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Abstract

The West and Central African Rift System (WCARS) is a geologically complex and dy-
namic region that provides unique opportunities to investigate the processes of continental
rifting, magmatism, and lithosphere evolution. This thesis aims to unravel key aspects of the
WCARS by integrating geophysical, petrological, and thermal datasets to examine its litho-
spheric architecture, crustal structure, and thermal regime. Four primary research questions
guide this work: (1) The key lithospheric and crustal structures that define the WCARS,
and the how do these structures reflect the interplay of tectonic inheritance, rifting, and
magmatism, (2) the question of the origin of the Cameroon Volcanic Line (CVL), (3) the
question of the origin of the Bangui Magnetic Anomaly (BMA), and the how are these two
structure linked to regional tectonic and magmatic evolution, and (4) how do surface heat
flow variations across the WCARS relate to crustal composition, radiogenic heat production,
and magmatic processes?

The study begins by constructing a comprehensive 3D lithospheric model of the WCARS, uti-
lizing gravity, seismic, and petrological data to delineate variations in lithospheric thickness
and composition. The results confirm the passive origin of the WCARS, reveal significant
heterogeneity in lithospheric architecture, with crustal thickness ranging from 25 km in rift
zones to over 50 km beneath cratonic regions, and lithospheric thickness varying from 70 km
in the Benue trough to 250 km beneath the cratons. Transitional zones between Phanerozoic
and Proterozoic lithosphere are identified, underscoring the role of tectonic inheritance in
guiding rift development and lithospheric evolution.

Based on my model results, I attribute the origin of the CVL to edge-driven convection be-
neath the lithospheric mantle caused by the V-shaped opening of the WCARS. This process
likely created magma chambers aligned with pre-existing lithospheric weaknesses, highlight-
ing the critical interplay between mantle dynamics and tectonic inheritance in shaping these
features. The origin of the BMA is explored through detailed crustal modeling based on
gravity and magnetic field data. The findings suggest that the BMA results from felsic and
plutonic intrusions created during Mesozoic rifting, that carry strong remnant magnetiza-
tion.

Surface heat flow variations across the WCARS are investigated by integrating radiogenic
heat production data into thermal models. The results demonstrate that heat flow anomalies
are closely linked to lithospheric thinning, magmatic intrusions, and crustal heterogeneity.
Elevated heat flow values are measured in rift zones such as the Benue trough and CVL,
where magmatic processes and radiogenic heat production contribute to the thermal regime.
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In contrast, lower heat flow values are associated with stable cratonic regions, reflecting their
thick and thermally insulating lithospheric roots. These findings provide critical insights into
the region’s thermal structure.

This thesis makes significant contributions to the understanding of the WCARS by eluci-
dating its lithospheric and crustal architecture, identifying the origins of major geophysical
anomalies, and refining the thermal model of the region. The results underscore the impor-
tance of integrating geophysical and petrological datasets to address complex geodynamic
questions. Furthermore, the findings have broader implications for the study of rift systems
worldwide, offering new perspectives on the processes governing lithospheric modification,
intra-plate volcanism, and continental rifting.



Zusammenfassung

Das West- und Zentralafrikanische Riftsystem (WCARS) ist eine geologisch komplexe und
dynamische Region, die eine einzigartige Gelegenheit bietet, die Prozesse der kontinentalen
Riftbildung, des Magmatismus und der Lithospharenentwicklung zu untersuchen. Diese
Dissertation zielt darauf ab, zentrale Aspekte des WCARS zu entschliisseln, indem geo-
physikalische, petrologische und thermische Datensatze integriert werden, um dessen litho—
spharische Architektur, Krustenstruktur und thermisches Regime zu analysieren. Vier zen-
trale Forschungsfragen leiten diese Arbeit: (1) Welche wichtigen litho—sphérischen und
krustalen Strukturen definieren das WCARS, und wie spiegeln diese Strukturen das Zusam-
menspiel von tektonischem Erbe, Riftbildung und Magmatismus wider? (2) Was ist der
Ursprung der ’Cameroon Volcanic Line’ (CVL)? (3) Was ist der Ursprung der ”Bangui
Magnetic Anomaly” (BMA), und wie sind diese beiden Strukturen mit der regionalen tek-
tonischen und magmatischen Entwicklung verbunden? (4) Wie héngen Schwankungen des
geothermischen Warme—fluss im WCARS mit der Krusten—zusammensetzung, der radio-
genen Warmeproduktion und magmatischen Prozessen zusammen?

Die Untersuchung beginnt mit der Konstruktion eines umfassenden 3D-Lithospharenmodells
des WCARS, das Schwerefeld-, seismische und petrologische Daten verwendet, um Varia-
tionen in der Dicke und Zusammensetzung der Lithosphare vorherzusagen. Die Ergebnisse
bestétigen, dass das WCARS passiven Ursprungs ist und zeigen eine erhebliche Heterogenitét
der Lithosphare: Die Machtigkeit der Kruste reicht von 25 km in Riftzonen bis zu iiber 50
km unter kratonischen Regionen, wahrend die Tiefe der Lithosphéren-Asthenospharengrenze
zwischen 70 km im Benue-Trog 250 km unter den Kratonen schwankt. Ubergangszonen zwis-
chen phanerozoischer und proterozoischer Lithosphéare konnten mithilfe der Modellierung
identifiziert werden, was die Rolle des tektonischen Erbes bei der Steuerung der Rift- und
Lithospharenentwicklung unterstreicht.

M.E. wurde die CVL durch ’edge-driven convection’ ("randgetriebene Konvektion”) erzeugt,
die durch die V-formige Offnung des WCARS verursacht hervorgerufen wurde. Dieser
Prozess fiithrte wahrscheinlich zur Bildung von Magmakammern entlang bestehender litho—
sphérischer Schwachezonen, was wiederum das Zusammenspiel von Manteldynamik und tek-
tonischem Erbe fiir die Auspragung der Strukturen im Gebiet des WCARS unterstreicht. Ich
untersuche den Ursprung der BMA mithilfe detaillierter Krustenmodelle, die auf Daten des
Schwere- und Magnetfeldes basieren. Die Ergebnisse legen nahe, dass die BMA aus felsischen
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und plutonischen Intrusionen wahrend des Riftings im Mesozoikum resultiert, wobei diese
Intrusionen wahrscheinlich stark remanent magnetisiert sind.

Die Verteilung des geothermischen Wéarmefluss im WCARS wurde mit thermischen Modellen
untersucht, wobei Daten iiber die Verteilung radiogener Warmeproduktion in die Analyse
einbezogen wurden. Die Ergebnisse zeigen, dass Warmeflussanomalien eng mit Schwankun-
gen der Lithospharenmaéchtigkeit, magmatischen Intrusionen und krustaler Heterogenitat
verbunden sind. Erhohte Warmeflusswerte wurden in Riftzonen wie dem Benue-Trog und
der CVL beobachtet, wo magmatische Prozesse und radiogene Warmeerzeugung zum ther-
mischen Regime beitragen. Im Gegensatz dazu tritt reduzierter Warmefluss in stabilen kra-
tonischen Regionen auf, da die lithospharische Wurzel eine isolierende Wirkung hat. Diese
Ergebnisse liefern wichtige Einblicke in die thermische Struktur der Region.

Diese Dissertation leistet einen bedeutenden Beitrag zum Verstandnis des WCARS, indem
sie dessen lithospharische und krustale Architektur entschliisselt, die Urspriinge bedeutender
geophysikalischer Anomalien identifiziert und das thermische Modell der Region verfeinert.
Die Ergebnisse unterstreichen die Bedeutung der Integration geophysikalischer und petrolo-
gischer Datensatze, um komplexe geodynamische Fragestellungen zu beantworten. Dartiber
hinaus haben die Ergebnisse weitreichendere Implikationen fiir das Studium von Riftsyste-
men weltweit, da sie neue Perspektiven auf die Prozesse bieten, die die Modifikation der
Lithosphare, intrakontinentalen Vulkanismus und kontinentale Riftbildung steuern.
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1 Introduction

The West and Central African Rift System (WCARS) is a geologically significant region
that exemplifies the complex interplay of tectonic, magmatic, and thermal processes in-
volved in continental rifting. Spanning from the Gulf of Guinea to the Central African Re-
public, the WCARS encompasses diverse geological structures, including the Benue Trough,
the Cameroon Volcanic Line (CVL), and the enigmatic Bangui Magnetic Anomaly (BMA)
(Guiraud et al.|{1992, |[Fairhead|2023)). Bordered by the stable West African Craton to the
west and the Congo Craton to the south, the WCARS provides a unique natural laboratory
for investigating lithospheric deformation, magmatic processes, and the thermal evolution of
rift systems.

The WCARS’s formation and evolution are closely tied to the breakup of the Gondwana
supercontinent during the Late Jurassic to Early Cretaceous. This tectonic event initiated
extensional forces that led to the development of sedimentary basins, volcanic chains, and
shear zones, creating a geodynamically complex region. Key rift segments include the Be-
nue Trough, the Chad Basin, and the shear zones such as the Central African Shear Zone
(CASZ) and Kandi Shear Zone (KSZ). The sedimentary basins within the WCARS are
primarily filled with Mesozoic to Cenozoic sediments, deposited during periods of rifting
and subsidence, further underscoring the region’s dynamic history (Burke (1976} Fairhead &
Green|[1989).

The CVL, a linear volcanic chain extending from the Atlantic Ocean to the continental
interior, is a prominent feature of the WCARS. It represents an exceptional geological phe-
nomenon whose origin remains a subject of debate. Similarly, the BMA, one of the world’s
most prominent magnetic anomalies, has been linked to deep-seated tectono-magmatic pro-
cesses and ancient lithospheric structures (Fairhead & Binks||1991, |Girdler et al.|[1992).

The rifting processes that shaped the WCARS were heavily influenced by pre-existing struc-
tural weaknesses in the Precambrian basement. These inherited structures localized the
development of rift zones, facilitating the formation of deep basins and widespread volcanic
activity during the Cretaceous (Fairhead & Green!|1989, Guiraud et al.[1992). The exten-
sional tectonics accompanying the breakup of Gondwana resulted in significant lithospheric
thinning, crustal deformation, and magmatic intrusions. These processes have left a lasting
imprint on the thermal and mechanical properties of the lithosphere, as evidenced by high
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heat flow and crustal thinning in the rift basins (Djomani et al.|[1995).

Geophysical studies using seismic, gravity, and magnetic datasets have revealed the WCARS’s
intricate crustal and lithospheric architecture. These investigations have highlighted lateral
heterogeneities in crustal thickness, density, and magnetic susceptibility, underscoring the
complexity of the region’s tectonic and magmatic history (Tokam et al.|2010} Eyike & Ebbing
2015|, \Ghomsi et al.| (2022)).

Despite the wealth of research on the WCARS, significant knowledge gaps remain regarding
its origin, its evolution and its current architecture. For instance, the origin and evolution
of the enigmatic CVL remain topics of ongoing debate, while the origin of the BMA is still
uncertain between hypotheses ranging from meteoric impact, ancient tectonic processes to
Mesozoic rifting-related magmatism.

Another critical aspect of the WCARS that warrants further investigation in surface heat
flow. The spatial distribution of heat flow across tectonic units provides valuable insights
into the lithospheric structure, thermal evolution, and geodynamic processes. However, the
West and Central African region remains underexplored in terms of heat flow studies, lim-
iting our understanding of its geothermal potential and magmatic activity.

Understanding the WCARS requires a multidisciplinary approach, as its geological complex-
ity cannot be captured by a single method. Previous studies, as I will outline in Chapter 3
and 4, have employed geophysical techniques, such as gravity, magnetic, and seismic surveys,
to investigate its crustal and lithospheric structure. However, these efforts have often been
limited in scope, failing to integrate datasets at a regional scale. This thesis addresses this
gap combining geophysical and petrological data to build detailed 3D models, at the litho-
spheric then at the crustal scales, that elucidate the region’s tectonic and geodynamic history.



2 Motivation, Research Questions and
Structure of the Thesis

2.1 Motivations

The West and Central African Rift System (WCARS) is a fascinating geological domain
where the interplay of tectonic inheritance, magmatic processes, and lithospheric dynamics
can be studied in detail. Despite its geological significance, this region remains underexplored
compared to other major rift systems like the East African Rift. The WCARS is character-
ized by unique features such as the Cameroon Volcanic Line (CVL), the Benue Trough, and
the enigmatic Bangui Magnetic Anomaly (BMA). These structures offer unparalleled oppor-
tunities to study the processes of continental rifting, mantle dynamics, and crustal evolution.

Understanding Lithospheric and Crustal Structure: While prior studies have highlighted the
role of pre-existing structures in guiding rift development, the detailed composition and den-
sity variations within the lithosphere and crust remain poorly known. Investigating these
parameters is essential for understanding the forces driving rift propagation and magmatism.

Unraveling Origins of the CVL and the BMA: The BMA is one of the most prominent mag-
netic anomalies globally. Despite its significance, its origin as well as the CVL origin remain
ambiguous, then still debated. Addressing this uncertainty is critical for understanding the
region’s tectonic history.

Exploring Surface Heat Flow Variations: Surface heat flow is a key indicator of lithospheric
thermal state and magmatic activity. However, the WCARS remains underexplored in terms

of heat flow measurements and modeling. Refining our understanding of heat flow distribu-
tions will shed light on regional geothermal gradients and magmatic processes.

2.2 Research Questions

This thesis is guided by four primary research questions:

What are the key lithospheric and crustal structures that define the WCARS, and how do
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these structures reflect the interplay of tectonic inheritance, rifting, and magmatism?
Approach to Answer: This question will be addressed by integrating gravity, seismic, and
petrological datasets to develop a 3D lithospheric model. The focus will be on identifying
lateral variations in density, compositional heterogeneity, and crustal thickness.

What is the origin of the CVL, and how is it linked to the tectonic and magmatic evolution
of the region? Approach to Answer: This question will be also addressed after integrating
gravity, seismic, and petrological datasets to develop a 3D lithospheric model. The focus will
be on identifying interactions between geological structure and the role plays by each of them.

What is the origin of the Bangui Magnetic Anomaly, and how is it linked to the tectonic
and magmatic evolution of the region?

Approach to Answer: This question will be answered by constructing a detailed crustal
model using magnetic and gravity data. Density and magnetic susceptibility distributions
will be analyzed to characterize the anomaly’s source and its relationship with regional tec-
tonic structures.

How do surface heat flow variations across the WCARS relate to crustal composition, radio-
genic heat production, and magmatic processes?

Approach to Answer: This question will be explored by integrating radiogenic heat pro-
duction data with thermal models. Surface heat flow variations will be correlated with
crustal heterogeneity and geological structures to enhance our understanding of the regional
evolution.

2.3 Structure of the Thesis

The research question will be addressed in the following three chapters, each contributing
to a cohesive exploration of the WCARS: Chapter 3 is already published, Chapter 4 is
submitted for publication, and Chapter 5 is in a draft manuscript.

Chapter 3, focuses on lithospheric modeling by integrating seismic, gravity, and petrological
data to develop a comprehensive 3D model of the WCARS. My contribution to this paper
includes codes writing, data curation, investigation, formal analysis, writing original draft
and editing.

Fosso Téguia M, E. E., Ebbing, J., Haas, P., and Szwillus, W. (2024). Integrated
Geophysical-Petrological 3D Modeling of the West and Central African Rift System and
Its Adjoining Areas. Journal of Geophysical Research: Solid Earth, 129(7), ¢2024JB029226.
https://doi.org/10.1029/2024.JB029226

Chapter 4: Investigates the crustal architecture, with a particular emphasis on understanding
the origin of the BMA through density and magnetic susceptibility modeling. My contri-
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bution to this paper includes codes writing, data curation, investigation, formal analysis,
writing original draft and editing.

