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ABSTRACT

The global gravity field obtained from the observations of the
satellite Gravity Field and Steady-State Ocean Circulation Ex-
plorer (GOCE) satellite offers new opportunities in defining den-
sity variations of earth’s crust and mantle, allowing new insights
into the structure of specific geologic features. The Central Afri-
can Rift is a key feature in understanding the dismemberment of
Gondwana, and we contribute to defining the crustal density struc-
ture underlying the rift. The presence of a narrow and up to 12 km
deep basin implies crustal stretching allowed the sediment to ac-
cumulate, but a key question is whether the stretching processes
also affected the deeper layers of the crust or was limited to the
upper crust. The study area includes a subbasin of the greater Chad
sag basin, which extends over 1500 × 1500 km and occupies the

center of North-Central Africa, shared between the countries of
Chad, Sudan, Nigeria, Niger, Algeria, Libya, and Cameroon. We
find that the rifting affected the lower crust of theWest African Rift,
and we evaluate evidence for a 1500 km long and several km thick
magmatic crustal intrusion presumably associated with underplat-
ing and crustal thinning. We estimate that the stretching factor must
be at least 1.5 and had affected the entire crust. To our knowledge,
the identification of a continuous body of magmatic intrusions is
new and has been only possible through the recent global gravity
field. The magmatism has altered the thermal conditions from the
time of emplacement on, and it is relevant for the maturation of
hydrocarbons present in the sediments. The timing of the magma-
tism is presumably tied to two pulses of volcanism documented in
the rift, associated with the first postrift phase from 96 to 88Ma and
the second postrift phase from 23 Ma up to the Quaternary.

INTRODUCTION

The rift that we intend to study crosses one of the largest endo-
rheic basins of the world (2.5 million km2), located in North-Central
Africa between 8°–24° north and 6°–24° east, covering 8% of the
surface area of the African continent, straddling Cameroon, the
Republic of Chad, Niger, and Nigeria, and called the Chad Basin
(Figure 1). The detailed geology of the area remains poorly known,
and the Chad Basin is still almost unexplored with geophysical data.
However, gravimetric studies began around 1952 when Lagrula
(1952) conducts the first gravimetric acquisitions in which he dis-
covers the existence of very important gravity anomalies. He inter-
prets them only in terms of depth variation of crystalline rock
basement, and this unfortunately led to conclusions in contradiction

with geologic data. Therefore, Crenn (1955) carries out surveys
around the southern and central areas of the Chad Basin. That in-
vestigation concludes with the discovery of a very significant neg-
ative gravity anomaly (Crenn, 1955). In 1956, D. A. Hansen (Louis,
1970) carried out limited studies of gravimetry and magnetism in
five areas of central Chad for a water resource development pro-
gram, but these gravimetric surveys were inconclusive. Only in
1959, significant gravity results in the Chad Basin were produced
by the Office de la Recherche Scientifique and Technique d’Outre-
Mer, now known as Institut de Recherche pour le Développement.
Afterward, several geologic and geophysical studies were carried
out in the framework of the project called “Contribution géophysi-
que a la connaissance geologique du basin du Lac Tchad” by Louis
(1970). Important efforts in understanding the crustal structures and
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their geodynamic evolution were made by Fairhead and Green
(1989) in which the authors interpreted the gravity anomalies as a
combination of the effects of a sedimentary basin and a crustal up-
lift. Genik (1993) gives an overview on petroleum geology of the
rift basins located in Niger, Chad, and the Central African Republic,
based on the seismic reflection and well-log data of Exxon
(1969–1991).

Our aim is to exploit satellite observed gravity data to character-
ize the rift basins overlapping the much broader intracratonic Chad
sag basin in the west-central area of the African continent. To do
this, we model the gravity field using all of the available constraints
from the published morphology of the rift basin based on the inter-
polation of seismic profiles, published wells, and geodynamics. The
results allow us to improve the understanding of rift structures in the
West-Central African area, delivering a consistent crustal model

compatible with all available data. The results suggest the presence
of an extensive magmatic crustal intrusion below the rift basin, and
in particular below the Termit Basin, presumably associated with
the rifting phase, which has implications on the thermal evolution
of the area.

