and the geometry of masses
within the lithosphere (Bowin, 2000) is shown in Fig. 4.4-B. Despite the low ampli-
tude, the geoid anomalies are highly correlated with the topography. Geoid heights
(1 — 10 m) directly coincide with the Darfur Dome (DD), the Tibesti Massive (TM),
and the Hoggar Swell (HS), while the geoid low heights (—10 to —1 m) are associ-
ated with the topographic low values associated with the Murzuq basin overlying
the Murzuq cratonic remnant, the Al-Kufra Basin overlying the Al-Kufra cratonic
remnant, and the Chad Basin overlying the Chad cratonic remnant.

The Bouguer anomaly (Fig. 4.4-D) was computed by applying the Bouguer cor-
rection to the satellite free-air gravity (Fig. 4.4-C) derived from the GOCO5S model
at 50 km height over ellipsoid using tesseroids software (Uieda, Barbosa, and Brait-
enberg, 2016) with a correction density of 2670 kg-m ™~ for onshore and 1040 kg-m >
for the offshore.

The entire Saharan Metacraton is characterized by the so-called ”great negative
Bouguer anomaly” lineament (Girdler, 1975) linking the domally uplifted Cenozoic
volcanism of North Africa to the negative Bouguer anomaly associated with the East
African Rift System (Fairhead, 1979; Fairhead et al., 1988).

This suggests that the North African gravity anomaly might be caused by the
same processes that have caused the East African Rift System anomaly as a result
of the low-density upper mantle structure. Bouguer anomaly values of —95 mGal
(1 mGal = 1 x 107° m-s~2) are observed beneath the Darfur Dome, whereas the
Tibesti Massif and the Hoggar Swell show values that range between —85 and —80
mGal. The Murzugq, the Al-Kufra, and the Chad basins are characterized by Bouguer
anomaly values of ~ —70, ~ —45, and ~ —20 mGal, respectively.

Gravity gradients (Fig. 4.5) are retrieved from the GOCE satellite gravity gradient
grids (Bouman et al., 2016). The satellite gravity data are collected at 225 km above
the W(GS84 reference ellipsoid, in a local East-North-Up coordinate system.

We use the gravity gradients data at satellite altitude in additions to the gravity
data, as they are highly sensitive, especially, to the density structure of the crust and
uppermost mantle (Bouman et al., 2016; Holzrichter, Szwillus, and Ebbing, 2016;
Guy, Holzrichter, and Ebbing, 2017).

The compilation of surface heat flow data used in this work comes from different
sources (Pollack, Hurter, and Johnson, 1993; Lesquer et al., 1990; Nyblade et al.,
1996). In general, details on the quality of data are not available. According to the
International Heat Flow Commission, the good, average, and poor accuracy levels
are, respectively, of +5, £10, and +20%. A few but sparse heat flow values in the
Western Desert, West of the Nile, range between 42 and 47 mW-m~2, increasing
toward the coastal zone of the Red Sea and the Gulf Suze in both shores where values
of 80 to 100 mW-m~2 are measured. In Aswan area, low heat flow shows values of
45 — 57 mW-m~2 were acquired. On the other side, the heat flow across the Sirt Basin
has shown to be normal (49 — 77 mW-m~2) at the Eastern part that slightly elevated
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Figure 4.5: (a) Satellite gravity gradient components Bouman et al., 2016 at the height of
225 km above the reference ellipsoid. (b) The heat flow measurements from global dataset
(Pollack, Hurter, and Johnson, 1993).

to 77 — 91 mW-m~2 values in the western part of Sirt Basin, close to the volcanic
provinces in Libya (Nyblade et al., 1996). The few available data in Niger indicates
heat flow values that range between 45 — 90 mW-m 2.

4.4.2 Constraints for Model Geometry

Our study is focused on the regional scale thermo-chemical structure of the upper-
most mantle beneath the SMC. Therefore, a reliable Moho depth map needs to be
defined and kept fixed throughout the modelling process.

However, due to the lack of seismic studies in most parts of North Africa, where
the SMC is located, several crustal models were developed exploiting the continental
and regional-scale data. These models were either a gravity-based or a combination
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of gravity and seismic models. Significant differences in the available models re-
sult from the different spatial resolution of the data and/or the modelling technique
((Laske et al., 2013; Reguzzoni, Sampietro, and Sanso, 2013; Tugume et al., 2013;
Globig et al., 2016b).

Moho Depth

The main objective of this section is to estimate the Moho depths for the SMC by
integrating both the seismic and gravity data. The data inversion is constrained by
the new compilation of seismic Moho depths from receiver function studies (Hansen
et al., 2013; Tokam et al., 2010; Tahir et al., 2013; Cooper and Miller, 2014; Hosny and
Nyblade, 2016) (Fig. 4.6-A).
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Figure 4.6: (a) Seismic-based estimates of crustal thickness from receiver function studies. (b)
The validation step exploited to determine the Moho reference level (Z;,¢) and the density
contrast (Ap). The colors represent the Mean Square Error. The best-fit model is marked by
the grey triangle, which indicates a density contrast of 400 kg-m 3 and a Moho reference
depth of 32.5 km.

In order to get preliminary information about the crustal thicknesses of the SMC,
a regularized non-linear gravity inversion was applied (Uieda and Barbosa, 2017)
and has been discussed in (Sobh et al., 2018). The combined gravity model GOCO05s
at 50 km above the ellipsoid (Fig. 4.4) was used. The representation of the field at 50
km is chosen as it offers a higher level of details in the signal than at satellite altitude
and keeps the noise amplification at an acceptable level (Sebera et al., 2014).