Fosso Téguia M, E. E., Ebbing, J., Eyike A., Tokam A., Nana, G. V., Tankersley M.
Crustal modelling across the west and central African rift system, based on gravity, magnetic
and seismic data - Implications for the origin of the Bangui magnetic anomaly. Submitted
in Tectonophysics Journal

Chapter 5: Explores surface heat flow variations across the WCARS, linking thermal anoma-
lies to crustal heterogeneity, magmatic processes, and radiogenic heat production. Title:
Surface Heat Flow Variations across the West and Central African Rift System.



3 Integrated geophysical-petrological
3D-modelling of the West and Central
African Rift System and its adjoining
areas

Estelle Eric Fosso Téguia M.; Jorg Ebbing; Peter Haas; Wolfgang, Szwillus
Journal of Geophysical Research: Solid Earth, 129, €2024JB029226.
https://doi.org/10.1029/2024JB029226

Abstract

This study addresses the lithospheric structure of the West and Central African rift system
(WCARS) and explores its origin and development in relation to the enigmatic Cameroon
volcanic line (CVL). Based on a recent seismic tomography model, we subdivide the areas
in tectonic domains. We perform integrated 3D geophysical and petrological forward mod-
eling. By exploring the thickness and composition of different domains, we compare the
model response to the observed topography and gravity anomalies, under consideration of
the available seismic Moho depth points.

Our model reveals three distinct domains within the study area: The WCARS is predomi-
nantly underlain by a Phanerozoic-type lithospheric mantle, surrounded by the West African
and the Congo Cratons, where the lithospheric mantle has a Proterozoic-type signature. Be-
tween these domains, we identify a transition area where lithospheric thickness changes
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rapidly. Our preferred model shows significant variability of crustal thickness from 20 km in
the rift area to 50 km beneath the cratons accompanied by thin lithosphere of 80 km in the
rift area to thick lithosphere of up to 240 km beneath the cratons.

The final model confirms that the WCARS’ origin is passive, and suggests that the origin of
the CVL, particularly its continental part, is the result of two tectonic events: (1) V-shaped
opening of the lithospheric mantle beneath the West and Central African rift system, result-
ing in (2) a strong variation of the lithosphere thickness at the transition between the rift
zone and the northwestern part of the Congo craton.

Plain Language Summary

In this study, we describe the current structure of the subsurface (from the surface to a depth
of 300 km) in Central and Western Africa. The aim is to understand the formation of the
Central African Rift zone during the opening of the Atlantic Ocean, and how this relates to
the linear chain of volcanoes that cross Cameroon, known as the Cameroon Volcanic Line.
To achieve these objectives, we divide the study area into tectonic domains reflecting their
seismological signature, and then, establish a three-dimensional representation of the sub-
surface structure, based on fitting topography and gravity data. Our model confirms the
geological subdivision of the study area into three blocks corresponding to two cratons and
a rift zone, with transitional areas between them.

Our model is compatible with a passive origin of the rifts in the region. We propose that the
origin of the volcanic line of Cameroon is related to magma ascent during the separation of
the African and South American plate in connection with the opening of the Atlantic and
channeled by the lithospheric architecture.

3.1 Introduction

Since the Proterozoic, the African continent has experienced a long and complex geodynamic
history with various geological processes contributing to the current lithospheric architecture.
The tectonic activity has been centered around three major rift systems: the East African
Rift System (EARS), the West African Rift System (WARS), and the Central African Rift
System (CARS). Although there is a junction area between the CARS and the EARS at the
Gregory Rift in eastern Africa, the EARS seems not to be connected to the two others: The
Cenozoic EARS is a younger and less mature rift system compared to the Mesozoic CARS
and WARS (Globig et al.||2016), and it is also well known as an active rift system resulting
from the ongoing separation of the African and Arabian plates. For the CARS and WARS,
the origin after the break-up of the Gondwana supercontinent during Jurassic-Cretaceous
times is still debated (Schull [1988; [Bosworth| 1992; Fairhead [2023; etc.). These are often
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jointly referred to as the West and Central African Rift System (WCARS), a large scale
tectonic feature distinctive in the sense that it traverses the entire continent from west to
the east and from the centre to the north of the continent. It adjoins the northern border
of the Congo craton, the eastern border of the West African craton, and spans across parts
of the Sahara meta craton (SMC). Consequently, unveiling the lithospheric strcture of the
WCARS (Figure 1) is a key element in understanding the geodynamic history of the African
continent since the Mesozoic. How the WCARS relates to the Cameroon volcanic line (CVL)
also remains enigmatic, despite multiple studies dedicated to its origin (Elsheikh et al.|2014;
Koch et al.[2012; Milelli et al.|2012; |[King & Ritsemal2000; etc.).

Our study examines the origin and evolution of the WCARS and the CVL. For that we
investigate the lithospheric structure of the WCARS by applying integrated geophysical and
petrological 3D modeling. Hereby, several existing regional and local data sets are utilized.
As preparation for the modeling, seismic tomography data is used in a cluster analysis to
define tectonic domains in the lithospheric mantle. These tectonic domains are considered in
the 3D forward modelling to define composition and temperature of the lithospheric mantle.

3.2 Earlier geophysical studies

In the past, a number of geophysical and geodynamic studies have been addressing the origin
and the evolution of the WCARS (Schull|[1988; |[Bosworth|1992; Fairhead|2023; etc.). In one
of the earliest studies, based on the interpretation of gravity and seismological data, |Fair-
head| (1986|) showed that although both WCARS and EARS have appeared after extensional
tectonics, they exhibit significant tectonic disparities: the EARS experiences uplift and is
characterized by volcanic activity, while the WCARS underwent subsidence and is marked
by sediment deposition.

Most of the subsequent studies agreed that the WCARS is a passive rift system, closely
related to the extensional rift basin model of [McKenzie| (1978)). Taking into consideration
the thinning of its crust and its early geological development, it seems that the WCARS
shows a closer association with the breakup of the Gondwana supercontinent rather than
the EARS (Fairhead|1988). In support of that concept, |Guiraud et al.| (1992)) concluded that
the Early Cretaceous to Paleogene development of the WCARS is linked to the build-up of
intraplate extensional stresses during the break-up of Gondwana, which caused reactivation
of pre-existing zones of lithospheric weakness. A recent study by [Fairhead| (2023) confirms
this idea, since there is no active upper mantle process detected so far beneath the region.
But even though most of these studies describe the WCARS as a passive rift in contrast
to the active EARS, the question of its origin and evolution remains challenging due to
the presence of the enigmatic CVL. Somewhat contradictory to the statement by Fairhead
(2023), others studies like |[Plomerova et al.| (1993) based on seismology, Burke| (2001) and
Asaah et al| (2015 based on geochemistry, suggest that parts of the WCARS have been
affected by active asthenospheric processes, particular in the area of the CVL. This is sup-
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Figure 3-1: Simplified tectonic map of the study area. WAC: West African craton, CC:
Congo craton, CB: Congo basin, TB: Taoudeni basin, SMC: Sahara meta craton,
LC: Lake Chad, CASZ: Central African shear zone, CVL: Cameroon volcanic
line, WARS: West African rift system, CARS: Central African rift system. MM’
and NN’ are the cross sections we will display from the final model, and L their

intersection.
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ported by three observations: First, 140 Ma ago the CVL was positioned directly above the
7711”7 plume (711 indicates latitude 7°N and longitude 11.5°E); second, the site moved at
a right angle to the continental margin and remained in this position for almost 125 Ma,
and third, a new plate-wide pattern of shallow-mantle convection was established when the
African plate came to rest, as suggested as well from seismic anisotropy (Koch et al.[2012).
However, the absence of a discernible chronological pattern of volcanism (De Plaen et al.
2014)) would rule out a simple stationary mantle plume. Furthermore, the CVL exhibited
active volcanism occurring over an extended period of time (66 Ma), but with a relatively low
plume volume flux, indeed much smaller than for any of the accepted plumes (e.g., Hawaii)
(Kolinsky et al. 2020). Hence, there is still no ultimate agreement on the mechanisms re-
sponsible for the formation of the CVL.

Precise knowledge of the lithospheric structure would help to understand the formation of
the WCARS and deduce the origin of the CVL. Several studies based on different seismic
techniques were conducted to describe the current condition of the lithospheric structure
over the WCARS. [Fitton (1980) suggested a connection between the CVL and the Benue
trough, while Stuart et al. (1985) presented seismic crustal depth variations between the
CVL and the Benue trough and deduced that the differences over the WCARS could be
attributed to substantial crustal extension. Moreover, an examination of the crustal compo-
sition beneath the CVL and adjoining areas, utilizing models based on shear wave velocity,
reveals interesting insights. It appears that the crustal thickness is comparable (ranging from
35 to 39 km) beneath both the CVL and the Pan African Oubanguides Belt in the south.
However, a notable variation occurs in the northern margin of the Congo Craton, where the
crust is significantly thicker (measuring between 43 and 48 km) and characterized by shear
wave velocities greater than 4.0 km s™! in the lower crust. In contrast, the Garoua rift at the
northern border of the CVL and the coastal plain exhibit a thinner crust, measuring between
26 and 31 km (Tokam et al.|2010)). Unfortunately, the region is still lacking complete seismic
data coverage (Szwillus et al.| (2019))), making these conclusions somewhat incomplete.
Various studies based on potential methods have also been done to describe the structure of
the WCARS, notably, gravity data constrained by available seismic Moho depths have been
used to determine crustal thickness (Eyike & Ebbing 2015} |Ghomsi et al.[2022). However,
the studies mentioned above solely focused on the crustal structure of the WCARS but do
not consider the influence of the lithospheric mantle, which plays a crucial role in affecting
observable signals such as the gravity field (Afonso et al.|[2008]).

On the scale of the African continent, Globig et al.| (2016) combined elevation, geoid, and
thermal analysis to address the crustal and the lithospheric structure. They propose a litho-
spheric thickness model with large variability with deeper LAB related to cratonic domains
(up to 230 km) adjoining the WCARS and shallower LAB (ca. 90 km) related to Mesozoic
WCARS rifting domains in agreement with tomography models, and stating that the most
striking result for the crust was the crustal thinning (28-30 km thickness) imaged along the
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Table 3-1: Data and models used during the modeling process.

data Description Reference
Elevation: ETOPO1  Model geometry & |Amante &  Fakins
gravity reduction 2008

Gravity: Spherical
harmonic global earth

model XGM2019e

Observable to calcu-
late gravity and grav-
ity gradients

Seismic Moho depths

Initial Moho depth

and local constraints

Zingerle et al.|2020

Mooney et al.| (2010)
and |Globig et al.
(2016)

Seismic tomography Input for cluster anal- |Celli et al.[2020

model AF2019 ysis

Global model Geometry of sedimen- |[Laske et al2013
Crust1.0 tary thickness

Continental model Geometry of initial [Fullea et al/2021]
WINTERC-G LAB

Heat flow Observable used for [Lucazeau (2019)

discussion only

Mesozoic West and Central African Rift Systems. But although on a large scale the WCARS
appears to be a simple area of major shear zones terminated by orthogonal extensional basins
and surrounded by cratons, it remains complicated in terms of understanding the multiphase
evolution of rifting (Fairhead2023]).

3.3 Data

Table 2 provides an overview of the data sets, which are described in detail below.

3.3.1 Elevation and gravity data

Figure 2 shows the topography and gravity data for the study area. Topography data was
obtained from the ETOPO1 model (Amante & Eakins [2008).

To investigate the lithospheric structure, we analyze both the Bouguer anomaly at a height
of 10 km and gravity gradients at satellite height of 225 km. Both these fields are used
as they offer a complimentary sensitivity, with the Bouguer anomaly being more suitable
for identifying sources at crustal level, while satellite gravity gradients are better suited for
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lithospheric sources (Bouman et al.[2016)).

The Bouguer anomaly (Figure 2d) is calculated from the free air anomaly, which is derived
using the spherical harmonic global earth model XGM2019e (Zingerle et al.[[2020), with a
maximum degree set to 720 (Figure 2b). The gravitational effect of topography (Figure 2¢)
was calculated with the ’tesseroids’ software package (Uieda et al.|[2016]).

Hereby, the calculation areas was extended by 3° to avoid boundary effects.

The same procedure was applied to the satellite gravity gradient components, with adjust-
ment of the window of spherical harmonic degree, to address particularly deeper structures
of our model. The satellite gravity gradient components were taken up to a maximum degree
of 300 from XGM2019e, limiting the data to the longer wavelengths, which satellite data are
sensitive to. The topographic effect for each gradient component was then calculated and
applied to the measured gradient data as illustrated in Figure 3.

For the topographic correction, densities of pyop, = 2670 kg.m™ and pyater = 1030 kg.m =3
were applied to the topography and bathymetry, respectively.

3.3.2 Seismic and seismological data

The seismic Moho depths shown in Figure 4a are compiled from a combination of active and
passive seismic data sources, specifically the datasets of Mooney et al. (2010) and Globig
et al.| (2016)). By utilizing the kriging interpolation technique (Szwillus et al. 2019), we
generate a preliminary gridded Moho depth (Figure 4b) and its uncertainty (Figure 4c) as
starting point for the modelling. Additionally, these seismic data points were used to validate
the results of our final 3D modeling study although the distribution of these data points is
irregular throughout the study area, with a concentration along the Cameroon Volcanic Line.
In order to define different lithospheric domains, we use the shear wave tomography model
AF2019 (Celli et al.[2020) (Figure 5). The deviations dVs of each model’s point have been
determined by subtracting to the mean value from the values of the corresponding horizontal
layer. The model is defined from the surface to the asthenosphere. Here, we use the model
only in the lithospheric extension, up to 300 km depth.

3.3.3 Additional data

In addition to the interpolated Moho depths, the global models Crust1.0 (Laske et al.[2013)
and WINTERC-G (Fullea et al.|2021)) serve as an initial reference for the model’s geometry.
Crust1.0 provides sediment thickness with a 1- degree resolution (Figure 6a). In absence of
a more detailed data set, we use this model, which is not bad at the lithospheric scale, as at
that scale the model is not very sensitive to the sedimentary layer. WINTERC-G provides
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Figure 3-2: a Topography of the study area after ETOPO1 (|Amante & Eakins| (2008)), b
Free-air anomaly (XGM2019e, [Zingerle et al.| (2020)), ¢ Gravity effect of topog-
raphy , d Bouguer anomaly. See text for more details.
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Figure 3-3: Satellite gravity gradient at the satellite height of 225 km; a, d and g are the
xx, yy and zz components of the observed field, respectively. b, e and h are the
xx, yy and zz components of the topographic effect and c, f and i are the xx,
yy and zz components of the topographic corrected gravity gradient
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Figure 3-4: a Represents the combination of available passive and active seismic Moho depth
(Mooney et al|2010| and |Globig et al|2016)) in the area. b Is the interpolated
Moho depth deduced from a, and c the associated uncertainty following the
methodology of Szwillus et al. (2019).