GEOLOGIC INTRODUCTION

The Chad Basin is considered as an intracratonic sag basin be-
tween the West African and Congo Cratons (Western block and
Austral block) located on the Saharan Metacraton (Abdelsalam
et al., 2002). The Saharan Metacraton comprises the Archean and
Neoproterozoic continental domains, tectonothermally reworked by
metamorphism during the Pan-African accretionary stage (Abdel-
salam et al., 2002). The Pan-African consolidation crustal phase
covered the time period 750–550 Ma (Genik, 1993), after which
the area was a stable, mostly emergent platform (550–130 Ma).
The lines of amalgamation have been thought to present lines of
weakness, which gave the structure for the subsequent Cretaceous-
Tertiary rifts (green, yellow, and purple areas in Figure 1a; Genik,
1993). The rifts are part of the West-Central African Rift System
(WCARS) composed of the West African Rift System (WARS)
and the Central African Rift System (CARS).
The Chad Basin is touched at its border by four major Precam-

brian massifs: the Mayo-Kebbi in the southwest, the Guéra in the
south-center, the Quaddaï in the east, and the Tibesti in the north
(Figure 1a and 1b). Geochronology has been obtained for samples
from the Guéra massif and basement rocks of the Doba Basin of
southern Chad (Shellnutt et al., 2017). The same publication at-
tempted to give a timing of the magmatism of the region. Starting
with the Early Cretaceous, the intracontinental rift system WCARS
developed (Faure, 1962; Burke, 1976). The origin of WCARS is
generally attributed to the breakup of Gondwana and the opening
of the South Atlantic Ocean and Indian Ocean, leading to the fact
that WCARS is associated with the Lower Cretaceous west African
coastal rift basins, extending from Cameroon to Angola (Burke,
1976; Genik, 1993; Fortnam and Oguntola, 2004; Guiraud et al.,
2005). The rifting of southwest Gondwana is divided into three
main phases, the Berriasian (145–140 Ma), the Hauterrivian
(135–137 Ma), and the Late Barremian to Early Aptian (130–
125 Ma), which led to the formation of the Brazilian and African
marginal basins, and the successive creation of the oceanic base-
ment (Vidigal-Souza et al., 2020). Instead, WCARS continued to
develop cycles of sedimentation during rifting, which did not suc-
ceed in a continental breakup. In fact, on the WARS, a first rift cycle
extending throughout the Cretaceous included a rift phase extended
from 145.5 to 99.6 Ma and postrift phase up to 65.5 Ma. During the
postrift phase, volcanism has been reported from 96 to 88 Ma
(Genik, 1993). Sedimentation during this first rift and postrift cycle
was continental. The second cycle commenced with a rift phase
from 65.5 to 23.0 Ma and a postrift phase up to the Quaternary,
accompanied by volcanism. During the second rifting cycle, depos-
its are continental in WARS (Eastern Niger), which contains up to
10 km thick deposits (Genik, 1992). From Early Eocene, shorelines
slightly regressed and a carbonate platform covered most of the
marine domains (Wennekers et al., 1996).
The Chad Basin has been defined either as an oval-shaped sag

basin, overlying the aborted rifts of the WCARS, or as an intracra-
tonic rift basin, being part of the WCARS. The sedimentation
commences toward the end of the first rifting phase of the WCARS.

Figure 1. The Chad Basin geology. (a) The WCARS extension and
location in the present period; WCARS is divided into the West Afri-
can rift subsystem (WARS; the green areas) and the Central African
Rift subsystem (CARS; the purple areas). The Benue trough outline
is indicated in yellow; CVL, Cameroon Volcanic Line; white poly-
gons, Precambrian massifs; and white dot, Bol stratigraphic well. The
geologic boundaries are taken from Genik (1993). National bounda-
ries are reported in gray. The dotted-dashed line bounds the
area of the geologic map of (b). (b) The geologic map shows the
lithologies that characterize the Chad Basin area (the black outline).
Image modified from the International Geological Map of Africa
(CGMW/UNESCO, 1990).
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A geologic synthesis of the Chad Basin is found in Moussa et al.
(2013), who summarize previous publications. They present two
orthogonal profiles crossing the entire basin, each extending over
a distance of 700 km. The profiles extend in the southeastern and
northeastern direction starting from Lake Chad, in which the bore-
hole Bol (the white dot in Figure 1a), reaching the Precambrian
basement at a depth of 450 m below sea level, is located. The sedi-
mentary sequences of the Chad Basin are constrained by the bore-
hole Bol and by the outcrops at the northern and southeastern
margins of the Chad Basin. The deepest depocenter of the sag basin
is below Lake Chad, and the sediment thickness smoothly diminishes
toward the border of the basin from a thickness of 450 m. Above the
Precambrian basement, a continental Cretaceous sandstone layer of
up to 100 m is found, which is not well-defined in its age and fabric.
The Miocene and Pliocene layers take up the greater part of the basin
thickness and are constituted by continental eolian, fluvial or lacus-
trine deposits. As for the Cretaceous sandstones, the Miocene to Plio-
cene deposits are thicker below Lake Chad, and they smoothly
decrease toward the border of the Chad Basin.
The basins of the WCARS have a totally different basin morphol-