The topographic corrections for the GOCE-based data was computed using the
Tesseroids Uieda, Barbosa, and Braitenberg, 2016 using the 1 arc-min spatial resolu-
tion ETOPO1 model (Amante, 2009) (Fig. 4.4). Fig. 4.6-B visualizes the Mean Square
Error (MSE) values with respect to the seismological Moho. The optimal MSE value
has been obtained using the 32.5 km reference Moho depth and the 400 kg-m 3 den-
sity contrast. The obtained Moho depths model varies between 20 and 40 km as
shown in Fig. 4.7-B.
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Lithospheric Thickness

The LAB of the Saharan Metacraton was taken from the regional seismic model of
Africa (Fishwick and Bastow, 2011) (Fig. 4.7). The differences in depth estimates
between the different LAB models are significant and sometimes can be as high as
80 km in areas with sparse seismic coverage. For the initial lithospheric modelling,
the available information of the LAB depths have been used in this study as a first
input, and then further modifications, within the uncertainties range until the best
fit is obtained, has been performed.
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Figure 4.7: Initial geometry used in lithospheric models. (a) Sedimentary thickness from
global compilations of Exxon Tectonic Map of the World data (Exxon, 1985). (b) Moho depth
from the gravity-inversion constrained by seismic data compilation, The coloured circles
indicate the differences in depth between the seismic constraint and the inverted depth. (c)
Lithosphere-Asthenosphere Boundary (LAB) from (Fishwick and Bastow, 2011).
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Sediment Thickness

The sediment layer was retrieved from the global sediment thickness compilation
of the Exxon Tectonic Map of the World (Exxon, 1985) (Fig. 4.7). In the Saharan
Metacraton, the thickness of sediments ranges from 0 to 7 km. The cratonic basins
(AC, MC, CC) are characterized by ~ 3 km thickness, while most of the part of SMC
has sediment thicknesses less than 1 km.

4.4.3 Sub-Continental Lithospheric Mantle (SCLM) Composition

The SCLM composition mainly depends on the tectono-thermal age of the overlying
crust (Griffin et al., 2003; Griffin et al., 2008; O’Reilly and Griffin, 2006). Gener-
ally, the SCLM is highly heterogeneous in composition ranging from dunites and
harzburgites to lherzolites. Such heterogeneities lead to significant density differ-
ences at a given P-T condition. The age of the Saharan Metacraton SCLM ranges
from Archean to Neoproterozoic. The oldest rocks in the Saharan Metacraton were
found in the Uweinat, at the Egyptian-Sudanese-Libyan borders and these rocks
gave Archean age (Bea et al., 2011; Klerkx and Deutsch, 1977; Harris, Hawkesworth,
and Ries, 1984; André, Klerkx, and Busrewil, 1991).

However, multiple tectonic events affected and likely heated and refertilized the
lithospheric mantle during the Pan-African orogeny (Kroner and Stern, 2005). We,
therefore, choose a Proterozoic-type (SCLM) composition for our starting model (Ta-
ble 4.2).

We have tested various lithospheric mantle compositions (Archean and Phanero-
zoic compositions) in order to evaluate the effects of these changes on the modelled
geophysical observables (See Appendix A for more details). No significant mantle
xenolith compositional data are available for the Saharan Metacraton. Therefore, we
used in our 3D modelling the standard CFMAS compositions from (Griffin et al.,
2008) for the SCLM of the Saharan Metacraton. These compositions range from less
depleted Proton composition to the more fertile asthenosphere as a Primitive Upper
Mantle, PUM (McDonough and Sun, 1995). Table 2. summarizes the SCLM compo-
sitions considered in this study.

Table 4.2: Bulk SCLM compositions used in the model. (1) stands for SCLM compositions
of (Fullea et al., 2009), Modified from (Afonso et al., 2008), and (Griffin et al., 2008). (2)

stands for the PUM of (McDonough and Sun, 1995). (3) Mg# stands for magnesium number:
MgO

(MgO+FeO)*
Proterozoic) | Archean™ | Phanerozoic™ | PUM®
SiO, 45.60 45.70 445 45.00
Al,O; | 1.93 0.99 3.5 4.45
FeO 8.00 6.40 8.00 8.05
MgO 42.60 45.50 39.80 37.80
CaO 1.70 0.59 3.10 3.55
Na,O | 0.12 0.07 0.24 0.36
Mg#3) | 90.58 92.70 89.87 89.30
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4.5 Modelling

4.5.1 Model Setup

Our model covers an area of ~ 3000 x 3000 km, approximately, and the depth of
the bottom of the model is 410 km. Given the lack of knowledge about the charac-
teristics of the lithosphere in wide parts of SMC, it is reasonable to apply general
(global) values for the crustal parameters and geochemical oxide compositions for
the lithospheric mantle. The model consists of one sedimentary layer, a two-layered
continental crust, the lithospheric and asthenospheric mantle (see, Fig. 4.8)).

Depth [km]

500 1000 1500 2000 2500 3000
Distance [km]

Figure 4.8: Profile illustrating the initial model clearly shows the geometric structure, see
Table 4.3 for the thermo-physical properties for each domain.

The continental crust is divided into an upper and lower crust to realistically
model the thermal field by introducing differentiated radiogenic heat production
rates and thermal conductivity (Table 4.3).

Table 4.3: Thermophysical properties of materials used in the 3D modelling.

Material Density Thermal conductivity | Heat production rate
(o) [kgm ] | (x) [W-(km) '] (H) [mW-m~?]