.. Ref: 4.50 km/s "%
1 :

13°E

&)
dVs[%]

Figure 3-5: Deviation of the seismic tomography calculated at different depths. Each slice
represents the mean value of Vs for the respective depth. The seismic tomogra-
phy is taken from the model AF2019 (Celli et al.|2020)
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Figure 3-6: a Sediment thickness (Laske et al|2013). b Initial LAB from WINTERC-G
(Fullea et al2021). ¢ Heat flow data points (Lucazeau 2019).

the initial lithosphere-asthenosphere boundary in 2 degree resolution (Figure 6b).
Figure 6¢ shows available heat flow data over the study area, taken from Lucazeau| (2019).

Similar as for seismic Moho depths, data coverage is sparse. These heat flow data are only
used for comparison to our model outputs.

3.4 Method

To address the structure of the WCARS and its surroundings, we first perform cluster anal-
ysis to identify different tectonic domains. Secondly, we perform the 3D modelling of the
lithosphere, taking into account the lateral variability of the mantle composition, based on
tectonic domains previously determined. Figure 7 shows a flowchart of the modelling steps.

3.4.1 Cluster analysis

The K-means clustering algorithm is used to cluster vertical velocity profiles from regional
seismic tomography. That algorithm follows an iterative process which can be subdivided
into three steps: 1) Data are initially partitioned into K groups around k random centroids.
2) Centroid positions are recalculated by using the simple Euclidean distance (given by
equation (1)), and new links are made to generate new groups, by minimizing the mean
value (given by equation (2)) of the previous distances between objects and their associated
centroid. 3) Step 2) is repeated until no more transfer of objects between groups
& Burton 2009, Novianti et al.|[2017)).

(1)

Az, y) = (01— 0)? + (22— 1) + .+ (1 — 13)?

where x and y, represent velocity-depth profiles
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(2)
Tri + Topi + ... + Tori .
ij = b 2k]a kj>] = 1727---ap

where C}; is centroid of group-k, variable-j, and a the number of members in the group k

(3)

K
E(my,ma, omy) = Y Y I(x; € Cy)l|li — my”

i=1 k=1

where my, is the mean of cluster Cj and I(x) is 1 if statement z is true, 0 otherwise.
Furthermore, assessing the adequacy of a partition is highly significant in the context of
cluster analysis in geophysics. The predominant measure utilized to gauge cluster quality
(given a known K) is the total within-cluster sum of squares, also denoted as squared error or
clustering error (E, given by equation (3)) (Likas et al.[|2003)). In our case, this unsupervised
machine learning technique groups the velocity-depth profiles derived from seismic tomogra-
phy, delineating lithospheric domains and the transitional regions connecting them, on the
base of the proximity of velocity-depth profiles to the determined centroids. This approach
has already been successfully applied on a global (Lekic & Romanowicz 2011; [Schaeffer &
Lebedev|2015) and continental (Haas et al.|2021) scale.

3.4.2 3D modelling

We use a lithospheric forward modelling approach based on Litmod3D (Fullea & Afonso
2009). The key advantage of LitMod3D lies in its ability to simultaneously address the ther-
mal and compositional state of the lithosphere. Within LitMod3D, physical properties in the
lithospheric mantle are determined based on pressure, temperature, and bulk composition.
This is achieved by solving equations related to heat transfer, thermodynamics, rheology,
geopotential, and isostasy. Through iterative computations, we can estimate density, tem-
perature, and heat flow by finding the best fit between the modeled and observed gravity
and topography.

For a comprehensive understanding of LitMod3D and its theoretical foundation, we refer to
Afonso et al.| (2008)) and |Fullea & Afonso| (2009).

The main parameters that have to be set are shown in Table 1. The densities for the crust
and sediments initial values and in situ density are calculated in dependency on the pressure
coefficient. Thermal parameters are, in absence of local data, based on global and previous
studies (Globig et al. 2016, Puziewicz et al. 2019). The density structure of the mantle is
based on the chosen composition, in turn based on PerPle_X (Connolly|2005; Connolly|2009)).

The geometry of the model and the observables used to validate the model are based on the
data sets described in the following section.
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Figure 3-7: Flowchart of the integrated study carried out in this work

Table 3-2: Layers’ thermophysical properties. The top mantle’s density is directly computed
by the code PerPle X, the pressure coefficient for the mantle and the Grueneisen
parameter for sediment and crust layer are negligible.

layers Density Thermal Heat product-  Pressure  Grueneisen
Kg.m™3 conductivity ion rate coefficient  parameter
Wm LKt W.m =3
Sediments 2500 2.0 9%10° 8.5% 10710 /
Crust 2670 2.5 9%10°° 1.5% 10710 /

Mantle / 3.2 1078 / 1.25
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3.5 Results

3.5.1 Seismological Regionalization

The regionalization was carried out disregarding the offshore area. Choosing the number of
clusters is somewhat arbitrary. We tested between 2 to 6 clusters and found that 3 clusters
effectively represent the known geology of the region. The velocity were considered between
50 and 300 km depth to prevent any skewed results from near-surface heterogeneities.

The cluster findings (Figure 8) indicate that the continental region of the study area can
be distinctly divided into three primary blocks, which roughly correspond to the expected
tectonic units.

Within each cluster, the vertical velocity profiles are broadly similar. Cluster 1 profiles
exhibit an increase of seismic velocity from 50 km to 150 km, followed by a decrease until
reaching approximately 220 km. Subsequently, there is an increase until around 240 km,
after which the velocity remains relatively constant until reaching 300 km.

Cluster 2 consists of profiles that remain relatively constant between 50 km and around 70
km. From there, they experience a gradual decrease in seismic velocity until approximately
80 km, followed by a slight increase until reaching around 210 km. Finally, there is another
increase as they progress towards 300 km.

Lastly, cluster 3 comprises profiles that demonstrate an increase from 50 km to 80 km,
followed by a gradual decrease throughout the entire range until reaching 300 km.
Comparing the clustered blocks with the tectonic map of the region, it becomes apparent
that cluster 1 corresponds to the Congo craton in the southeast and the West African craton
in the northwest. Cluster 3 coincides with the WCARS, cluster 2 lies between the two other
clusters and is identified as a transitional area between craton and rift zone. It exhibits a
consistent velocity at the beginning. A notable dissimilarity between the expected geological
distribution (Figure 1) and the clustering result (Figure 8) is the absence of the southern
part of the Saharan metacraton in the cluster analysis output (northeastern section of the
study area).

3.5.2 Model

Model setup

To conduct a comprehensive analysis of the WCARS and its surroundings using our model,
we considered an area of 3800 km x 3800 km with a depth of 300 km. In order to ensure
numerical accuracy, we have employed a lateral discretization of 50 km and a smaller vertical
discretization of 2 km.

To establish the initial model geometry, we have utilized elevation, sediment thickness, in-
terpolated Moho as well as the LAB presented in the data section.

To account for the diverse lithospheric characteristics present within the region, we have
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Figure 3-8: Clusters of tectonic domains and corresponding velocity depth profiles. WAC:
West African craton, CC: Congo craton, WCARS: West and central African rift
systems. The number 1 to 3 represent groups of clusters. The four velocity-depth
profiles in highlighted colors represent different centroids around which all the
other velocity profiles (in grey) are clustered. Each profile group describes the
corresponding coloured zone on the tectonic map. Because of their similarity,
the two lower velocity-depth profiles have been considered as describing the same
tectonic unit.
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incorporated global geophysical and petrophysical properties that have been adjusted based
on specific domains identified through cluster analysis. The obtained clusters are imple-
mented as a combination of Proterozoic-Phanerozoic-Primitive Mantle types for cratons -
rift - offshore areas respectively.

Lithospheric mantle composition

At this stage of our study, we made a number of sensitivity tests to determine the ideal
type of the lithospheric mantle composition in the study area. We first considered the litho-
spheric mantle to be homogeneous, and tested the Archean, Proterozoic and Phanerozoic
types respectively. The models show that a reasonable fit could be achieved for the Pro-
terozoic and Phanerozoic types, while for the Archean type no satisfying fit to the observed
topography and gravity anomalies can be achieved, without an unreasonable geometry. For
Proterozoic lithospheric mantle, the modeled Moho is much shallower than the seismic Moho
in rift zones, and for Phanerozoic lithospheric mantle, it is rather too deep under cratons.
A similar observation can be made by comparing the model to heat flow data. The model
with a Proterozoic lithospheric mantle results in reasonable heat flow values for the cratonic
areas, while in the rift area the values are rather low. For the model with the Phanerozoic
lithospheric mantle, heat flow values for the rift area appear to be reasonable, but they are
too high for the cratons. Details of this sensitivity test are available in the appendix, Figure
18. Based on these observations and the results of the clustering exercise, we considered the
lithospheric mantle as made of Proterozoic and Phanerozoic domains. More specificly, we
introduced Phanerozoic-type lithospheric mantle under the WCARS surrounded by Protero-
zoic lithospheric mantle under the CC and WAC. The transition area between the cratons
and the rift area is modelled as a gradual change leading to an intermediate, mixed compo-
sition (see Figure 9a). This model has shown the best fit between modelled and observed
values. In the following, we will concentrate on the discussion of the best fit model.

Figure 10 shows the fit to the observed data of our preferred model. The modelled elevation
closely matches the measured elevation shown in Figure 2a. In areas of high topography
the misfit (Figure 10al) displays some noticeable variations between modelled and measured
elevation. These short-wavelength differences are related to small-scale structures, which our
lithospheric-scale model is not intended to reproduce. In general, the reasonable data fit is
confirmed by the statistical distribution showing an error close to zero for most of the area,
with an RMS value of 137 meters.

The trend observed in the modelled Bouguer anomaly (Figure 10b) closely matches the
measured Bouguer anomaly (Figure 2d). However, the modelled anomaly appears to be
smoother, for the same reason as mentioned above. The differences show RMS value of 23
mGal with a slight shift to positive values.
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crossing the WAC, the CC, the CVL and the Benue trough. b displays the
vertical cross section (NN’, shown in Figure 1) along the WCARS, going from
the Benue trough toward the known north of the SMC. In opposition to a with
large variations of LAB, b displays an almost constant LAB from the Atlantic
coast to across the SMC. L is the junction point of the cross sections MM’ and
NN’. Solid and dashed black lines on top of the model respectively represent the
observed and the modelled Bouguer anomaly. The solid and dashed green lines
represent the observed and modelled topography. The dashed red line represent

the modelled heat flow.
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Figures 10c, 10d, and 10e show the xx, yy, and zz components, respectively, of the modelled
gravity gradient across the study area. The discrepancies observed are minimal, especially
for the xx and yy components, which range between 0.3 E and -0.3 E. These components
exhibit RMS values below 0.12 E. On the other hand, the misfit for the zz component (Figure
10el) displays higher values compared to the other two. Upon closer examination, this misfit
appears to follow the same pattern as the Bouguer anomaly misfit (Figure 10b1),
Moreover, the modelled Moho has been sampled at the available seismic Moho depth points.
The comparison of both of them plotted on top of the modelled Moho (Figure 11a) shows a
spatially variable but very low difference, indicating that the the final model is in reasonable
agreement with the available data.

Crustal Thickness

Figure 11a shows that the WCARS’s crust is thinner compared to adjoining cratonic crust.
The thinnest crust is found in the Benue trough, propagating itself northeastward through
northern Cameroon (Yola-Garoua basin), Lake Chad, and the middle north of Chad, as well
as the Termit basin in Niger. Conversely, the thickest crust is found in the Tibesti region
in the northwest of Chad and the Hoggar region in the Southeast of Algeria. While the
CVL’s crust is relatively thick, except in the coastal areas of Cameroon (Mount Cameroon
area), a stark contrast can be observed between the CVL and the Benue trough along the
Cameroon central-west border, as well as the contact between the Adamawa plateau and
the Yola-Garoua basin.

Lithospheric Thickness

The modeled lithospheric thickness (Figure 11b) shows the expected difference between the
cratons and the rift zone. Within the cratonic zone, the lithospheric thickness ranges from
approximately 160 km to 240 km, and around 80 km to 140 km over the rifts. In the
transition zones lithospheric thickness deepens from 140 km to 160 km. From the Benue
trough to the Marrah region inside Sudan, the lithosphere is thin - as low as 80 km in
certain regions like Marrah mountains. In the NE direction, there is no clear boundary
between the rift zone and the SMC. On the east and west sides of the rift, we can clearly
see the transitions that differ depending on whether we go towards the CC or the WAC.
Unlike the transition towards the CC, which is horizontal over a short distance but with a
sharp variation in depth, the transition towards the WAC takes place over a relatively long
distance and evolves in the form of a staircase around a depth of 160 km. This results in an
asymmetrical distribution of the two cratons in relation to the rift.
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Heat flow

The modelled heat flow (Figure 12) follows the lithospheric thickness to a large degree and
differs as well between the colder cratons ranging from (46 mW - m~2 to 54 mW - m~2 ) and
the warmer rift zone with values ranging from 50 mW - m~2 to 64 mW - m~2. Additionally,
the model indicates that the CVL, with an approximate value of 60 mW - m~2, experiences
higher heat flow compared to the Benue depression, which has an approximate value of
54 mW - m~2. Furthermore, the sudden thinning of the lithosphere between the Adamawa
plateau and the Garoua rift is causing a strong increase in heat flow in the direction of

crustal thinning.

Density

Within the study area, there is a noticeable difference in the density distribution between the
WCARS and the adjoining cratons, as well as internal heterogeneities inside the WCARS
(Figure 13). Upon examining a horizontal section of the model at a depth of 50 km, the
cratons exhibit a fairly constant density of around 3350 kg.m ™3, whereas the rift zone have
highly variable density. The most prominent contrast of approximately -30 kg.m™3) is ob-
served in the Marrah Mountains region, which spans from western Sudan to crossing the
border with Chad. This deficit in mass appears to extend in a northeast to southwest direc-
tion towards the Gulf of Guinea, passing through southern Chad where it is less pronounced,
before eventually reaching the Adamawa Plateau in central-western Cameroon and the Jos
Plateau in northeastern Nigeria, where the contrast is once again significant (around -20
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Figure 3-12: Modelled heat flow and misfit (coloured dots) in comparison to available heat
flow points in the region.
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kg.m™3).

Similar low densities are also identified in the Tibesti mountain region, albeit to a lesser
extent in the Air (Niger) and Hoggar mountain regions. These areas with lower density
correspond to regions with higher topography, which aligns with isostatic compensation.
However, there are certain exceptions such as the Benue trough, Murzuq Basins, where a
minor contrast of approximately -5 kg.m =3 is observed.

At larger depths, the density distribution gradually becomes more uniform for both the
WCARS and the cratons. However, at 150 km depth, a notable heterogeneity emerges in
the south-western region of the WAC, segregating the south-western portion of this craton.
That peculiar contrast in density is probably related to the variation of LAB depth. The
gap of densities at the edge of the cratons, noticeable after 150 km are probably due to the
compositional boundary (depleted = lighter) and the fact that the temperature near the
LAB is similar to asthenospheric temperatures.

Figure 14 provides a 3D representation of the modelled density distribution, extending from
the topographic surface down to a depth of 300 km. The vertical sections cross the CC,
WAC, and WCARS regions. The model demonstrates a downward-oriented density gradi-
ent, except for the area below the WCARS. Below the WCARS, the density decreases from
the middle of the lithospheric mantle towards the LAB, before increasing again inside the
asthenosphere. That depletion is probably the consequence of the conflict between the high
temperature due to the shallow asthenosphere and the relative low pressure due to the thin
lithosphere in that area.