ogy compared with the Chad sag basin because they are much
deeper, up to 10 km deep with steep normal faults (Figure 1b), and
the greater part of the sediment layers are much older than the
greater part of the sediments filling the Chad Basin. This points
to two different mechanisms responsible for forming the basins be-
longing to the WCARS and forming the Chad sag basin.
The Bornu Basin in Nigeria, extending southward from the

southern border of the Chad Basin, has a history recalling the evo-
lution of WCARS, also recording the sedimentation between the
Cretaceous and the Miocene, to the contrary of the Chad sag basin.
The Bornu Basin joins the Benue trough and could be seen as
the southward continuation of WCARS and connecting segment be-
tween WCARS and the Benue trough. The Bornu Basin has received
recent attention due to the hypothesized presence of hydrocarbons
(Wilson and Guiraud, 1992; Olabode et al., 2015; Suleiman et al.,
2017). The stratigraphy is characterized by platform sedimentation
due to rifting, with the first stages above a Precambrian basement
belonging to Lower Cretaceous (Albian to Cenomanian) lacustrine
and terrestrial deposits (Bima Sandstone). Estuarine-to-marine depos-
its follow (Cenomanian-to-Turonian; Gongila Formation), overlain
by the marine shale unit (Fika shale). Estuarine-to-deltaic clastics
(Maastrichtian; the Gombe Formation) overlie the shale. According
to Olabode et al. (2015), the stratigraphic setting in the Bornu Basin
up to the Fika Formation is slightly different, with sedimentation
starting during the late Aptian-Albian. This formation is formed
of sandstone deposited in a deltaic environment (the Bima Forma-
tion). Successively, a marine transgression occurred, connecting
the Tethys and the South Atlantic, flooding the southern Chad Basin,
leading to the shallow marine calcareous sandstones and shale (the
Gongila Formation, upper Cenomanian-Turonian). A regression epi-
sode followed during the Turonian. During the Turonian-Senonian, a
regressive phase estuarine/deltaic deposition in northeastern Nigeria
formed the Gomba Sandstone. Then, a further transgression formed
the open-marine shales, lasting from the late Senonian to the Late
Cretaceous (Fika Formation). The transgression is related to tensional
deformation of the Chad Basin lasting up to the end of the
Cretaceous. The Kerri-Kerri Formation (Paleogene, nonmarine)
was unconformably deposited above the shales. The Quaternary
Chad Formation forms the youngest strata and consists of lacustrine

and alluvial sedimentary deposits (Olabode et al., 2015; Suleiman
et al., 2017).

General settings of the WCARS

One of the largest Cretaceous-Tertiary rift basins in WCARS is the
Termit Basin (Figure 1a; called the Termit Graben in the geologic
map shown in Figure 1b). It connects with the Tefidet Basin and Ten-
ere Basin to the north and to the Bornu Basin in the south, at the
northern end of the Benue trough (Figure 1a and 1b). The Termit
Basin is an extensional asymmetric rift, 300 km long and from 60
to 110 km wide (Wan et al., 2014) and reaches an estimated maxi-
mum sediment thickness of approximately 12,000 m. It is underlain
by the Precambrian Basement mentioned previously (Wan et al.,
2014). These sediments comprise 300–2500 m of Lower Cretaceous
terrigenous clastics, 800–4200 m of Upper Cretaceous shallow
marine shales, sandstones, siltstones interbedded with minor carbon-
ates and up to 350–2500 m Cenozoic continental sands, and shaly
sediments.
In the Termit Basin, Eocene and Upper Cretaceous sandstones