Sediments | 2450 2.5 2.000

Upper crust | 2670 — 2790 | 2.4 1.500

Lower crust | 2800 — 2850 | 2.0 0.400

Proton 4.5 0.001

4.6 Results

4.6.1 Modelling Results

The thermo-physical parameters of different crustal bodies are given in Table 4.5.
Using the initial parameters as well as the model geometries described in Sec. 4.3,
the forward signal does not fit the observables (in particular, the gravity field) and
is far from the isostatic compensation in most regions (Fig. 4.9). It also shows high
residuals in the gravity gradients (see, Fig. 4.10). Positive elevation residuals extend-
ing North-South, in correlation with the LAB depths used in the initial model (M),
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are clearly seen. That means that the initial Moho and LAB depths are not able to
represent the deep lithospheric structure correctly.

5 10° 15 20 25" 30’ 33 [mGal]

Y
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Figure 4.9: Residual field for the initial model (Mj) in terms of: a) Elevation and b) Bouguer
anomaly.

Starting from My, we iteratively modified the lithospheric geometry (the Moho
boundary and LAB depth) according to the topographic misfit (residual elevation)
to match the long wavelength gravity field and isostatic elevation based on the trial
and error forward modelling.

To fit the gravity gradients data, the original assumption of the isostatic balance
of the study area has been ignored. To do that for the final model (M;), both the
Moho boundary and LAB are tuned. Consequently, in the adjusted model, on the
one hand, the main objective was fulfilled, as the gravity gradients signal is mod-
elled resulting in very small residuals (Fig. 4.11). While, on the other hand, the ob-
tained elevation residuals are not minimal (Fig. 4.12). The one can justify the motives
to better fit the gravity gradients by stating that they are highly sensitive, especially,
to the density structure of the crust and uppermost mantle.

4.6.2 Crustal and Lithospheric Thickness

The modelled crustal and lithospheric thickness are displayed in Fig. 4.13. In partic-
ular, the resulting crustal thickness map (Fig. 4.13-A) shows a thin crust (~ 28 km)
along the coastal area and Chad basin. Along the Al-Kufra basin, the crustal thick-
ness reaches ~ 38 — 40 km, increasing to 41 km beneath Murzuq craton and Darfur
Dome. Our results are consistent with the (Globig et al., 2016b) crustal model with
some differences.

Also, our estimated Moho depths are in good agreement with those obtained
from seismic investigations, regardless of the available seismic data, which are sparsely
distributed (see, Fig. 4.7). The shallowest LAB is found beneath the Darfur Dome,
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Figure 4.10: Satellite gravity gradients residuals for the initial model (My).

the Hoggar Swell, and the Tibesti Massif (Fig. 4.15-B). In contrast, the thickest litho-
sphere has been allocated beneath the Al-Kufra Basin that overly the Al-Kufra cra-
tonic remnant.

In this region, the lithosphere reaches a thickness of 190 — 200 km and coincides
with high S-wave velocity anomalies (Fig. 4.15). To the west, the LAB thickness of
130 — 140 km is much less pronounced beneath the Chad and the Murzugq basins that
overlie the Murzuq cratonic remnant and the Chad cratonic remnant, respectively.
These regions are characterized by a relatively faster S-wave velocity (Fishwick and
Bastow, 2011).

After modifying the LAB to fit the gravity fields, it deviated from the original
LAB by (Fishwick and Bastow, 2011) with up to +50 km differences in the area
(Fig. 4.14-B). In order to adjust the small wavelength anomalies of the gravity field
and elevation, the depth of the Moho was changed by less than its range of uncer-
tainty by +4 km (Fig. 4.14-A).
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Figure 4.11: Satellite gravity gradients residuals of the last model (M).

-, 7] e, [MG]
1000 100
a0 soo 301 80
1 1
600 60
1 1
25"y I 400 25 40
n 200 i 20
N .
20 0o 20 ! 0
1 | |
1 -200 1 -20
%y 400 °N -40
1 600 ! 60
10° 10°
| -800 ] -80
K ~1000 N, -100
5 Uil N - 5 ol
5 10 15 20 25° 30 35 5° 10 15 20 25 30 35°

Figure 4.12: Residual field of the last model (M;), in terms of a) Elevation and b) Bouguer
anomaly.
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Figure 4.13: The results of the final model (M;). (a) Moho depth and (b) LAB depth.

aamuT— 200 " 2z ]

5 -4 -3 -2 - 0o 1 2 3 4 5 -100 -80 -60 -40 -20 0 20 40 60 80 100

Figure 4.14: a) The differences between the final Moho depth model from LitMod3D and the
initial model from the gravity inversion. b) The differences between the final lithospheric
thickness from LitMod3D and the initial LAB model from (Fishwick and Bastow, 2011).

It is clearly visible, that the modelled LAB is much deeper than the initial LAB
(Fishwick and Bastow, 2011) both in the Eastern part (Al-Kufra cratonic block), the
North Central part (Cenozoic volcanism in Libya), and the Eastern Hoggar area. On
the South, i.e. Congo craton, the modelled LAB is shallower than the initial LAB
with ~ 30 km. The differences between the LAB models arise from the different
definitions of the LAB and the different methods used for its compilation. Hence,
they are sensitive to other properties. While the tomographic LAB uses a zone of
low seismic shear-wave velocity beneath a high-velocity, like the LAB by (Fishwick
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Figure 4.15: Horizontal slices of the 3D density model at 40, 50, 75, 100, 150, and 200 km
depths. The locations of profiles A, B, C, and D are indicated by solid lines.

and Bastow, 2011), the LAB constructed by the gravity and gravity gradient data is
more sensitive to elastic and isostasy changes.