The 2D cross-section of the density distribution along MM’ (passing trough the middle of the
previous mentioned heterogeneity located in the southwest of the WAC, Figure 9a), empha-
sizes the transitional zone between the depleted Proterozoic lithospheric mantle beneath the
WAC and the fertile Phanerozoic lithospheric mantle beneath the WCARS. It emphasizes
as well the transitional zone between the fertile Phanerozoic lithospheric mantle beneath
the WCARS and the Proterozoic lithospheric mantle beneath the CC. These transitional
areas exhibit a significant reduction in mass compared to the adjoining blocks. On the other
hand, the 2D cross-section along the NN’ well shows that there is no clear boundary be-
tween WCARS and SMC in terms of LAB depth variation, but also density, temperature
and velocity distributions (Figure 9b).

3.6 Discussion

3.6.1 Structure of the lithosphere

The thickness of the crust beneath the WCARS and its surroundings is highly variable. Iso-
static compensation can explain most of these variations, especially in mountainous regions
like Marrah (38 km), Tibesti (50 km), Hoggar (54 km), and the Adamawa plateau (40 km,
similar to the findings of |Ghomsi et al.| (2022)). A stark lateral crustal thickness gradient is
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boundaries. The depth has been exaggerated with factor of 7000.
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located at the boundary between the oceanic domain and WCARS, reflecting the transition
from oceanic to continental crust.

Despite their proximity, the CVL and the Benue trough exhibit significant differences in
terms of Moho depth, as mentioned by Stuart et al. (1985). Our model suggests that the
Benue trough has a Moho depth of approximately 27 to 30 km, while the CVL ranges from
37 to 40 km, consistent with the results of the shear wave velocity study conducted by
Tokam et al. (2010). A similar variation in crustal thickness is observed on the western side
of the Benue trough, extending from the Atlantic Ocean boundary to the Jos Plateau (ap-
proximately 33 km to 38 km). This indicates that the region likely experienced significant
tectonic events, with the Benue trough maintaining the position of symmetrical axis during
the rearrangement. Additionally, the crustal thinning observed in the Benue depression ex-
tends northeastward into the interior of the continent underneath sedimentary basins such
as Yola, Garoua, and Chad, which occupy a substantial surface area and align with the
findings of Globig et al. (2016), who also identified crustal thinning (ca. 28 km - 30 km)
along the Mesozoic systems of the WCARS. In contrast, the depth of the Moho is slightly
greater under the CC and WAC (ca. 33 km - 43 km).

The lithospheric thickness in the WCARS and its adjoining areas has a large range of vari-
ation, from approximately 80 km to 240 km. This aligns with previous findings (such as
Globig et al.[[2016) that the lithosphere-asthenosphere boundary exhibits significant spatial
variability (ranging from 90 km to 230 km) within the region. The highest values are associ-
ated with the cratonic domains adjoining the WCARS, while the smallest values are related
to the rift domains themselves during the Mesozoic period (Globig et al.|[2016)).

Furthermore, our model characterizes the lithospheric mantle beneath the West and Central
African rift system and its surroundings as predominantly Phanerozoic and Proterozoic-type.
It is important to note that the composition of the sub-continental lithospheric mantle is
generally not homogeneous across a large area. With regard to WCARS, this is in agreement
with other studies in the region (Bosworth|[1992; Schull|[1988 and |[Eyike & Ebbing 2015,
which have described the majority of the inner portions of WCARS as Cenozoic and Meso-
zoic (Phanerozoic) in origin.

Corroborating these descriptions, |Fairhead| (1988) states that the opening of the Atlantic
basins can be divided into four stages of development. These stages include the Jurassic
opening of the Central Atlantic, the Early Cretaceous (approximately 130 - 119 Ma) open-
ing of the South Atlantic with rifts spreading deeply into Africa via the Benue trough, the
opening of the Equatorial Atlantic (119 - 105 Ma), the connection of these ocean basins, and
the formation of the current mid-ocean rift system. Additionally, the WCARS underwent
development until the end of the Cretaceous period. While the precise boundaries between
WCARS and the adjoining units are not clearly defined, it is well known that WCARS
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is adjacent to cratons. Therefore, the classification of the blocks neighboring WCARS as
Proterozoic, as described in this study, aligns with Artemieva (2011]), who concluded that
Proterozoic cratons are surrounded by Phanerozoic belts.

We find no discernible difference between the lithospheric mantles under the WCARS and
SMC (except in the far North-West part of the the SMC). In fact, the cluster analysis of seis-
mic velocity in the study area clearly shows the distinction between WCARS, CC, and WAC.
However, the SMC, as depicted in the geological map (Figure 1), remains inconspicuous. This
implies that the SMC lacks any distinct characteristics of anomalous seismic velocities within
the depth range of 50 km to 300 km. Additionally, our modeled LAB indicates no significant
variation between the thin WCARS lithosphere and the SMC lithosphere (Figure 9b, Figure
11b). The density, temperature, and velocity distributions determined from our modelling
efforts align with this observation, which concurs with the findings of |Sobh et al.| (2020)), who
also inferred a thin lithosphere beneath the SMC based on lithospheric modelling. Multiple
geological events, including the partial delamination of the lithospheric mantle during the
Neoproterozoic era, rifting during the Mesozoic-Cenozoic period, and the activation of the
SMC during the Mesozoic (Sobh et al.|[2020) likely facilitated the fertilization of the region
through erosion of isolated lithospheric roots.

3.6.2 Origin of the WCARS

Our model suggests an asymmetry in the LAB geometry between the CC and WAC centres
with respect to WCARS. The LAB under the WAC displays a step-like pattern towards
its centre, which can indicate a stretching of the lithosphere in that region. Consequently,
during the breakup of Gondwana, the western side of the current African continent ex-
perienced significant traction. However the traction was distributed differently within the
continent, with the western block absorbing most of it. This explains the cascading form of
the lithosphere observed under the eastern margin of the WAC lithosphere in contrast to the
transition in one step between the rift and the northwest margin of the CC. Additionally, the
"V” shape of the WCARS also extending across the SMC despite its pre-existing suggests
that the pulling force that gave rise to the WCARS was most likely greater to the north, or
simply multi-directional.

The findings of this work further support the characterization of WCARS as a passive rift sys-
tem (Fairhead 2023)), consistent with the extensional rift basin model proposed by [McKenzie
(1978)).

Moreover, along the Benue trough to the Yola-Garoua basin, the stretching factor (see
appendix B, stretching factor’s section) is around 1.2 (which indicates a continental rift,
Allen & Allen|2013), while to the northeast (South Sahara meta craton) it is reduced to 1.1
(closer to an intracratonic sag basin, Allen & Allen|2013]). As expected, the cratonic areas
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Figure 3-15: Sketch showing magma movement between cratonic roots during the Atlantic’s
opening and the WCARS formation. The magma moving from the continent
to the passive margin through the continental rift, and facing the northwestern
border of the CC, leading to magma uploading inside the CVL’s lithosphere.
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have a stretch factor lower than 1 due to their stability in opposition to the Gulf of Guinea,
with a stretch factor higher than 1.5.

In the case of an active origin of the WCARS, we expected to find the area of thinnest
lithospheric mantle under the volcanic line, however the model shows that the LAB beneath
the Benue trough is shallower than beneath the CVL.

3.6.3 Origin of the CVL

Previous research has already noted the connection between CVL and the Benue trough
(Fitton||1980; |Stuart et al./1985). Our model indicates that the CVL could be connected
with the CC, especially with the shape of the northwestern boundary of the CC where there
is the most pronounced variation of the LAB (Figure 15) between the rifts and the cratons.
According to our model, the origin of the CVL could be attributed to the opening of the
WCARS in addition to the particular shape of the northwest margin of the CC, in agreement
with the theory of edge convection mentioned by Milelli et al. [2012 and Koch et al. 2012
to describe the cause of the CVL. We suggest that during the break-up of the Gondwana
supercontinent in the Jurassic-Cretaceous period, mantle material from the interior of the
continent (current WCARS) started to flow towards the present-day Atlantic Ocean i.e. SW
movement (Elsheikh et al.[2014)), pulled in by the movement of the South American tec-
tonic plate moving away from the African plate. The ”V” shape of the lithospheric mantle
opening caused the flow velocity to increase from northeast to southwest in relation to the
Venturi effect phenomenon (Scheaual 2016)). In addition, the northwestern margin of the
CC has acted as a deep frontal barrier, resulting in convective movement, driven not by
temperature gradients but by magma dynamics. This mechanism agrees with the study of
King & Ritsema) 2000, who based on numerical modelling to study the origin of intraplate
volcanism in South America and Africa and concluded that the CVL is the consequence of
edge-driving convection beneath the CC. Such a temporary event could have led to the for-
mation of magma chambers along the known CVL. The pressure within each chamber varied
depending on factors such as the amount of water present and the quantity and quality of
minerals being melted, causing the equilibrium between magmatic pressure and lithostatic
pressure to be effectively random (well detailed in |Gudmundsson 2012)). This randomness
could explain the absence of any age progression along the CVL (De Plaen et al.|[2014)).

3.7 Conclusions

This study examined the lithospheric structure of the West and Central African rift system
and its surroundings and the link to the enigmatic Cameroon volcanic line, by applying
integrated geophysical and petrological 3D modeling.

Cluster analysis of shear wave tomography grouped the study area into three main tectonic
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blocks. Namely the rift zone, the northern part of the Congo craton and the east part of the
West African craton. Furthermore, the clustering highlights the absence of any particular
signature from the southern part of the Saharan meta craton. Initial models with a uniform
mantle composition were not able to explain all observables simultaneously (topography,
gravity, Moho depth, heat flow). Therefore, in our preferred model, a Phanerozoic-type
lithospheric mantle under the West and Central African rift system is linked to the two
adjoining cratons of Proterozoic-type by transitional areas of different size and shape. Fur-
ther findings of this study confirm the wide range of variations in crustal (ca. 25 km to 50
km) and lithospheric (ca. 70 km to 250 km) thicknesses across the study area, with the
shallowest LAB found under the region of the Benue trough-Cameroon volcanic line until
the Marrah region, and the deepest under cratonic centres. They also confirms the absence
of any cratonic characteristics of the Sahara meta-craton (particularly its southern part),
suggesting that it has undergone long term fertilization facilitated by tectonic events.

In addition, our model confirms the suggestion that the WCARS is a passive rift system. This
observation and the overall lithospheric structure suggests that the origin of the Cameroon
volcanic line, specially its continental part, could be explained taking into account the V-
shaped opening of the lithospheric mantle beneath the West-Central African rift system,
along with the abrupt transition between the rift and the northwestern edge of the Congo
craton. This potential development should be explored further in the future with geodynamic
modelling, where also the interaction between mantle flow and the lithospheric structure is
studied in more detail.

Appendices

3.A Homogeneous lithospheric mantle across the study
area

This section presents the limits of the integrated 3D modelling across the study area, consid-
ering the lithospheric mantle as homogeneous, which means that the cluster analysis hasn’t
been processed and no particular blocs have been defined. The investigation focused on
three types of mantle namely Archean, Proterozoic and Phanerozoic, described in Table 3.

Bouguer anomaly and topography

Figures 16 and 17 depict the best Bouguer anomaly and topography models for three differ-
ent homogeneous mantle compositions, along with their respective misfits compared to the
measured values.

By inspecting the Bouguer anomaly (Figure 16, A), it is evident that the datafit of the
three compositions are more similar than different however, some variations can be observed
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Table 3-3: Mantle composition, |Griffin et al. (2009),Fullea & Afonso| (2009) and McDonough
& Sun (1995). LM for lithospheric mantle.

wt percentage Archean LM Proterozoic LM  Phanerozoic LM

Si0, 45.7 44.7 445
Al,Oy 0.99 2.1 3.5
FeO 6.4 7.9 8.0
MgO 45.5 42.4 39.8
CaO 0.59 1.9 3.1
NayO 0.07 0.15 0.24

in their misfit maps. Particularly, the Archean compositions exhibit a large and positive
anomaly towards the south-east of the study area (Congo basin). Apart from this discrep-
ancy, the gravity anomaly does not display significant variations between the three mantle

types.

Examining the topography, it becomes more evident that the Archean type (Figure 17, A)
is not a suitable fit compared to the other two mantle types. This is evident as its modelled
topography strongly underestimates the known topography, except for mountainous regions.
Certain areas such as cratons and parts within the rifts are situated well below sea level,
reaching depths of up to -600 meters in some locations, which is unrealistic. The correspond-
ing misfits and statistical analysis reveal the significant disagreement of the Archean type
with the observed topography, while also highlighting how well the Proterozoic (Figure 17,
B) and Phanerozoic (Figure 17, C) types align with the observed signals.

From a technical standpoint, the gravity and topography results indicate that the Archean
lithospheric mantle type should not be considered for further analysis.

Heat flow and Moho depth

Upon further analysis of parameters such as heat flow and Moho depth, significant differences
were observed between the Proterozoic and Phanerozoic lithospheric mantle and the expected
values.

Regarding the Proterozoic lithospheric mantle, the heat flow (see Figure 18, A) ranging from
48 mW.m~2 to 52 mW.m~? in the cratonic zones was deemed reasonable. However, the heat
flow across the rift area was very low and did not align with expectations, as displaying
similar values across the Congo craton, except over the highland zones. On the other hand,
the Phanerozoic (Figure 18, B) showcased a suitable range of heat flow (54 mW.m™2 -
64 mW.m™?) in the rift zone but unsatisfactory values across the cratons, which seemed
generally warmer than the rift zone. As a result, this analysis indicated that the Proterozoic
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Figure 3-16: Modelled Bouguer anomaly for homogeneous mantle, their misfit to the mea-
sured Bouguer anomaly (shown in Figure 2) and the associated residual dia-
gram. A represents the result for the Archean type, B Proterozoic type, and
C the Phanerozoic type.
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Figure 3-17: Modelled topography for homogeneous mantle, their misfit to the measured
topography (shown in Figure 2) and the associated residual diagram. A repre-
sents the result for the Archean type, B Proterozoic type, and C the Phanero-

zoic type.
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Figure 3-18: A and B are the modelled heat flow in the case of Proterozoic and Phanerozoic
types respectively, C and D represent the modelled Moho depth in the case of
Proterozoic and Phanerozoic types respectively.

type was more suitable for the craton areas while the Phanerozoic type was better suited for
the rift zone. Additionally, the Moho in too shallow range across the rifts for the Proterozoic
lithospheric mantle and in too deep range across the cratons for the Phanerozoic lithospheric
mantle, compared to the expected values, further reinforced the idea of dividing the study
area based on the type of lithospheric mantle.

In summary, this case study has led to a reevaluation of the study area, no longer considering
it as homogeneous but rather as heterogeneous, with Proterozoic type prevalent across the
cratons and Phanerozoic type dominant across the rift zones.

3.B Stretching factor

As shown by [Svartman Dias et al.|[2016| and [Allen & Allen|[2013, the stretching factor s,
s = 30 * Moho™! can help to investigate the deformations that faced the crust. We show
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below the stretching factor of the crust over the study area. We can see that range of the
stretching factor inside the WCARS is well in agreement with a passive origin (Figure 19).
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Acknowledgments

This study has been funded by the Deutsche Forschungsgemeinschaft (DFG, German Re-
search Foundation) — 441292957. We thank the editors and the reviewers for their construc-



3 Integrated geophysical-petrological 3D-modelling of the West and
40 Central African Rift System and its adjoining areas

tive comments on the earlier version which has permitted to greatly improve the manuscript.



4 Crustal modelling across the west and
central African rift system, based on
gravity, magnetic and seismic data -
Implications for the origin of the
Bangui magnetic anomaly.