are the main hydrocarbon reservoirs. The oil discoveries from the
Termit Basin mainly occur in the Eocene reservoirs and have been
estimated to amount to more than 1 million tons of oil (Harouna and
Philp, 2012). The hydrocarbons are mainly sourced from and sealed
by Upper Cretaceous and Eocene marine and lacustrine shales
(Genik, 1993; Harouna and Philp, 2012). Wells drilled in the
northwestern continuation of the Termit part of the rift, included
the Tefidet, Tenere, Kafra, and Grein basins, were unsuccessful in
finding oil or gas and were dry (Genik, 1993). This shows a pre-
ponderance of hydrocarbon fields in the southern part of the WAR,
with respect to its northern parts. Genik (1993) classifies two main
oil families in WCARS: One type is derived from a marine-paralic
source, and the second is derived from lacustrine sources. The over-
all geochemical characteristics of potential source rocks in the Ter-
mit Basin have been reported by Harouna and Philp (2012), and the
detailed petroleum geochemistry of the Termit Basin has been de-
fined by Wan et al. (2014).

Magmatism

In West and Central Africa, the magmatic activity associated with
rifting stages are known from the Early Mesozoic (Triassic-Jurassic)
to Cenozoic period (Wilson et al., 1998). This magmatism started
from the progressive fragmentation of the Gondwana superconti-
nent during the Mesozoic (Guiraud and Maurin, 1992).
During the Cenozoic, magmatic activity has occurred within

West and Central Africa, within the WCARS and outside it (Fleitout
et al., 1986). Some other authors report that it is due to the reac-
tivation of major deep-seated lithospheric fracture zones (Wilson
et al., 1998).
In West Africa, the northwest–southeast-trending Ténéré, Termit,

Tefidet, Grein, and Kafra Basins (WARS) of eastern Niger-Chad
started rifting by Early Cretaceous (Genik, 1992; Guiraud and
Maurin, 1992). The Termit rift basin is the largest basin in WARS,
and for some authors it may have had continuous magmatic activity
from Early Cretaceous to Holocene (Wilson and Guiraud, 1992).
Therefore, within the northern areas of the Termit rift basin, the
Neogene-Quaternary volcanism has been confirmed (Guiraud and
Maurin, 1992). It is probably related to intraplate extension along
northwest–southeast-trending structural lineaments that reach Lake

3



Chad (Pouclet and Karche, 1988). However, in the southern part
of the Termit Basin, rhyolite and basalt dikes and dolerite sills
from boreholes are constrained to be not older than 85–95 Ma
(Genik, 1992). The Oligocene magmatic activity present along
the Northern/Central African areas is more or less independent of
the crustal extension phases (Guiraud and Bosworth, 1997). During
the Neogene, the magmatic activity occurred in West, Central, and
North Africa with volcanic fields concentrated in Pan-African mo-
bile belts. Some authors associate the uplift of large dome structures
of Neogene volcanic activity to the existence of a localized mantle
upwelling (Guiraud and Binks, 1992).

DATA PRESENTATION

The data used to support our conclusions include potential field
data, which we process in the framework of this paper, as well as
seismic profiles that we find in publications. We process satellite
and terrestrial gravity observations, which are complementary be-
cause they have different spatial resolutions. Furthermore, we use
the basement depth of the sediment-filled rift basins based on active
seismic investigations and recovered from literature. For reduction
of the gravity field, we require sediment density changes with depth,
which we obtain by applying constraints on the sediment porosity
variation from well logs recovered in the literature.

Satellite gravity data

Satellite gravity data were used for calculating the free-air gravity
anomalies and the complete Bouguer anomaly field. These are avail-
able in terms of the coefficients of the spherical harmonic expansion
(SHE), which are then used to calculate the gravity field on or above
the earth surface (Fecher et al., 2017). The SHE is divided into
two types: satellite-only SHE, Goco-05s, and satellite-terrestrial

combined SHE, Eigen-6c4 (Förste et al., 2014). The satellite-only
data set has homogeneous errors due to the nature of the satellite
acquisition but a limited spatial resolution of 80 km. In fact, the for-
mulation of Goco-05s in terms of SHE uses the observed gravity field
on board the satellite, using many cycles of the satellite orbiting
around the earth, leading to a seamless coverage of the earth surface
just leaving out an area close to the north and south poles. The second
data set Eigen-6c4 has a higher spatial resolution of 10 km but suffers
from possible localized errors in the terrestrial data and inhomo-
geneous data coverage (Bomfim et al., 2013) because the wave-
lengths smaller than 80 km stem from the terrestrial data. Where
terrestrial data are lacking, topography has been used to generate
fill-in gravity values (Pavlis et al., 2012). Fundamental for the use
of gravity data is a digital terrain model, used to reduce the free-
air gravity from the gravity effect of topography, obtaining the Bou-
guer gravity field. However, the topography is needed for calculating
the isostatic compensation of the topography (Watts, 2001), with
which the gravity values are reduced for the crustal density variations.
In the present work, we use an aparametric substitute for isostatic
compensation, based on the regression analysis between gravity
and topography (Pivetta and Braitenberg, 2020), which has the ad-
vantage that no assumptions on the isostatic parameters are needed.
We compare this new method to the classic isostatic reduction.
The Etopo1 is the digital terrain model developed in 2008 by the