4,7 Discussion

In the current study, the thermal and compositional structure of the lithosphere and
uppermost mantle of the Saharan Metacraton has been assessed using the 3D inte-
grated geophysical-petrological approach allowing for the self-consistent combina-
tion of various data sets (Afonso et al., 2008; Fullea et al., 2009).

In the SMC, there are no xenolith samples. Hence, the mantle compositions can-
not be related to any direct samples. Therefore, we have tested representative mantle
compositions of the SMC corresponding to the last tectono-thermal age of overlying
crust, as suggested by (Griffin et al., 2008). All of (Griffin et al., 2008; Djomani et al.,
2001) have classified the main mantle domains based on their age and the main min-
eralogical composition. Such a classification is a good proxy to the true compositions
in regions, where no mantle samples are available.

We have modelled the SMC lithosphere using two different compositions, namely,
the Proterozoic (Proton) and Phanerozoic (Tecton). In the implemented modelling
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approach, the mantle densities and velocities are calculated as a function of the tem-
perature, pressure, and bulk composition based on the thermodynamic calculations.
In order to match the observed potential field data and the topography, the results of
the Proton composition are clearly favoured over the Tecton composition. In the next
sections, we will thoroughly discuss the temperature, density, and velocity structure
resulted from our modelling approach.

4.7.1 Density Structure

The mantle density is calculated based on the given mineralogical composition and
the in-situ P/T measurements. As displayed in Fig. 4.15 that reports the density val-
ues at different depths 40, 75, 100, and 150 km, the results show that the density of
the lithosphere in the SMC exhibits notable non-uniform distribution both horizon-
tally and vertically. Also, Fig. 4.15 mainly represents the density variations beneath
the Moho depth and in the upper mantle with four cross section (Fig. 4.18, 4.19, 4.20,
and 4.21). The density variation at a depth of 100 km, see, Fig. 4.15, shows a very het-
erogeneous distribution, where the differences between the Al-Kufra craton and the
Tibesti Mountains that corresponding to the density variations in the upper mantle,
can be easily observed.

The lowest density values are obtained along the Cenozoic Cameroon Volcanic
Lines, the Tibesti Mountains, and along the Darfur Dome, which indicate that the
upper mantle is significantly warmer beneath such regions.

Significant high-density values anomalies (3340 — 3350 kg-m ) are found along
the Al-Kufra cratonic remnant, which belongs to the Proterozoic age. Previous stud-
ies of the Proterozoic subcontinental lithospheric mantle (SCLM), based on the inter-
pretation of xenolith data (for instance, consult, (Griffin et al., 2003)), estimated an
average density of 3340 kg-m 3 at a depth of ~ 100 km and a temperature of ~ 700°
C, corresponding to an upper mantle partly depleted in high-density elements (Fe)
and mineral phases (Gt).

Such a density value is significantly larger than that of the Archean SCLM (3310
kg-m~3), but also significantly lower than that of the Phanerozoic SCLM (3370 kg-m_3 ).
Additionally, the temperatures of the Proterozoic upper mantle are also character-
ized by intermediate values between those of the Archean and Phanerozoic upper
mantle Griffin et al., 2004. Along Al-Kufra block, the seismic tomography shows a
remarkably positive velocity anomaly Fishwick, 2010; Schaeffer and Lebedev, 2013b;
Emry et al., 2019. Quantifying the contributions of the compositional effects of the
density anomaly is difficult, in particular, when the study area suffers from the ab-
sence of mantle-derived xenolith data. Since the maximum expected density differ-
ences between a highly depleted Archean and a fertile lithosphere mantle is ca. —100
kg-m~2 in shallow lithospheric mantle (Djomani et al., 2001). This difference gradu-
ally decreases with depth and, typically, vanishes in the basal part of the lithosphere
(Griffin et al., 1999; Griffin et al., 2004).
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4.7.2 Temperature Structure

The subsurface temperatures at various horizontal depths are displayed in Fig. 4.18
and as a vertical cross-section (Fig. 4.16). In the upper mantle, strong lateral tempera-
ture heterogeneities were observed. At depths 60 to 150 km, temperature differences
about 500° C (Fig. 4.16) and ~ 200° C at 200 km depth were computed. A large-scale
low-temperature beneath the Al-Kufra block and the north edge of the Congo cra-
ton extends down to ~ 200 km, which is highly consistent with the recent seismic
tomographic results, showing continuous high-velocity in the upper mantle (Emry
et al.,, 2019).

The low-temperature beneath both the Murzuq and Chad blocks extends to ~
130 km with no clear boundaries. These low-temperature values correspond to the
cold and old lithosphere represented by the cratonic remnant.

Along the Cenozoic volcanic areas of the DD, TM, CVL, and HS, high-temperatures

are imaged and characterized by upward deflected isotherms near the LAB (Fig. 4.18,
419, 4.20, and 4.21). Beneath the TM, the high-temperature is observed at a depth
equivalent to 200 km, which coincides with the locations of the Cenozoic volcanism
and low-density values. The extreme high-temperature values reect the presence of
a very thin lithosphere due to the upwelling of the mantle along both the Tibesti and
CVL. The upper mantle temperature anomalies are confirmed by the recent tomog-
raphy models (Fischer et al., 2010; Schaeffer and Lebedev, 2013b; Emry et al., 2019),
which resolved similar features with an anomalously low-velocity upper mantle.
However, the amplitude of the anomaly, its corresponding depth, and the location
do differ between the different models. As expected, the pattern of the temperature
anomalies (Fig. 4.16) closely mimic the pattern of the LAB thickness. Recently, A 10
km thinning of the mantle transition zone (MTZ) was observed beneath the Cenozoic
volcanic provinces in central Libya (Lemnifi et al., 2017), suggesting higher-than-
average temperatures in those parts of the MTZ. Along the Al-Kufra cratonic block,
the thickness of the MTZ increases indicating a colder-than-average MTZ. These re-
sults are consistent with the upper mantle temperature anomaly that we obtained
from our model.