Estelle Eric Fosso Téguia M.; Jorg Ebbing; Eyike Albert; Alain Tokam; Gaelle Vanessa
Nana; Matthew Tankersley
Tectonophysics, submitted

Abstract

The west and central African rift system (WCARS) extends over several geological domains,
including shear zones, volcanic regions, and sedimentary basins, and is home to key geological
features such as the Cameroon Volcanic Line (CVL) and the Bangui Magnetic Anomaly
(BMA). Despite numerous studies, the detailed crustal structure of WCARS is yet to be
fully understood. This work presents a comprehensive 3D crustal study that integrates
gravity, magnetic, and seismic data, offering insights into the region’s tectonic framework,
rift dynamics and formation of the BMA. The coupled analysis of density, susceptibility, and
topographic data reveals five distinct tectonic units, providing a refined understanding of
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crustal composition and structure. Analysis of cross-sections along key transects over the

study area demonstrates the impact of rifting and magmatic activity on crustal thinning and
density distribution. The Central African Shear Zone (CASZ) and Kandi Shear Zone (KSZ)
are identified as key reactivated fault zones that have influenced the spatial distribution
and evolution of rift systems. The study also highlights the role of magmatism, driven by
mantle upwelling, in modifying crustal properties, particularly in volcanic regions like the
CVL and Benue trough. Our findings suggest a common tectonic origin for the CVL, Benue
trough, and BMA, with felsic and plutonic intrusions contributing to the formation of the
BMA. These results enhance our understanding of the tectonic and geodynamic evolution of
the WCARS, emphasizing the role of preexisting structures and magmatism in shaping the
region’s rift architecture.

4.1 Introduction

The West and Central African Rift System (WCARS) has intrigued geophysicists and ge-
ologists for decades (Milelli et al. [2012; [Eyike & Ebbing| 2015} |Eric et al. [2020; Fairhead
2023). This extensive rift system, which stretches from the Gulf of Guinea to the Sudanese
border (Figure 1), has been a focal point for studies aiming to understand its formation,
evolution, and the underlying crustal structure. The WCARS is characterized by complex
tectonic processes and diverse geological structures including prominent rift basins such as
the Benue trough, the Chad Basin, the Central African Shear Zone (CASZ), and the Kandi
Shear Zone (KSZ). Additionally, many volcanic structures as the Cameroon Volcanic Line
(CVL) but also the Bangui Magnetic Anomaly (BMA, Fairhead & Binks |1991)) are part of
the WCARS. The BMA is globally one of the most prominent magnetic anomalies (Girdler
et al.|[1992).

First insights into the lithospheric-scale architecture have been presented by Fosso Téguia M
et al. (2024a), where a 3D density model of the WCARS with emphasis on the mantle struc-
ture was provided. The model, based on integrated geophysical-petrological modelling, re-
vealed variations in the lithospheric density and composition from the rift to the surrounding
cratons.

In this study, we aim to extend that previous model by studying density and magnetic sus-
ceptibility distribution across the WCARS, at the crustal scale. The new model is derived
from a combination of gravity anomaly, magnetic anomaly, seismic velocity data and key
geological information in order to provide a geological interpretation that aligns with the
broader tectonic framework of the region.

To achieve our goal, we perform crustal density and susceptibility 3D modellings across the
WCARS, and link the model outcomes to identify distinct geological structures and compare
them with known geological features along 2D profiles.
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4.2 2- Tectonic Setting and Earlier Geophysical Studies

The WCARS (Figure 1A) is a major geological feature that extends across several countries
in Africa. The rift system is characterized by a complex interplay of tectonic processes that
have shaped its evolution over millions of years (Fairhead & Binks |[1991]).

The WCARS comprises several rift segments, including the Benue trough, the Chad Basin,
the CASZ and the KSZ. The Benue trough, a major component of the WCARS, extends
from the Niger Delta inland and is divided into the Upper, Middle, and Lower Benue troughs
(Guiraud & Maurin|[1992; |(Obaje et al.|[2009). The rift system is bordered by the Precam-
brian basement complexes of the West African Craton to the west and the Congo craton to
the south. The sedimentary basins within the WCARS are filled with a thick sequence of
Mesozoic to Cenozoic sediments, primarily deposited during phases of rifting and subsidence
(Burke| [1976; [Fairhead & Binks |1991). However, the amount of sedimentary infill is not
precisely known. It is generally accepted that the tectonic evolution of the WCARS is linked
to the breakup of Gondwana and the opening of the South Atlantic Ocean. Early studies
by Burke et al.| (1973) and Whiteman (1973) and Burke (1976)) suggested that the rifting
began in the Late Jurassic to Early Cretaceous as a result of extensional forces associated
with the separation of South America and Africa.

Fairhead & Green| (1989) highlighted the role of preexisting structural weaknesses in the
Precambrian basement in localizing the rift zones. During the Cretaceous, the WCARS
experienced extensional tectonics, leading to the formation of deep rift basins and extensive
volcanic activity. Djomani et al.| (1995) and |Guiraud & Maurin| (1992)) noted that the rift-
ing was accompanied by crustal thinning and high heat flow, which influenced the thermal
and mechanical properties of the lithosphere. This period also saw the development of major
fault systems, the emplacement of igneous intrusions and the formation of the interconnected
Benue trough, CVL and BMA (Fairhead & Binks/|1991)) which contributed to the complex
geological architecture observed today.

The crustal structure of the WCARS has been previously studied using seismic, gravity, and
magnetic datasets. For example, [Tokam et al.| (2010) used seismic data to map variations in
crustal thickness and identified zones of high and low velocity, which correspond to different
lithological and structural units.

Eyike & Ebbing| (2015)) used gravity data to model the crustal thickness and mapped its
variations across Cameroon. Ghomsi et al.| (2022)) combined gravity and seismic data to
explore the crustal configuration of the WCARS and identified regions of high-density mafic
intrusions and lower-density sedimentary deposits, providing first order insights into the
compositional heterogeneity of the crust. These earlier studies revealed lateral heterogene-
ity in the crust, with thinner crust beneath the rift basins and thicker crust beneath the
surrounding cratons.

Studies like those by |[Ravat et al.| (1992) investigated the BMA in the context of regional
tectonics. The researchers suggested that the BMA might relate to ancient tectonic events,
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including the breakup of supercontinents like Rodinia and Gondwana. The anomaly is be-
lieved to be associated with a major crustal feature that possibly represents an ancient,
stable cratonic area or the remnants of past tectonic interactions. In addition, Ravat et al.
(2002) analyzed satellite magnetic data over the BMA using gradient analysis methods.
They implemented Euler deconvolution and analytic signal techniques, and define the depth
and orientation of magnetic sources within the BMA, although the depth resolution of these
findings were limited by the high altitude of satellite data. Recently, Njiteu| (2022) made
the hypothesis that the origin of the BMA could have been influenced by tectono-magmatic
events dating back to the Archean and Proterozoic eons, possibly linked to the Congo Cra-
ton’s ancient lithospheric structures.

Fairhead| (2023)) compiled gravity and magnetic data over Africa to discuss the tectonic pro-
cesses driving the evolution of the rift system. The Author presents a comprehensive analysis
of the anomalies associated with the WCARS, where he interpreted these in terms of crustal
structure and composition, revealing variations in crustal thickness, density, and magnetic
properties across the region. However, given the complex and intricate tectonic history of the
WCARS, the question of the density-susceptibility distribution in relation with the tectonic
development of the WCARS, as well as the origin of the BMA and its relationship to other
major features inside the region remain open.

Recently, Fosso Téguia M et al.| (2024d) integrated geophysical and petrological data to pro-
duce a thermal and compositional 3D model of the lithosphere of the WCARS and adjoining
cratons. They described the CVL’s origin as the consequence of the V-shaped extension of
the lithospheric mantle beneath the WCARS following the breakup of the Gondwana, and
the lithosphere-asthenosphere boundary’s variation at the transition from the WCARS to
the Congo craton. They concluded that the CVL and the Benue trough were formed together
during the same tectonic event. In this work we are going to refine that lithospheric model
by describing the crustal layer in more details.

4.3 Data

The primary datasets include gravity, magnetic and seismic velocity. Furthermore, we make
use of the thermal-compositional 3D lithospheric model presented in |[Fosso Téguia M et al.
(2024 a). The methodology allows us to integrate these data sets.

4.3.1 Gravity and Elevation Data

The topography is taken from the model SRTM30 Plus v7 (Figure 1B) of Becker et al.| (2009).
It contributes to the understanding of the tectonic evolution of the region, but also is used to

calculate the topographic effect for gravity reduction. The gravity anomaly anomaly is taken
from the global Earth model XGM2019e (Zingerle et al.|2020). From the model the free-air
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anomaly at 5 km high is calculated (Figure 2a). With the tesseroid software package (Uieda

et al.|[2016]) the gravity effect of the topography is calculated and subtracted to calculate
the Bouguer anomaly (Figure 2b). The correction is performed considering densities of 2670
kg/m? for rock and 1030 kg/m? for water.

We also excluded the gravitational mantle contribution from the Bouguer anomaly by calcu-
lating the gravity effect of the mantle (Figure 2¢) from the density model by Fosso Téguia M
et al. (2024a). This was accomplished by taking the density distribution of the lithosphere,
each density voxel inside the mantle was replaced by its density anomaly by considering 3300
kg/m? as reference value. Simultaneously, density voxels inside the crust were replaced by
0 kg/m? (Figure 3). Hence, it becomes possible to forward calculate the mantle’s gravity
anomaly. This was then subtracted from the Bouguer anomaly to give the residual anomaly
attributed to crustal sources (Figure 2d).

4.3.2 Magnetic Data

Two different magnetic data sets have been used in this study. We have namely used the
satellite model LCS-1 having a resolution of 110 km (Olsen et al.| 2017) and the global
magnetic anomaly model EMAG?2 based on data from CHAMP, marine, airborne, and ground
magnetic surveys, with an apparent resolution of 4 km (Maus et al.[2009) (Figures 4a and
4b). Please note, that while EMAG?2 is provided on a 4 km grid, in parts of the study area
no data or only data with larger point distance were available. To obtain a robust toolset
for magnetic studies, LCS-1 was low-pass filtered, with a cutoff wavelength of 300 km, while
the EMAG2 data was high-pass filtered using the same cut-off wavelength, and added to
each other (Figure 5) (e.g. Hemant et al| (2007))). This synergy is particularly valuable for
interpreting multi-scale geological features, reducing uncertainties, and improving the depth
resolution of magnetic anomalies, suitable for understanding the interplay between shallow
and deep structures over the WCARS’ region.

The study region is close to the magnetic equator, but due to stability issues related to
GY-MSYS 3D, the magnetic data have been reduced to the pole (RTP). This step corrects
for the inclination (3.85% inclination mean value over the study area) and declination (1.5
declination mean value over the study area) effects of the Earth’s magnetic field and simplifies
the interpretation of magnetic anomalies. To make sure that no artefacts appear during the
reduction to the pole, the final model has been tested by forward calculating not using the
pole characteristics, but the exact field orientation. As we will see below, the resulting
magnetic signal fits the original signal, implying that the meaning of the original data has
not been altered by the reduction to the pole.



4.3 Data 47

219

136

53

-29

-112

“mGal

1000 2000

112

51

-1

-72

-134

“mGal

1000 2000
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effect, d Crustal gravity anomaly, obtained by subtracting the mantle gravity
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Figure 4-4: RTP of magnetic datasets. a Satellite data (LCS-1), b Airborne data (EMAG2,
version 3).

4.3.3 Structural Model and Additional Data

The Moho depth (Figure 6a) is from the integrated thermal-compositional 3D model by
Téguia M et al| (2024a) and the sediments depth (Figure 6b) is from the model Crustl1.0
(Laske et al.[2013]).

To estimate possible density variations inside the lower crust (below 20 km) (Table 1. and

Figure 10), the mean shear wave velocity (Vs) in that layer over the Cameroon area, provided

by Tokam et al.| (2010), have been converted to densities. The conversion process from seismic
velocity to density has been done using the linear relationships between the density and the
P-wave velocity (Equation 1) of Christensen & Mooney| (1995)). Coefficients a and b are depth
dependent (< 15km, 15-25 km, 26-35 km, 36-45 km and 46 km <) and are given by
& Mooney| (2003). However, that relationship requires P-wave velocities and therefore the
S-wave velocities from [Tokam et al. (2010) have first been converted into P-wave velocities
using Equation 2 (Sheriff & Geldart||[1995)) and assuming a Poisson’s coefficient of = 0.25
(generally holds by more silica-rich materials like granitic compositions (Christensen||1996],

2015), expected in the rift’s lower crust).
(1)

p=a+bV)

Where rho represents the density, V,, the P-wave velocity, a and b the regression coefficients
for velocity-density relationship in crystalline rocks.
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Figure 4-5: RTP of LCS-1 and EMAG2 combined after low-pass and high-pass wavelength
filtering respectively. We have kept gaps in the data to avoid the presence of
resolution differences within the processed dataset.
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(2)

V,Vot = v2(1 —0)(1 —20)2

Where o represents the Poisson’s coefficient, V; the S-wave velocity.

Moreover, that value of o corresponds to V,V,~! = 1.73 which is in agreement with the results
of Gallacher and Bastow (2012), who obtained a mean value of V,V,™! = 1.74 with possible
error of 0.06 across the Cameroon area. In doing so, the variation of the shear wave velocity
had been related to variations in the composition and thermal state of the lower crust and
upper mantle, and attributed to regional tectonic processes, including rifting, magmatic
activity, and the influence of the Cameroon Volcanic Line (Tokam et al.[2010). That study
noted that areas with lower Vs values are likely associated with zones of partial melting or
higher temperatures, while regions with higher Vs values may be characterized by cooler and
more rigid lithosphere (Tokam et al.|2010).

As shown by [Fosso Téguia M et al.| (2024d), the north-western edge of the Congo craton
extends into the south-eastern region of Cameroon (with a significant Moho depth), the
Benue trough extends into the north (Yola-Garoua basin, with a shallow Moho depth),
while the central zone of the country retains an intermediate Moho depth (see Figure 6a).
We have used this tectonic diversity of Cameroon to extend the distribution of the lower
crust density to the whole of the study area by following the depth of the Moho (Figure 7).

Table 4-1: Lower crust density based on seismic velocity (Tokam et al.|2010) and |Christensen
& Mooney| (1995)) method to convert velocity to density.

Stations Lon, Lat Vs Vp Md Md Sub-layers Density = Mean
Tokam et Tokam et Fosso et density
al 2010 al 2010  al 2024
01 9.8321, 2.3873 4.1 7.1 28 30 20-25 3109 3122
26-30 3136
02 13.2888, 2.6984 4.1 7.1 43 37 20-25 3109 3136
26-35 3136
36-37 3136
03 15.0344, 3.5190 3.9 6.7 43 37 20-25 2980 3001
26-35 3002
36-37 3021
04 11.9596, 2.9792 4.1 7.1 45.5 35 20-25 3109 3122
26-35 3136
05 9.9121, 2.9404 4.1 7.1 28 30 20-25 3109 3122
26-30 3136
06 11.2680, 2.3850 4.2 7.3 45.5 34 20-25 3174 3188
26-34 3203

07 11.4560, 3.8700 4.1 7.1 43 34 20-25 3109 3122
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4.4 Methodology

After description of data and data preparation in the previous section, this methodology sec-
tion describes the work undertake in the results section. Our methodology consists of three
main steps after data: 1) Upper crust density and susceptibility are individually inverted us-
ing GM-SYS 3D software. In the case of density inversion, the lower crust density is the one
obtained by transformation of seismic velocity Vs. The background density for the inverted
layer is set to 2670 kg/m3. The model itself incorporates several layers. From the top to
the bottom, there are the sea level, the sedimentary’s bottom provided by Crust 1.0 model,
the upper-lower crust boundary (set at a constant depth of -20 km), and the Moho layer
provided by [Fosso Téguia M et al. (20244d)). In the case of susceptibility inversion, the model
configuration consists of a background magnetic susceptibility of 0 SI for the inverted upper
crustal layer. The inducing magnetic field has a magnitude of 35253 n'T, with an inclination
of 90 degrees and a declination of 0 degrees. The model incorporates same boundary layers
as in the density inversion.

2) Upper crust density, susceptibility and topography are coupled using Gaussian Mixture
Model for clusters delimiting. Previous research has consistently demonstrated that Gaus-
sian Mixture Models are highly effective for clustering combined geophysical data such as
density and magnetic susceptibility within the Earth’s crust (e.g. Losing et al.| (2023))). This
approach allows for a better understanding of the subsurface, as it integrates multiple geo-
physical parameters to provide a more complex perspective. Such integration is particularly
effective in resolving ambiguities that may arise when interpreting individual datasets, and it
proves invaluable in regions with complex geological settings. The clustering process focused
exclusively on the onshore domain.

3) Geological analysis performed with GM-SYS 2D software, considering the geological map,
the clusters and the seismic density. At this step, a combination approach is adopted, where
we superimpose information from the geological map (Figure 1A) accounting for the shal-
lowest structures, from the clustering outcome (Figure 11) accounting for the intermediate
layer, and from the density derived from velocity data (Figure 7) accounting for the deepest
crust. This integration enables a more precise and constrained identification and description
of geological blocks along cross-sections, FA and MN, which intersect at the Benue trough
(point L), revealing not only lateral but also vertical heterogeneity.

Figure 8 gives a simplified overview of that workflow.
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Figure 4-7: Lower crust density. The interpolation of converted seismic velocity to density
over the entire study area has been done in respect of the Moho depth sourced
by [Fosso Téguia M et al.| (2024a).
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Table 4-2: Statistic of the density inversion.

Gz Minimum Maximum Mean  Standard
(mGal) (mGal)  (mGal) deviation
Observed -140.68 524.48 -6.96 98.22
Forward calculated  -136.89 485.15 -6.95 97.52
Misfit -116.90 97.14 0.13 3.66

4.5 Results

The 3D inversion of density and magnetic susceptibility has been conducted using GM-SYS
3D (Geosoft Inc., 2017). This approach yields delineations of lateral variations in the mean
values of inverted parameters. Furthermore, integrated density-susceptibility 2D models
have been produced using GM-SYS 2D, and aiming to give more realistic (not limited to
lateral variations) interpretation of the WCARS’ geological structure

4.5.1 Density Inversion

The crustal density modelling for the upper crust (from sediment’s bottom to 20 km depth)
offers a perspective on the lateral distribution of density across the study area (Figure 9).
The corresponding gravity signal aligns well with the observed data, as evidenced by the
minimal discrepancy between two of them (Table 2).

The inverted model is sufficiently able to reproduce the observed gravity data. The inverted
upper crustal density variations reflect the tectonic and geological setting of the WCARS.
Low upper crust density is found in the cratonic areas (stable and protected by the litho-
spheric mantle root), contrasted by high densities in the rift area, likely a result from crustal
enrichment by magmatism during and after the WCARS stretching period.
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Figure 4-9: Inverted 3D density of the upper crust. a is the 2D view of the model from the
top, and b is the full 3D view. Kg/m?® = 1000 * g/cm?

Table 4-3: Statistic of the susceptibility inversion.

B Minimum Maximum Mean Standard
(nT) (nT) (nT) deviation
Observed -581.4 1040.7 0.6 87.6
Forward calculated -580.6 1042.1 3.6 77.8
Misfit -116.85 142.90 -2.76 6.42

4.5.2 Susceptibility Inversion

Given that LCS1 encompasses the entire study area and exhibits more trusted quality com-
pared to EMAG2 (Olsen et al.|[2017; Thébault & Vervelidou|2015) in terms of consistency
and reliability, the initial 3D modeling has been conducted using LCS1 as the target sig-
nal. The resulting inverted susceptibility model (Appendix A, Figure la) generated a Total
Magnetic Anomaly (TMA) that closely aligns with the observed LCS1 data (Figure 4a), as
evidenced by the favorable range of misfit between both of them (Appendix A, Table 1).

However, the inversion results with only LCS1 notably lack short-wavelength information
(Appendix A, Figures 1b and 1c). Hence, the combination of LCS1 and EMAG2 (Figure
5) has been used for the continued modeling process as target signal. The result of the
susceptibility inversion (Figure 10), provides a corresponding signal in good agreement with
the observed signal as displays inside Table 3.

The modeled susceptibility reveals prominent and positive values extending from the Re-
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Figure 4-10: Inverted 3D susceptibility of the upper crust. a is the 2D view of the model
from the top, and b is its 3D view. p-cgs = 4 * 1076571

public of Central Africa (RCA) to southeastern Cameroon, aligning with the northern edge
of the Congo craton.

4.5.3 Density and susceptibility coupling.

The clustering results, depicted in Figure 11, classify the upper crust of the WCARS into five
distinct tectonic units, designated as C1 through C5, with their corresponding parameter
values outlined in Table 3. Further details regarding the distribution of these clustering
parameters can be found in Appendix B. The study area is predominantly characterized by
cluster C4, which exhibits parameter values that are equal to or closely aligned with reference
values. Cluster C5 aligns with the Benue trough, corresponding to the shallow Moho zone.
C2 matches with high topography like the Adamawa plateau. C1 corresponds to the area
of especial high magnetic anomalies (RCA-South Eastern Cameroon). C5 mainly covers the
northern Congo basin.

4.5.4 Analysis and geological approach.
Cross-section FA.

Cross-section FA (Figure 12) traverses the longitudinal axis of the West and Central African
Rift System (WCARS), intersecting structural features including the Benue trough, Lake
Chad Basin, and Kufra basin. The lower crust beneath this profile exhibits relatively uni-
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1 Medium-low density
High susceptibility
Medium topography

C2  Medium-low density
Medium-low susceptibility
High topography

C3 Low density
Medium-high susceptibility
Low topography

C4  Medium density
Medium susceptibility
Low-medium topography

C5 High density
Low susceptibility
Low topography

1000

Figure 4-11: Clusters. C1 to C5 represents the five possible groups delimited by the cluster
analysis. MN and FA represent profiles for the next sections. L is their junction.

Table 4-4: Average values of density and susceptibility for different clusters.

Cluster Density Susceptibility Topography

[Kg/m3] [S1] [m]
C1 2600 0.0754 450
€2 2630 -0.0251 1450
C3 2500 -0.0004 450
C4 2670 -0.0075 200

Ch 2800 -0.0503 300
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Figure 4-12: Geological analysis along profile FLA (see Figures 1, 11 for location). From the
top to the bottom the panels include, G: geological band (informing on the top
layer), C: cluster band (informing on the upper crust), S: band of density from
S-wave velocity (informing on the lower crust); Observed and modelled RTP
combined magnetic signals, observed and modelled gravity signals, density-

susceptibility model. Delimitation lines inside the lower crust have been guided
by Table 1, based on |Zoback & Mooney] (2003).

form densities, with a notable increase observed in northeastern Chad. This density increase
likely reflects the presence of the Saharan meta craton, which has been tectonically reworked
and metamorphosed during the Pan-African orogeny (Abdelsalam et al. [2002, Sobh et al.|

2020).

In the Benue trough, the presence of high-density material ( 2850 kg/m?) extending from

the lower to the upper crust suggests the existence of large igneous intrusions, aligning with

Fairhead| (2023), who described the Benue trough as a region shaped by Mesozoic rifting,

which facilitated magmatic activity and crustal deformation.

The observed negative magnetic susceptibility ( -0.05 SI) directly beneath the Niger Delta
Basin and extending below the Benue trough through a structure with a density of 2640
kg/m?, above the igneous intrusion, suggests re-magnetization following thermal demagne-

tization. This aligns with (Ofoegbu (1984) who proposed re-magnetization processes in this
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region. The magnetic fluctuations with opposite signs could indicate variations in the Curie
depth, likely occurring between the Cretaceous and Cenozoic, which corresponds with the
primary window of volcanism along the adjacent CVL. As that structure extends northeast-
ward, it transits to a positive susceptibility (0.03 SI) before increasing in susceptibility (0.07
SI) and deepening beneath the Lake Chad Basin. According to our model, this progression
of susceptibility appears to correspond with the decreasing volume of recent igneous material
in the middle crust along the profile.

Beneath the Kufra Basin, the model identifies less dense (around 2600 kg/m®) and magne-
tized structures with varying magnetic orientations, characterized by susceptibilities ranging
between -0.03 and 0.05 SI. These structures likely represent an interplay of magnetized
volcanic intrusions and remnant magnetized blocks, indicating a complex tectonic and mag-
matic history. In fact, beneath the sedimentary cover, the Kufra Basin is underlain by a
Precambrian crystalline basement, which is typical of many North African basins (Coward
& Ries||2003). This basement consists of ancient granitic and metamorphic rocks formed
during earlier orogenic events (Le Heron et al.2009). Furthermore, the basin also records
episodic volcanic activity, though the extent and composition of the volcanic rocks are less
well-documented (Luening et al.[1999). At the base of the Niger Delta Basin, the model
shows dense sediments ( 2600 kg/m?), indicative of deeply buried, compacted sedimentary
sequences characteristic of passive margin settings, as also highlighted by Miall (2013)). Given
its considerable depth, these sediments may have undergone varying degrees of diagenetic
alteration. Overall, the top layer of the crust along this profile is dominated by sedimen-
tary basins, including the Benue Basin, Lake Chad Basin, and Kufra Basin, where sediment
density ranges from 2500 to 2600 kg/m?. These values align with typical densities for sedi-
mentary rocks like shales, sandstones, and siltstones, as described by Reynolds| (2011]).

Cross-section MN.

Cross-section MN (Figure 13) reveals a complex structure with remarkable variations in both
density and magnetic susceptibility throughout the crust.

The top layer along this profile exhibits an alternation of metamorphic, sedimentary, vol-
canic, and plutonic rocks as descripted by the geological map, reflecting the region’s intricate
tectonic and magmatic history. The lowest densities ( 2520 kg/m?) are observed within sed-
imentary basins, including the Lullemmeden, Congo, and Benue basins. Moving from the
northwest to the southeast, the transect crosses a metamorphic structure in eastern Nigeria,
characterized by a density of 2640 kg/m? and a susceptibility of -0.03 SI, likely indicative of
high-grade metamorphic rock. It also intersects a plutonic structure with a density of 2675
kg/m? and a susceptibility of -0.01 SI, possibly corresponding to granitic intrusions. In west-
ern Cameroon, the profile encounters another metamorphic structure with a density of 2600
kg/m? and a susceptibility of -0.02 SI, suggesting lower-grade metamorphism. Additionally,
it passes through a plutonic structure in central Cameroon, with a density of 2675 kg/m?
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and a susceptibility of -0.04 SI, likely associated with the CVL. In southeastern Cameroon

(over the Dja region), the profile reveals an intricate structure composed of sediments and
volcanic rocks with a density of 2600 kg/m? and a susceptibility of 0.01 SI, likely Rhyacian-
aged, covering the BMA.

High-density zones (more than 3000 kg/m?) are found in the lower crust at the cross sec-
tion’s extremities, corresponding to the transitions into the West African and Congo cratons.
This result agrees with Boukeke (1994) who, by using constraints from spectral analysis (fo-
cusing on gravity and magnetic anomalies) to define the depth of buried bodies, performed
2-dimensional modelling and suggested the emplacement of high-density material in the
lower crust during the Pan-African collision over the northern border of the Congo craton.
These areas are likely dominated by stable, high-density metamorphic rocks, as suggested
by Toteu et al. (1994) and (Ganne et al.| (2014). These cratonic boundaries, known for their
ancient and thick lithospheric roots (Fosso Téguia M et al.|20244d)), isolate the crust from
the asthenosphere, presenting a stark contrast to the more tectonically active regions of the
WCARS.

Towards the rift axis, the density of the lower crust decreases, reaching its lowest value
( 2914-2934 kg/m?) beneath the Benue trough. This reflects a more reworked, tectonically
and thermally altered crustal lithosphere. The shallow Moho in this area, matching with the
shallowest Lithosphere-Asthenosphere Boundary (LAB) of the WCARS (Fosso Téguia M
et al.|2024ad), suggests a regional connection between the Moho and the LAB, associated
with reworking that occurred during and after the opening of the WCARS. Inside the mid-
dle crust, the presence of comparatively high density ( 2849 kg/m?) structure only in the
Benue’s zone is characteristic of a tectonically thinned and rifted lithosphere, where mafic
material from the mantle has intruded into the crust, as described by |Fairhead & Binks
(1991) and [Reeves et al.| (2004)).

Apart from the Benue area, the intermediate crust is generally characterized by an average
density of 2670 kg/m? and a susceptibility of 0.01 SI. Another remarkable contrast appears
in southeastern Cameroon, in the Dja Group area, where the model shows structures with
slightly lower density (2640 kg/m?) and high susceptibilities, reaching 0.2 SI. While this den-
sity is consistent with a transition to a less dense cratonic intermediate crust, as highlighted
by Djomani et al.| (1995), the presence of a 0.2 SI susceptibility anomaly, corresponding to
the Cameroonian part of the BMA, is intriguing.

4.6 Discussion

This study focuses on integrating seismic velocity, gravity and magnetic models to analyze
crustal density and magnetic susceptibility variations across the WCARS. Through this
approach, we aim to discus new insights into the region’s tectonic framework, magmatic
processes and rifting dynamics, and the origin of the BMA.
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4.6.1 Region’s Tectonic Framework

By integrating 3D gravity and magnetic models (Figures 8 and 9), we mapped both crustal
density and magnetic susceptibility variations, providing a detailed view of the structural
boundaries between stable regions, such as the West African and Congo craton margins, and
tectonically active zones, including the Benue trough, the CVL, the CASZ, the KSZ, and
the Lake Chad Basin. The results reveal significant density contrasts, particularly in the
lower crust, which delineate cratonic margins, transitional areas, and active rift zones. For
instance, the MN profile clearly highlights boundaries between different blocks. The limit of
the cratonic crust in the northwest (marked by lower crust density ; 3100 kg/m3) coinciding
with the KSZ, while in the southeast it seems to be limited by the CASZ. Between these
two shear zones, emerge areas marked by lower crust density between 3044 and 3069 kg/m3,
which could be considered as transitional areas from cratons to the axis of the rift systems,
marked by crustal thinning and a denser upper crust Extending from the KSZ to the west side
of the Benue trough and from the CASZ to the surrounding of the CVL, the transitional area
is larger by the West African craton side than by the Congo craton side. This assymmetry of
the WCARS in respect of the Benue trough has been already highlighted by [Fosso Téguia M
et al. (2024a) at the lithospheric scale. These findings are consistent with earlier research
suggesting that lithospheric discontinuities mark the boundaries between cratonic and rifted
regions, guiding the tectonic and magmatic evolution of the WCARS (Fairhead et al.[2013}
Abdelsalam et al.|[2002).