4.7.3 Seismic Velocity Structure

Our lithospheric modelling results show high seismic shear velocities that are coin-
cident with the previously proposed cratonic blocks (Al-Kufra, Murzuq, and Chad),
with the exception of the Chad cratonic block. Moreover, our results also coincide
with the recent seismic tomography models (Fishwick, 2010; Schaeffer and Lebedeyv,
2013b; Emry et al., 2019).

Fig. 4.17 show depth-slices of Vs at 100 km depth. For a better understanding
of the 3D upper mantle velocity structure, vertical cross sections of Vs across four
profiles (solid lines in Fig. 4.17-A) are plotted in Fig. 4.18, 4.19, 4.20, and 4.21.

Low-velocity features were detected in the shallow upper mantle beneath the
prominent volcanic area throughout the SMC, including the Hoggar and Tibesti as
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Figure 4.16: Horizontal slices from the 3D temperature model of the SMC at different depths.
Lines and text as in Fig. 4.15.
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Figure 4.17: (a) Absolute values of S-wave seismic velocity of the final model (M2) at the 100
km depth slice; (b) Seismic tomography model of (Schaeffer and Lebedev, 2013b). The black
lines and labels show the loctions of the cross-sections.

well as the Darfur Dome (Fig. 4.17). These low-velocity values coincide with both
the lithospheric thinning and the high-temperature values along these regions. The
most prominent feature is a high-velocity along the Al-Kufra cratonic block and the
northern edge of the Congo craton, which has been resolved by the three recent
tomographic models. The high-velocity features along the Al-Kufra cratonic block
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Figure 4.18: Modelling results for A-A profile. Observed (blue solid lines) and calculated
(red dashed lines) in terms of (a) Bouguer gravity anomaly and (b) topography, which
crosses the Saharan Metacraon in W-E direction. (c), (d) and (e) are the modelled distribu-
tions of density, temperature, and S-wave seismic velocity, respectively. Continuous black
lines indicate Moho and/or LAB depth geometry. MC = Murzugq cratonic remnants; TM =
Tibesti Massif; and AC = Al-Kufra cratonic remnants.

are consistent with the recent tomographic models at a global scale (Schaeffer and
Lebedev, 2013b) and at a continental scale (Fishwick and Bastow, 2011; Emry et al.,
2019).
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Figure 4.19: Modelling results for B-B profile. Observed (blue solid lines) and calculated (red
dashed lines) in terms of (a) Bouguer gravity anomaly and (b) topography that crosses the
Saharan Metacraon in N-S direction. (c), (d) and (e) are the modelled distributions of den-
sity, temperature, and S-wave seismic velocity, respectively. Continuous black lines indicate
Moho and/or LAB depth geometry. AC = Al-Kufra cratonic remnants; DD = Darfur Dome;
and COC= Congo craton.

4,74 Surface Heat Flow (SHF)

The computed SHF from our model is the result of the mantle contribution (con-
trolled by the depth to the LAB) together with the radiogenic heat production and
the thermal conductivities of the crustal layers. The predicted surface heat flow
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Figure 4.20: Modelling results for C-C profile. Observed (blue solid lines) and calculated
(red dashed lines) in terms of (a) Bouguer gravity anomaly and (b) topography that crosses
the Saharan Metacraon in NNW-SSE direction. (c), (d) and (e) are the modelled distributions
of density, temperature, and S-wave seismic velocity, respectively. Continuous black lines

indicate Moho and/or LAB depth geometry. MC = Murzuq cratonic remnants; TM= Tibesti
Massif; and CC= Chad cratonic remnants.

(Fig. 4.22) shows a large variability, ranging from ~ 40 — 50 mW-m~2, which cor-
responds to a modified Archean-Proterozoic lithosphere (Artemieva, 2006) along
the Al-Kufra cratonic remnant and the northern edge of Congo craton to 55 — 60
mW-m~2 associated with the Tibesti Mountains and Darfur Dome.

The maximum surface heat flow (SHF) values are greater than 65 mW-m~2 around
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Figure 4.21: Modelling results for D-D profile. Observed (blue solid lines) and calculated
(red dashed lines) in terms of (a) Bouguer gravity anomaly and (b) topography that crosses
the Saharan Metacraon in SW-NE direction. (c), (d) and (e) are the modelled distributions
of density, temperature, and S-wave seismic velocity, respectively. Continuous black lines
indicate Moho and/or LAB depth geometry. CVL = Cameroon Volcanic Line; CC= Chad
cratonic remnants; TM= Tibesti Massif; and AC = Al-Kufra cratonic remnants.

the Cameroon Volcanic Lines. The predicted SHF suggests that the Al-Kufra is un-
derlain by a rigid lithospheric block with a thick and cold lithosphere, which may
be mostly surrounded by a thin and rheologically weak mantle.
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Figure 4.22: Predicted surface heat flow in the Saharan Metacraton. Dots show the values
of the available measured heat flow from the global dataset Pollack, Hurter, and Johnson,
1993.