Preexisting tectonic structures, such as the CASZ and KSZ, seem to play a key role in
controlling the tectonic evolution of the WCARS. The CASZ and the KSZ appear to mark
the end of the cratonic margins and the beginning of the transition to the rift zone. These
ancient shear zones likely acted as zones of weakness, which were reactivated during the
rifting process, guiding the development of rift systems (Fairhead & Binks [1991). This
reactivation of faults and suture zones aligns with the concept of tectonic inheritance, where
preexisting structures influence the spatial distribution of rifting and magmatism (Toteu
et al.|2001; Burke||1976). Our density-susceptibility model further supports the idea that
rift basins in the region often follow these ancient structures, emphasizing their significance
in the region’s tectonic evolution.

In sedimentary basins, such as the Lake Chad Basin, the relationship between tectonics,
sedimentation, and crustal properties is complex but closely interconnected. Our model
indicates that these basins are characterized by low-density crust, which reflects significant
tectonic subsidence and sediment accumulation driven by crustal extension. This supports
the notion that tectonics directly influence sedimentation patterns and rates in these basins.
The subsidence in the Chad Basin, for example, is tied to ongoing rifting and crustal thinning,
findings that are consistent with previous studies on basin evolution in rift settings (Le Heron
et al.|2009). Together, these observations highlight the dynamic interplay between tectonics
and sedimentation processes in shaping the WCARS.
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4.6.2 Magmatic Processes and Rifting Dynamics

Our investigation into the role of magmatism, rift initiation, and crustal modification re-
veals the profound influence of volcanic and mantle processes in shaping the crust across
the WCARS. High magnetic susceptibility anomalies observed along the Cameroon Volcanic
Line (CVL) and the Benue trough point to significant magmatic intrusions, which have al-
tered the local crust through thickening and compositional modifications. These magmatic
processes, driven by mantle dynamics, not only modify the crust but also play a key role in
accommodating rift extension, especially in regions of active volcanic activity (Burke/2001)).
The intrusions of mafic material have further stretched and restructured the crust, as seen
in the Benue trough and Chad Basin.

Rift initiation and propagation are closely tied to crustal thinning, a process evidenced in
both density and magnetic models. In regions like the Benue trough and Chad Basin, our
models show high-density structures in the upper crust, decreasing toward the inner conti-
nent. This density gradient reflects the northeastward propagation of the WCARS, starting
from the Atlantic and extending under the Benue trough and Chad Basin. Significant crustal
stretching and subsidence, facilitated by mantle upwelling, create space for additional mag-
matic intrusions, reinforcing the connection between rifting and magmatism. This dynamic
supports the theory that mantle processes, such as upwelling, promote lithospheric extension,
driving rift systems and modifying the crust (Fairhead & Binks 1991} Guiraud & Maurin
1992).

Thermal processes, particularly mantle upwelling and post-rift cooling, also play a signifi-
cant role in modifying crustal magnetization within the WCARS. Our susceptibility model
reveals thermally demagnetized crust beneath the Benue trough and CVL, where high heat
flow has likely altered the magnetic properties of the crust. For example, beneath the
Benue trough basins, we observe negative susceptibility values (-0.05 SI), suggesting re-
magnetization linked to varying geomagnetic conditions during different post-rift periods.
Ofoegbu (1984)) supports this interpretation, noting bodies of variable magnetic polarity in
the region. The thermal impact of mantle upwelling not only affects crustal magnetization
but also weakens the crust’s elasticity, facilitating further stretching and compression across
the WCARS. This aligns with previous studies on the role of thermal processes in rifting,
particularly the transition of lithosphere to continental margins (Sibuet & Tucholke|[2013]).
Together, magmatism, rifting, and thermal processes form a cohesive system that governs
crustal modification and tectonic evolution in the WCARS.

4.6.3 The Bangui Magnetic Anomaly

Several explanations can be proposed for the origin of the BMA. First, remnant magnetiza-
tion from the ancient Congo craton lithosphere is one possibility. The Congo craton, with
its stable Proterozoic structure, may retain strong magnetic signatures from past geomag-
netic fields (Clark [1999; [McEnroe et al.[|2004). However, the BMA’s location at the craton’s
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border, isolated from the main craton, makes this explanation less likely. Second, mafic and

ultramafic intrusions during the Mesozoic rifting of the WCARS could explain the anomaly,
as these rock types often show high magnetic susceptibility (Clark [1999; |Rochette|/1987)).
However, their typical densities (2800-3300 kg/m?) differ from the BMA’s modelled density
(2640 kg/m3), weakening this hypothesis. Third, tectonic reactivation and metamorphism
at the craton’s margins could have contributed, but the lack of correspondence between the
shape of the CASZ and the BMA diminishes this idea. More plausibly, the BMA may result
from felsic and plutonic intrusions. Felsic rocks, such as granite and rhyolite, often carry
strong remnant magnetization and exhibit densities closer to that of the BMA (Telford et al.
1990). These intrusions likely cooled slowly in a stable geomagnetic field, contributing to
the observed anomaly, especially considering that the WCARS is warmer than the Congo
craton, as highlighted by [Fosso Téguia M et al. (2024a). The block with lower magnetic
susceptibility on the craton side of the BMA may be a result of these thermal differences
during cooling.

Moreover, the alignment of the BMA with the Cameroon Volcanic Line (CVL) and Benue
trough suggests a deeper lithospheric connection. These features likely share a tectonic ori-
gin, possibly related to the opening of the South Atlantic and the fragmentation of Gondwana
(Fairhead & Binks 1991} [Fosso Téguia M et al.[2024a). This structural correlation highlights
the role of mantle processes in shaping Central and West Africa’s geological landscape during
the Mesozoic.

4.7 Conclusions

This study presents an integrated 3D crustal model of the West and Central African Rift
System (WCARS), constructed using gravity, magnetic, and seismic data, offering insights
into the region’s tectonic framework, rifting dynamics and formation of the Bangui Magnetic
Anomaly (BMA).

The crustal gravity anomaly has been isolated, the satellite and airborne magnetic models
have been combined, and density and susceptibility inversions have been conducted across
the upper crust after estimation of lower crust density from seismic velocity. The combined
analysis of density, magnetic and topographic data allowed for the identification of five
distinct tectonic units, offering a more nuanced understanding of the crustal configuration.
That outcome combined to the distribution of the lower crust density and the geological map
facilitated the analysis of two cross-sections covering key features over the region. Those
two cross-sections reveal insights into the WCARS tectonic and geodynamic evolution. Key
tectonic structures, including the Central African Shear Zone (CASZ) and Kandi Shear Zone
(KSZ), mark the boundaries between cratonic margins and transition to rift zones, acting
as zones of weakness reactivated during rifting. This tectonic inheritance has guided the
spatial distribution of rift systems, with our model indicating that these shear zones played
a crucial role in shaping the rift architecture of WCARS. The transitional areas between
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stable cratonic regions and active rift zones exhibit progressive crustal thinning. Denser
upper crust reflects the northeastward propagation of rifting from the Atlantic, through the
Benue trough, and toward the Chad Basin. These findings are consistent with previous
studies highlighting the role of preexisting structures in influencing rifting and magmatic
processes in the region.

Magmatism, driven by mantle upwelling, has further modified the crust, particularly in areas
of volcanic activity like the CVL and Benue trough. The possible thermal demagnetization
and re-magnetization processes associated with tectonic activity during the Cretaceous and
Cenozoic periods suggest significant heat flow, which has impacted crustal magnetization
and elasticity, facilitating rifts propagation and WCARS stretching. Additionally, the BMA
likely results from felsic and plutonic intrusions, supported by density values consistent with
granite and rhyolite, and aligned with the CVL and Benue trough, indicating a shared
tectonic origin
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Appendices

4.A Susceptibility inversion with LCS1

The 3D inversion is conducted using LCS1 as the target signal. The resulting inverted sus-
ceptibility model (Figure 14a) generated a TMA that closely aligns with the observed LCS1
data (Figure 6a), as displayed in Table 5.

Figures 14b and 14c¢ display the superposition of EMAG (blue) and TMA from inverted sus-
ceptibility (purple), respectively along FA and MN. These results evidenced notably lacks
short-wavelength information when LCS1 is used as target signal for the inversion.

4.B Clustering

Figure 15 presents details of the clustering results depicted in Figure 11. Readers can see
how for each of the five clusters, cluster parameters are coupled.
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Table 4-5: Statistic of the susceptibility inversion using only LCST1.

B Minimum Maximum Mean Standard

(nT) (nT) (nT) deviation
Observed -421.77 731.34 1.48 69.73
Forward calculated  -413.70 715.73 1.46 68.03
Misfit -47.955 63.799 0.00 4.905
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Figure 4-14: a. Inverted susceptibility using LCS1 as targeted signal. b. Forward calculated
from inverted susceptibility (Purple) and EMAG2 (Blue) signals along transect
FA, c¢. Forward calculated from inverted susceptibility (Purple) and EMAG2
(Blue) signals along transect MN.
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5 Surface Heat Flow Variations across
the West and Central African Rift
System

Abstract

This study investigates the lateral variations in surface heat flow (SHF) across the West
and Central African Rift System (WCARS), along a transect extending from the eastern
boundary of the West African Craton to the northern margin of the Congo Craton. Us-
ing an integrated approach combining crustal density and susceptibility models, lithospheric
thermal structures, and radiogenic heat production data, we assess the SHF distribution and
study its potential correlation with crustal heterogeneity and tectonic features. The results
predict significant localized variations in SHF, particularly in the rift zones and volcanic
regions, emphasizing the interplay between lithospheric thinning, crustal deformation, and
the contribution of radiogenic heat production in the upper crust. These results illustrate
the thermal structure and geodynamics of the WCARS, suggesting the movement of hot ma-
terials during rifting and the evolution of key geological structures such as the Benue trough
and the Cameroon Volcanic Line. These results contribute to the advance of understanding
crustal processes and regional tectonics, with implications for geothermal energy exploration
and interpretation of geophysical anomalies in the region.
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5.1 Introduction

The spatial distribution of heat flow across tectonic units provides critical insight into litho-
spheric structure, thermal evolution, and geodynamic processes, shedding light on the inter-
actions between various tectonic and geological domains. Furthermore, understanding heat
flow has direct applications in resource exploration, particularly in identifying geothermal
energy and hydrocarbon potential (Song et al.|2013, Melouah et al.2023)). Despite these
potential benefits, the West and Central African region remains significantly underexplored
in terms of heat flow studies.

Recently, [Fosso Téguia M et al. (2024a) developed a three-dimensional lithospheric thermal
model and derived surface heat flow estimates for this region by integrating geophysical and
petrological data. This model offered robust estimates of heat flow and its lateral variations,
primarily attributed to compositional and thickness heterogeneities in the lithospheric man-
tle. Building on this model, the present study aims to assess surface heat flow by focusing
on crustal-scale structures, particularly the lateral variations within the upper crust as re-
cently described by the crustal gravity-magnetic model from Fosso Teguia M. et al (subm.,
Chapter 4). To achieve this, we couple lithospheric thermal modelling with the results from
the crustal-scale modelling based on gravity and magnetic data.

5.2 Geological and Tectonic Setting

The West and Central African region (WCARS) represents a prominent geological domain
extending across multiple African nations, characterized by a complex tectonic history and
diverse structural elements. Its main components include the Benue trough, the Cameroon
volcanic line (CVL), the Chad Basin, the Bangui Magnetic anomaly (BMA), the Central
African Shear Zone (CASZ), and Kandi Shear Zone (KSZ) (Guiraud & Maurin [1992; Obaje
et al.|2009). This rift system is bordered by the Precambrian basement complexes, namely
the West African Craton to the west and the Congo Craton to the south (see Figure 1).
The basins within WCARS are predominantly infilled with Mesozoic to Cenozoic sediments
deposited during episodes of rifting and subsidence (Burke [1976; Fairhead & Binks||1991]).
The tectonic evolution of the region is intricately linked to the breakup of the Gondwana
supercontinent and the subsequent opening of the South Atlantic Ocean during the Late
Jurassic to Early Cretaceous. This extensional regime, driven by the separation of South
America and Africa, was the primary force shaping the WCARS (Burke [1976). Pre-existing
structural weaknesses in the Precambrian basement played a critical role in localizing rift
zones, promoting the formation of deep basins and widespread volcanic activity during the
Cretaceous (Fairhead & Green|/1989).

Geophysical studies utilizing seismic, gravity, and magnetic datasets (e.g., Fosso Teguia M
et al., subm., Chapter 4) have revealed significant crustal heterogeneity across the WCARS.
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Complementary petrological investigations have provided additional insights, particularly re-
garding radiogenic element distributions. Studies such asDongmo et al.| (2010)), Tchouankoue
et al.| (2014)), and |Lemdjou et al. (2020)) have documented the concentrations of uranium (U),
potassium (K), and thorium (Th) in the region. Moreover, |Gard et al. (2019) compiled a
global whole-rock geochemical database, incorporating data from central and west Africa,
and derived radiogenic heat production estimates for these elements.

The integrated geophysical and petrological 3D lithospheric model developed by Fosso Téguia)M
et al|(2024d) has provided a regional-scale understanding of the thermal structure and sur-
face heat flow (SHF) across the WCARS (see Figure 3d). However, that model does not
account for lateral and compositional variations within the crust or the influence of topog-
raphy on SHF'.

This study aims to refine the variations in SHF across WCARS structures traversed by the
MN profile by integrating multiple datasets: (1) the recent crustal density and susceptibility
model of Fosso Teguia M et al. (subm., Chapter 4), which offers a detailed characterization
of crustal variability; (2) the temperature model of [Fosso Téguia M et al.| (2024a); and (3)
radiogenic heat production from (Gard et al. (2019). This integrated approach will enhance
our understanding of crustal heterogeneity and its role in shaping the region’s geological
framework.

5.3 Data

The data used in this study are drawn from various well-established models and datasets.
Geometry of the model: The Moho depth (Figure 2a) is derived from the integrated thermal-
compositional 3D model developed by [Fosso Téguia M et al| (2024a). The boundaries be-
tween the lower and intermediate crust, as well as the upper crust and its lateral variations
(Figure 2d), are obtained from the crustal density and susceptibility model of Fosso Téguia
M. et al. (subm., Chapter 4). The sediment depth information (Figure 2b) is based on the
Crust1.0 model |Laske et al. (2013), while topographic data (Figure 1b) are sourced from
SRTM30 Plus v7 (Becker et al. 2009).

Geochemical and thermal data: Radiogenic heat production values (Figure 3a) are provided
by Gard et al| (2019)), calculated using point measurements of uranium (U), potassium (K),
and thorium (Th) concentrations, and applying the relationship defined by Rybach| (1988)):
A(pWm=3) = p(9.67+ U +2.56 x Th +2.89 % K) x 10~°, where rho is the density of the rock.
The heat flow point values presented in Figure 3b represent the measured values surrounding
the studied transect. They are provided and described by the International Heat Flow Group
(Fuchs et al. 2021). As we do not have any point values exactly on the transect, we have
projected (onto the transect) for this study those that are not more than 300 km from the
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from [Lucazeau (2019). ¢ The Moho temperature and d the SHF from the 3D
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transect. Additionally, the temperature at the Moho surface (Figure 3c), provided by |Fosso
Téguia M et al|(2024d), is used as a boundary condition during the processing.

5.4 Methods

This study focuses on a transect (MN), defined by Fosso Téguia M. et al. (subm., Chapter 4),
which extends from the eastern boundary of the West African Craton to the northern edge of
the Congo Craton. Along the profile, key geological and tectonic features are intersected, in-
cluding the Benue trough, the CVL, the Bangui Magnetic Anomaly, and various shear zones.

We use the open-source library PyGimli(Geophysical Inversion and Modeling Library) de-
signed for geophysical modeling and inversion by [Riicker et al. (2017). We calculate SHF
in 2D by solving the steady-state heat equation, as has been demonstrated in |[Rucker et al.
(2017), showcasing the library’s capabilities in thermal modeling.

We make three study cases to study the effect of both the crustal structure and the radiogenic
heat production (RHP), on the variation of the SHF along the transect.

5.5 Results

The RHP for the sediment layer has been set to 0W.m ™3 and its thermal conductivity
to 1W.m~t.k~! while the thermal conductivity of the crystalline crust has been set to
2.5W.m~L. k7!, The three different cases explored during the processing are (1) homoge-
neous crystalline crust, (2) two-layer crystalline crust, and (3) three-layer crystalline crust
(lower, middle and upper crust) as well as lateral blocks inside the upper crust. That last
case is the one we call heterogeneous crust in the rest of this chapter. Figure 4 shows the
temperature distribution of each study case. Differences are not easily noticeable with re-
spect to the temperature, but the SHF gives us the following results:

Homogeneous crust (Figure 4a) We have considered the crust from the Moho to the base
of the sedimentary basins as homogeneous with an RHP value of 10~"W.m™3. The
resulting SHF exhibits a trend similar to that derived from the lithospheric model of
Fosso Téguia M et al. (2024a), which was also based on constant parameter values.
Small-scale variations in that homogeneous model (also present in the two other cases)
can be attributed to variations of the layer overlying the crystalline crust. Therefore,
these variations reflect the combined influence of the mantle, sediments, and topogra-
phy. However, the lower crust should be more depleted and therefore cannot have the
same RHP as the rest of the crust
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Figure 5-4: Crustal distribution of temperature (in degree Celsius) along MN. The red line
represents the topography, the green line the sediment depth, and the black line
the Moho. a, the crust is set as homogeneous. b, The crust is divided in two
part, the dashed black line represents the middle-lower crust boundary. c, the
upper crust variations are added and the dashed blue line represents the upper-
middle crust boundary.
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Two-layer crust (Figure 4b) In terms of RHP, 10~"W.m ™3 has been assigned to the lower
crust and 107W.m™3 to the layer above, leading to reduced SHF (Figure 6a). The
difference of case one and two (Figure 6a) show the main structural-compositional ef-
fects in the rift axis (Benue trough area) and at the western extremity of the transect
(next to the Lullemmeden Basin). The result of this second case reflects the influence
of the middle-lower crust interface, the mantle, sediments, and topography on the SHF.

Heterogeneous crust (Figure 4c) In addition to 10~"W.m™3 assigned to the lower crust,
107W.m™3 to the middle crust, we have assigned different value of RHP ranging be-
tween 1.5 * 107W.m =3 to 3 x 107 W.m 3 to the upper crust. The choice of values in
the upper crust is based on the distribution of RHP values (Figure 3a, Figure 5). The
resulting SHF (Figure 6a), which reflects contributions from the mantle and all of the
crustal components, shows more contrast (Figure 6a) with the second case than with
the second case with the first case, highlighting the structural-compositional effects of
the upper crust. This SHF diverges from the lithospheric model in the northwest sec-
tion (Lullemmeden Basin and adjacent areas), where it becomes warmer and achieves
a good fit with the measured SHF in that region.

In the rift area, specifically between the Lullemmeden Basin and the Benue trough,
this model and the lithospheric one converge despite local variation in this model.
However, it has been challenging to reproduce measured SHF in the rift area with a
purely layered RHP model. Rather, to reconcile these differences, the structural archi-
tecture of the upper crust of Fosso Téguia M. et al. (subm., Chapter 4) was adjusted
by dividing the upper crustal block between the two basins into two distinct blocks
with different RHP values: 3 * 107°W.m ™3 for the western block and 1.5 % 10~ ¢W.m =3
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Mantle

: a, Variation of SHF along MN. (1) The blue curve represents the modeled SHF,
considering the crust as an homogeneous block. (2) The green curve represents
the modeled SHF, considering the crust as made of two blocks separated by the
middle-lower crust boundary. (3) The purple curve represents the modeled SHF,
considering the lower, the middle and the upper crust variations (representing
the heterogeneous crust and the final result of this study). The red curve rep-
resents the modeled SHF from the lithospheric model of Fosso Téguia M et al||
. d represents the distance between lithospheric and new modeled peaks.
The yellow circles represent projected values of the measured SHF on the pro-

file. they have a tolerance of more or less 5mW.m~2. The dashed green curve
represents the difference (2) - (1), and the dashed purple (3) - (2). b gives the
final distribution of RHP (in W.m™?) for the heterogeneous crust along MN
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for the eastern block. But in spite of that differences between modeled and measured
SHF in the rift area remain high, up to 20mW.m=2 between both of them.

In the eastern segment of the study area, which includes the Benue trough and be-
yond, the absence of measured SHF data prohibits detailed assessement of the modeled
SHF result. However, the modeled SHF trend remains consistent and slightly warmer
compared to the lithospheric model. This result highlights that the highest and lowest
SHF values along the transect are found in the eastern segment: exceeding 70mW.m =2
in the CVL area and around 40mW.m ™2 in the northern Congo basin.

5.6 Discussion

5.6.1 Sensitivity of RHP distribution, based on the heterogeneous
model

The relatively low SHF values at the ends of the profile align well with expectations, as these
regions are influenced by stable the West African and Congo cratons, respectively. These
cratons are typically characterized by low SHF values, ranging between 30 and 50 mW /m?
(Lesquer & Vasseur||1992, Fosso Téguia M et al.[2024a). The slightly elevated SHF value of
approximately 55 mW /m? at the western end is explained by the relatively high concentra-
tion of radiogenic elements (2 107%T¥.m~3) compared to the eastern end (1.5% 10~ W.m=3).
Although the highest value of RHP (3 % 107 ¢W.m™3) is located in the area corresponding to
the highest measured SHF point (the south east of the Lullemmeden basin), the gap between
the modeled SHF and the measured values at that point remains significant (10mW.m™=2).
This discrepancy maybe due to the sedimentary layer in the basin, which reduces the modeled
SHF', while the measured values may have been influenced by sampling near the outcrops,
as noted by [Harlé et al. (2019) and [Stal et al.| (2022).

In contrast, the two measured SHF values west of the Benue trough, approximately 556mW.m~
are unexpectedly low for a rift setting and even lower than the modeled SHF, which is slightly
above 65mW.m~2. Despite the steep RHP gradient from 3% 1075W.m=3 to 1.5% 10~ W.m =3,
it was not possible to reconcile these measured values with the modeled result, which re-

2

mains consistent with the one from the lithospheric model. These low measured SHF may be
related to the quality of the measurement process, and do not accurately reflect the broader
rift area. Moreover, these points are projections onto the study transect of the nearest avail-
able SHF data points.

Unfortunately, no measured SHF data are available for the eastern portion of the study
transect, making it more challenging to constrain this area. However, the modeled SHF
trend closely follows that of the lithospheric model, which aligns with the regional tectonic
structure as described by Fosso Téguia M et al.|(2024@). Furthermore, the new modeled SHF
effectively captures the signatures of known geological structures along this section of the

transect: a decrease in SHF across the Benue trough, a peak exceeding 70mW.m =2 across
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the CVL, and another significant decrease in the northern Congo basin near the eastern
transect extremity.

The geothermal heat flow model for Africa by |Al-Aghbary et al.| (2022), which employed a
random forest approach, also supports the validity of the results of this study. Their model
indicates that SHF values in the WCARS generally range from 40 to 70 mW/m?, with lo-
calized anomalies exceeding 80 mW/m?. That agreement in the SHF range supports the
quality of this study’s results, highlighting the utility of lateral SHF variations in advancing
our understanding of the geodynamic and tectonic relationships among geological structures
along the transect.

5.6.2 Tectonic and Geodynamics

The high concentration of radiogenic heat producing elements in the western section of the
transect, including beneath the Lullemmeden basin, suggests that this region may have ex-
perienced significant tectonic activity, contrary to initial assumptions of cratonic stability.
This could involve mantle-derived magmas migrating upwards and creating an upper crust
enriched in radiogenic elements. This hypothesis is consistent with the findings of |Jaupart
& Mareschal (2021]) and [Hofmann| (1997), who discussed the contribution of mantle-derived
magmas to the enrichment of radiogenic elements such as uranium (U), thorium (Th), and
potassium (K) in the crust.

SHEF' values in the rift center, are generally higher than those at the transect extremities.
This observation is consistent with lithospheric thinning during rifting, characterized by sig-
nificant magmatic intrusions and elevated crustal temperatures. These processes have been
described by [Fairhead| (2023) and |[Fosso Téguia M et al.| (2024d) as indicative of passive
rifting.

Localized SHF variations within the rift zone, which are also present in the homogeneous
and semi-heterogeneous crust scenarios, reflect crustal deformation from the Moho to the

surface. These variations highlight the intensity and ”chaotic” nature of forces that shaped
the WCARS.

The comparison of the lithospheric model and the homogeneous model, which includes crustal
structures, indicates that although the highest value in both models is located within the rift
system, the peaks are not positioned at the same location but are separated by a measurable
distance d (see Figure 6a). The peak of the lithospheric model is vertically aligned with
the point of greatest crustal thinning corresponding to the Benue trough at the surface. In
contrast, the new model presents a peak situated farther to the east, aligning at the surface
with the Cameroon Volcanic Line (CVL). This discrepancy reveals the direction of movement
of hot materials during and after the rifting process.

This observation serve as an additional support to the theory proposed by |Fosso Téguia M
et al.| (2024a) regarding the origin of the enigmatic CVL. We suggested the occurrence of
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edge-driven convection between the WCARS and the Congo Craton during the formation of
the CVL, which facilitated the formation of magma chambers beneath the CVL. However,
it did not explicitly determine the source or direction of the hot material that supplied
these magma chambers. This study suggests that the hot material ascended in an eastward
direction, originating from the mantle beneath the Benue trough and migrating to the upper
crust below the CVL.

These results also contribute to improved localization and characterization of one of the
reactivated pre-existing weaknesses identified by earlier studies, such as those of Guiraud
et al.| (1992)) and |[Fairhead & Green| (1989), in their descriptions of the development of the
WCARS.

Based on the crustal structure of the West and Central African Rift System (WCARS)
as modeled by Fosso Téguia M. et al. (subm., Chapter 4), this new model predicts a
significant decrease in surface heat flow on the eastern side of the Bangui Magnetic Anomaly,
particularly in the Dja area. This decrease is closely associated with the geometry of the
source structure responsible for generating the magnetic anomaly.

5.7 Conclusions

This study investigated surface heat flow variations along a transect inside the West and
Central African Rift System (WCARS), using crustal and lithospheric data to illuminate
the thermal variation and geodynamic processes underlying the region. The model demon-
strates notable variations compared to previous lithospheric-scale studies by incorporating
the effects of radiogenic heat production and crustal heterogeneity.

The study shows significant variations in the SHF, particularly within the rift zones, where
values are increased due to lithospheric thinning and magmatic intrusions, as well as in
volcanic regions such as the Cameroon Volcanic Line (CVL). The comparison between the
lithospheric and new models suggest new details about the possible movement of hot mate-
rials during rifting, providing support for existing theories regarding edge-driven convection
and the origin of the CVL.

Key localized anomalies, such as the SHF decrease east of the Bangui Magnetic Anomaly
and the sharp variations across the rift system, underscore the role of pre-existing crustal
weaknesses and structural complexity in shaping the thermal regime. Despite the challenges
posed by limited and low-quality SHF measurements in certain areas, the model aligns well
with the available data and expands our understanding of the tectonic and thermal history
of the region.

This topic is not only intended to enhance our knowledge of the thermal evolution of WCARS
but also to have broader implications for geothermal resource assessment and the interpre-
tation of geophysical anomalies. Future studies should incorporate more data and further
refine the understanding of regional heat flow dynamics and their various implications.
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This thesis has presented a comprehensive investigation into the lithospheric and crustal
structure, thermal evolution, and geodynamic framework of the West and Central African
Rift System (WCARS). By integrating geophysical, petrological, and thermal data, it has
addressed critical knowledge gaps regarding the region’s tectonic history and processes. Be-
low, the findings are synthesized in relation to the research questions posed in Chapter 2.

Lithospheric and Crustal Structure

The integrated 3D geophysical-petrological model confirmed the passive origin of the WCARS,
and reveals substantial lateral variations in lithospheric thickness and composition. These
variations highlight the role of tectonic inheritance and rifting in shaping the WCARS.
The lithospheric mantle beneath the WCARS is predominantly Phanerozoic in composition,
transitioning sharply to Proterozoic lithosphere under the adjoining cratons. Transitional
zones of varying sizes and geometries connect these lithospheric domains, reflecting the re-
gion’s complex tectonic evolution.

Crustal thickness varies significantly across the region, ranging from approximately 25 km
in rift zones to over 50 km beneath cratonic regions. This heterogeneity underscores the
influence of both tectonic extension and magmatic activity on lithospheric architecture.

Origin of the Cameroon Volcanic Line

The origin of the Cameroon Volcanic Line (CVL) is attributed to edge-driven convection
facilitated by the V-shaped opening of the lithospheric mantle beneath the WCARS. This
dynamic process has created magma chambers aligned with pre-existing lithospheric weak-
nesses, further emphasizing the importance of tectonic inheritance.

Origin of the Bangui Magnetic Anomaly

The Bangui Magnetic Anomaly is linked to felsic and plutonic intrusions associated with
Mesozoic rifting and mantle upwelling. These intrusions likely carry strong remnant magne-
tization, consistent with density and susceptibility values identified in the crustal model.
Reactivated shear zones, such as the Central African Shear Zone (CASZ), have played a
crucial role in localizing magmatic activity and shaping both the BMA and CVL. These
findings align with hypotheses linking these anomalies to deep-seated tectonic processes.

Surface Heat Flow Variations



84 6 Conclusion

Surface heat flow variations across the WCARS are closely linked to crustal heterogeneity,
radiogenic heat production, and lithospheric thinning. Elevated heat flow values in rift zones,
such as the Benue Trough and Cameroon Volcanic Line, reflect the influence of lithospheric
thinning and magmatic intrusions.

The study reveals the orientation of hot materials movement beneath the Benue Trough and
the CVL, providing new insights into the mechanisms that led to the formation of the CVL.
Nevertheless, this is just a first order study and much more remains to be done about this
topic as we have been limited by the data coverage especially with measured HF points.

Collectively, these findings advance our understanding of WCARS’s geodynamic evolution.
The thesis underscores the interconnectedness of tectonic, magmatic, and thermal processes
in shaping rift systems. By linking geophysical signatures to underlying geological mecha-
nisms, it provides a robust framework for studying similar regions worldwide.

Future research should focus on high-resolution geodynamic simulations to further refine the
interaction between mantle flow and lithospheric structures. Additionally, expanding the
database of geophysical and geochemical observations across WCARS would enhance the
accuracy and resolution of regional models.

In conclusion, this thesis not only resolves long-standing questions about WCARS’s structure
and evolution but also offers valuable insights for resource exploration and geohazard assess-
ment. Its methodological approach and findings have broad implications for the study of
rift systems and lithospheric dynamics, contributing to the global understanding of Earth’s
tectonic processes.
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