The validation of the predicted SHF results is not strong due to the poorly con-
strained thermal structure of the internal part of the SMC, and due to the availability
of few heat flow data that are sparsely distributed.

We observed that the predicted heat flows are partially in contrast with the avail-
able measured points from boreholes, the amplitudes of the lateral variations are
higher in some areas (e.g., across Al-Kufra block) and lower in other areas (e.g.,
across Sirt basin). Some of these discrepancies can be attributed to our simplified
crustal model. Additionally, the lateral variations in crustal thermal properties (ra-
diogenic heat production and thermal conductivity) are not included in either the
crystalline or the sedimentary layers, which could affect the predicted heat flow lo-
cally. We note, however, that although the SHF observations are useful as broad
constraints, they are not heavily weighted as constraining data in this study due to
the sparsity of the data available and the local geological variations (e.g., in thermal
conductivity) that might be affecting them.
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4.7.5 Upper Mantle Thermal Anomaly and Cenozoic Volcanism

The origin of the Cenozoic volcanism inside the SMC is debatable and three con-
trasting models have been proposed.

1. The association is a manifestation of a deep mantle plume (Burke and Wilson,
1976; Sicilia et al., 2008), possibly linked to the postulated Afar Plume (Sebai
et al., 2006), although the typical geological features of plumes are poorly rep-
resented (Zhao, 2007);

2. Alternatively, the swell and volcanism are the results of the reactivation of
lithospheric structures due to the intraplate stress generated by the Africa-
Europe collision (Liégeois et al., 2005; Pik, Marty, and Hilton, 2006; Radivo-
jevi¢ et al., 2015).

From our model, we found that the Cenozoic volcanism areas are associated
with the upper mantle thermal anomaly and controlled by lithospheric architec-
ture. The thin MTZ along these volcanic areas is an additional evidence of the high-
temperature anomaly beneath these regions. Such interpretation is also consistent
with our results for the present-day lithospheric thinning and temperature anomaly
beneath these volcanic areas.

4.7.6 Lithospheric Structure and Metacratonization of the Saharan Re-
gion

Our results confirm the presence of three preserved cratonic remnants (Al-Kufra,
Murzugq, and Chad) within the Saharan Metacraton that are underlain by a relatively
thicker, colder, and denser SCLM characterized by high S-wave velocities. This is in
contrast with the rest of the Saharan Metacraton, which is underlain by a relatively
thinner, hotter, and less dense SCLM with relatively slower S-wave velocity values.

Moreover, we observed that the surface extents of the three cratonic remnants
coincide with the broad depressions around relatively elevated regions (topographic
swells) including the Darfur Dome, the Tibesti Massif, and the Hoggar Swell (Fig. 4.3).
Also, the surface extents of the cratonic remnants coincide with the presence of the
Paleozoic-Mesozoic sedimentary basins including the Al-Kufra, the Murzuk, and
the Chad.

It seems that, during the Pan-African orogeny and the Phanerozoic, the cratonic
blocks (e.g., the Murzuq and Al-Kufra) played an important role as rheologically
rigid bodies. The presence of the thicker and denser SCLM beneath the cratonic rem-
nants might have resulted in the development of negative buoyancy that allowed the
formation of these sedimentary basins as broad intra-continental sag basins.

The presence of magmatism along the cratonic blocks boundaries, where the
Cenozoic volcanic field is present might have induced the process that modified the
lithospheric mantle beneath the SMC, which, in turn, may finally lead to the gravi-
tational 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 lo-
cation of the recent volcanism in the region. This anomaly seems to be related to
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the up-welling of the sub-lithospheric material, which creates forced down-wellings
and erosion of the basal parts of the lithosphere.

Our model illustrates the present state of the lithospheric structure of the Saha-
ran Metacraton and the three enclosed cratonic remnants. Such lithospheric struc-
ture might have been the product of multiple geological events that occurred dur-
ing different geologic times. Hence, this poses the question of when the Saharan
Metacraton acquired its present lithospheric structure and what could be the rela-
tive contributions of each tectonic event. Also, the presence of the three cratonic
remnants within the vastly remobilized Saharan Metacraton poses the question of
what controlled the metacratonization process and how the three cratonic remnants
escaped metacratonization.

(Liégeois et al., 2013) attributed the metacratonization of the interior of the once
Saharan craton, not just its margin, to that the craton was subjected to collisional
events in the Neoproterozoic along its entire margins. In the East, it collided with
the Arabian-Nubian Shield. To the West, it collided with the Tuareg Shield, which
in turn collided with the West African craton. In the south, it collided with the
Congo craton. LpIEGEOIS2013220 also, suggested that the Saharan craton was
colliding against an unidentified continent in the North that is buried under the
Phanerozoic sedimentary rocks of North Africa. Hence, the geodynamic setting of
the Saharan craton during the Neoproterozoic favours significant shortening of the
entire craton. This would certainly lead to instability in the form of lithospheric
thickening that will be, consequently, followed by a total or partial SCLM delamina-
tion beneath the Moho or beneath the mechanical boundary layer-thermal bound-
ary layer. It is possible that such delamination occurred along ancient collisional
zones that stitched the fragments of the Saharan craton together. It is not unusual to
have large cratons made-up of smaller Archean-Paleoproterozoic lithospheric frag-
ments that were sutured together along Paleoproterozoic orogenic belt. For example,
in Southern Africa, the larger Kalahari craton is made-up of the smaller Archean-
Paleoproterozoic Zimbabwe and Kaapvaal cratons sutured by the Paleoproterozoic
Limpopo, Magondi, and Kheis orogenic belts (Begg et al., 2009). So, it is possible
that the Saharan craton had a similar tectonic setting before its metacratonization
during the Neoproterozoic collisional events.

Little information are known about the Precambrian geology of the regions sur-
rounding the three cratonic remnants within the Saharan Metacraton because of
lack of exposures and lack of geological investigation due to their remote locations.
However, there are observations that might have had different structural styles than
the three cratonic remnants (although they were part of the intact Saharan craton).
This allowed these regions to be preferentially metacratonized as well as influenced
by the subsequent modification of the Saharan Metacraon’s lithosphere during the
Phanerozoic.

4.7.7 Conclusion

Our 3D lithospheric model of the Saharan Metacraton combines geophysical, geo-
logical, and petrological constraints at various scales into one robust and self-consistent
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model. The modelling approach calculates the temperature, density, and seismic ve-
locity of the upper mantle as a function of different P-T conditions and petrological
composition, aiming to examine the potential existence of three preserved cratonic
remnants within the Saharan Metacraton.

Our lithospheric model is able to explain both the observed seismic velocities
and the measured geophysical and geodetic data, under the assumption that it is
uniformly moderately depleted (i.e., typical Proterozoic mantle). Furthermore, our
preferred models suggest that the lithospheric structure of these cratonic remnants
is different from that of the main Saharan Metacraton in term of lithospheric thick-
ness. The cratonic remnants are modelled with a relatively thick and, consequently, a
colder and denser SCLM, while the SCLM beneath the remaining Saharan Metacra-
ton is modelled as a relatively thin and, consequently, a hotter and less dense layer.

Therefore, our developed models propose that the SCLM of the cratonic rem-
nants has relatively faster S-wave velocities compared to the metacraton, which are
in agreement with the seismic tomography models, both, in regional and local scales.
This can be interpreted as localized and partial metacatonization of the ancestral cra-
ton of the Saharan Metacraton during the Neoproterozoic collisional-related delam-
ination event. The localized modification of the Saharan Metacraton SCLM might
have been further enhanced by Phanerozoic events such as Mesozoic-Cenozoic rift-
ing and Cenozoic volcanic activities.
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Chapter 5

Conclusions and Outlook

5.1 Conclusions

During this PhD project, new insights on the present-day lithosphere structure of
Egypt and the Saharan Metacraton consistently with geological and geophysical
data, and seismic tomography models was developed.

First, a new combined regional gravity model has been developed for Egypt uti-
lizing the recently made available terrestrial FA gravity anomalies integrated with
the satellite gravity data. The terrestrial data used in this study, characterized by
consistent gravity and height values, were exploited for the first time over the Egyp-
tian territory.

The developed combined gravity model brings together the useful aspects of
both types of data, the high resolution of terrestrial gravity data and the unprece-
dented homogeneity of GOCE satellite data.

The combined model, which is developed by integrating satellite and terrestrial
data via applying the remove-compute-restore (RCR) principle and the least-squares
collocation (LSC) procedure, would definitely be of added-value for geophysical and
geodetic applications where no or only sparse ground data are available. In addi-
tion, the method may be useful when combining other heterogeneous datasets of
different resolution, e.g. onshore gravity data with offshore satellite data.

As a second step, the combined regional gravity field model used for building
the detailed three-dimensional density model for Egypt. First, The GOCE satellite
gravity data was inverted to obtain an initial model by applying the regularized
non-linear gravity inversion (Uieda and Barbosa, 217). Then, the 3D gravity model
was constrained using the available deep seismic profiles, receiver functions, and
geological information in order to produce a regional model of the crustal thickness
for the continental part of Egypt. The developed Moho depths model was compared
with compilations of the seismic estimates showing good agreements as well as high
levels of consistency.

The resulting crustal thickness correlates better with the geological and tectonic
structure. The results show crustal thicknesses ranging from 25 km to 40 km. More
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specifically, crustal thickness ranges from 36 km to 40 km in the southern portion of
the Egyptian territory, which can be associated with the modification of the crust that
occurred during the collision between East Gondwana and the Sahara Metacraton
along the Keraf suture zone during the final assembly of Gondwana in the Neo-
proterozoic. The crustal thickness along the rifted margins of the Red Sea ranging
between 25 km and 30 km, then becomes thinner toward the Mediterranean Sea.

The crustal model presented here studying the 3D density structure of geologically-
interesting formations, where the Bouguer anomaly data is combined with a priori
information retrieved from petrophysical (e.g., density values) and seismic datasets.
Compared to previous studies, the developed gravity-based Moho model shows a
better match with the available seismic studies than that of the global crustal model
(e.g., the CRUST1.0 and GEMMA), in which the interpolation of such global models
on local scales might produce unrealistic Moho depth values.

Looking much regional, surroundings the Egyptian territory, the lithospheric
structure of the Saharan Metacraton are presented. Finally, the 3D lithospheric model
of the Saharan Metacraton combines a geophysical, geological, and petrological con-
straints at various scales into one robust and self-consistent model. The modelling
approach calculates the temperature, density, and seismic velocity of the upper man-
tle as a function of different P-T conditions and petrological composition, aiming to
examine the potential existence of three preserved cratonic remnants within the Sa-
haran Metacraton. The resulted lithospheric model able to explain both observed
seismic velocities and measured geophysical and geodetic data assuming is uni-
formly moderately depleted (i.e., typical Proterozoic mantle).

Furthermore, our preferred models suggest that the lithospheric structure of
these cratonic remnants is different from that of the main Saharan Metacraton in
term of lithospheric thickness. The cratonic remnants are modelled with a relatively
thick, and consequently colder and denser SCLM, while the SCLM beneath the re-
maining Saharan Metacraton is modelled as relatively thin and consequently hotter
and less dense.

The models consequently propose that the SCLM of the cratonic remnants has
relatively faster S-wave velocities compared to the metacraton in agreement with
the seismic tomography models in both regional and local scales. This can be inter-
preted as localized and partial metacatonization of the ancestral craton of the Saha-
ran Metacraton during Neoproterozoic collisional-related delamination event. The
localized modification of the Saharan Metacraton SCLM might have been further
enhanced by Phanerozoic events such as Mesozoic-Cenozoic rifting and Cenozoic
volcanic activities. The spatial distributions of Cenozoic volcanisms around the cra-
tonic blocks are explained in our model by low velocity and hot temperature associ-
ated with a thinner lithosphere, implying mantle upwelling.

In summary, this Thesis has provided new insights on the present-day litho-
sphere structure of Egypt and the Saharan Metacraton consistently with geologi-
cal and geophysical data, and seismic tomography models. Hopefully, this work
will help to better understand the upper mantle structure and its contribution to the
present configuration of the Saharan Metacraton.
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5.2 Outlook

The research conducted through this thesis has shown several issues and limitations
which should be considered and solved in future research. In this section, some
recommendations for future work are addressed.

e The Saharan Metacraton region suffer large data gaps of terrestrial gravity
measurements. Filling these gaps with terrestrial /airborne gravity data will
be required for the interpretation of the more reliable lithospheric density dis-
tribution in the region. Although the latest geopotential model EIGEN-6C4
(Bruinsma et al., 2014) considered as a combined model, but in this area no
terrestrial gravity data were available and the model based on fill-in data over
this area.

e More seismological data across the region can help to diversify the model’s
geometry in order to establish different layers with unique borders and set
more precise apriori assumptions for each.

e Further geophysical studies such as heat flow data, denser magnetotelluric
profiles for the Saharan Metacraton should be addressed in the future in order
to obtain better constraints on the deep structure and density of the lithosphere
beneath this important region.

e The high-resolution thermochemical modelling of the Saharan Metacraton litho-
sphere can be imaged by jointly inverting the dispersion curves derived from
the recent tomography model of Africa (Emry et al., 2019) with the geoid
height, surface heat flow, absolute elevation, and magnetotelluric data with
a multi-observable probabilistic inversion method.

e The metacratonization process, actual causes, mechanisms, and extent of the
lithospheric modification remain ambiguous. Combining the structural im-
ages obtained by present-day high-resolution lithospheric modelling and the
geodynamic simulations inspired by numerical modelling, would explain the
geodynamic mechanism and the possible scenarios of the Saharan Metacraton
modifications.
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Appendix A

Appendix A: Effect of Lithospheric
Composition Changes

We have tested various lithospheric mantle compositions in order to evaluate the ef-
fects of these changes on the modelled geophysical observables (Bouguer anomaly,
geoid, and topography) and the predicted temperature, density, and S-wave velocity.
We considered two end-member scenarios, in which the SCLM of the entire Saharan
Metacraton is either of Archean or Phanerozoic age Griffin et al., 2008.

Several experiments have shown that the Archean SCLM has the highest magne-
sium and lowest iron content with a moderate magnesium number and the lowest
bulk density. Differently, the Phanerozoic SCLM is characterized by lower magne-
sium number and higher iron content and higher bulk density Djomani et al., 2001;
Grad, Tiira, and Group, 2009.

First, we kept the crust and the SCLM geometry and thickness fixed and only
changed the petrological composition of the SCLM of B-B profile. We considered the
SCLM composition to be either of uniform depleted Archean composition or uni-
form fertile Phanerozoic composition. Modelling the entire Saharan Metacraton’s
SCLM as a depleted Archean composition causes major misfit between the observed
and the calculated Bouguer anomaly (RMSE = 25 mGal), the geoid (RMSE = 4.5 m)
and the topography (RMSE = 242 m). For example, such a scenario would result in
the increase of the elevation of the calculated topography by ~ 240 m compared to
the observed topography (Fig. A.1-A).

Therefore, it would be very difficult to compensate such mass unbalance by sim-
ply modifying the thickness of the crust. Such modifications would require an ex-
tremely unrealistic thin crust that should have extremely high density. Therefore,
considering the entire SCLM of the Saharan Metacraton to have a uniform depleted
Archean composition can be ruled out. Modelling the SCLM beneath the Saharan
Metacraton along profile B-B as a uniform fertile Phanerozoic composition (Fig. A.1-
B) will also cause major misfit between the observed and the calculated Bouguer
anomaly (RMSE = 23 mGal), the geoid (RMSE = 3.0 m) and the topography (RMSE =
306 m). For example, such a scenario will lead to the lowering of the elevation of the
calculated topography by ~ 300 m compared to the observed topography (Fig. A.1).
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Figure A.1: The modelling results of the Saharan Metacraton considering a) the SCLM of
the entire metacraton as a uniform depleted Archean composition along B-B profile, which
crosses the Al Kufrah cratonic remnant; b) considering the SCLM of the entire metacraton
as a uniform fertile Phanerozoic composition. (A) The Misfit between the observed and
the calculated Bouguer anomaly, (B) the geoid, and (C) the topography. (D) The calculated
SCLM density. (E) The calculated SCLM S-wave seismic velocities.
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