National Geophysical Data Center, an office of the National Oce-
anic and Atmospheric Administration (Amante and Eakins, 2009).
It is available in SHE up to degree/order 2250 (Ince et al., 2019).
As displayed in Figure 2, the Etopo1 digital terrain map shows

that the Chad Basin is essentially flat, especially in the central re-
gions. The values of topography change from approximately 300 m
inside the basin to 2600 m in a limited region of the northern areas.
The Goco-05s is the most recent SHE of the Goco-S series

(Fecher et al., 2017). It has relatively high accuracy of 1 mGal glob-
ally and spatial resolution of 80 km, obtained from the combination
of satellite gravity missions of the Gravity Field and Steady-State
Ocean Circulation Explorer (GOCE), Gravity Recovery and Cli-
mate Experiment (GRACE), kinematic orbits (eight satellites),
and Satellite Laser Ranging. It is available in terms of spherical har-
monic approximation up to degree/order 280; the publishing year of
the model is 2015 (Ince et al., 2019).
The term EIGEN is the acronym for European Improved Gravity

Model of the Earth by New Techniques, and Eigen-6c4 is the latest
release (2014) of the Eigen-6c-Series. It contains complete data of
the GOCE mission and a combination of Laser Geodynamics
Satellites, GRACE, GOCE, and terrestrial gravity data. It is a global
combined gravity field SHE with accuracy close to a few mGal with
maximum degree/order 2190 (Förste et al., 2014), which corre-
sponds to a spatial resolution of 10 km. We calculate the free-air
gravity anomaly following the definition of Barthelmes (2013).
The Bouguer anomaly is calculated using the Etopo1 digital terrain
model discretized in Tesseroids (Uieda et al., 2016) of constant den-
sity of 2670 kg/m3 up to the classical Hayford radius of 167 km
(Torge and Müller, 2012).
The free-air anomaly (Figure 3a) values change from −45 to 95

mGal; in particular, a positive localized feature is concentrated
around the city of Fada in the northern part of the Chad Basin bor-
ders. The central regions of the basin are essentially characterized
by values in anomaly that range from −45 mGal around the city
of Faya-Largeau (northeast of the Chad Basin) to 35 mGal in

Figure 2. Topography map of the Chad Basin area (Etopo1). The
solid black line marks the border of the Chad Basin, and the blue
line marks the extension of Chad Lake. The city of Bol is the
location of the stratigraphic well. Dashed black lines are national
boundaries.
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the northwestern regions (the green areas). The Bouguer anomaly
(Figure 3b) values range from −130 to 10 mGal, in particular, the
positive localized anomaly is concentrated in the southwestern part
of the map. The central regions of the basin are essentially negative
with values of approximately −50 mGal. In some parts of the basin,
there are localized anomalies with values of approximately −75
mGal (the light-blue areas). Over the Tibesti zone, near the city
of Fada, the free-air gravity values are relatively high with positive
values, whereas the Bouguer values take the most negative values of
the study area. This is due to the positive correlation of the free-air
gravity anomaly with topography and the negative correlation of the

Bouguer field with topography, due to the isostatic compensation
below the high elevation of the Tibesti Massif (TM) (Pivetta and
Braitenberg, 2020).
The free-air anomaly (Figure 3c) values change from −60 mGal

at minimum to 190 mGal at maximum. The central region of the
basin now appears more detailed, despite the fact that the area is
mostly positive with lower values of approximately 10 mGal. With
the high spatial resolution of Eigen-6c4, it is possible to observe a
particular positive anomaly around the cities of Mongo and Abéché
that runs along the border between Chad and Sudan, called the
banana high in Braitenberg et al. (2011). The Bouguer anomaly

Figure 3. Gravity maps of the Chad Basin area for free air and Bouguer fields with two complementary models. (a) Free air from the gravity
satellite-only data Goco-05s model with resolution of 80 km. (b) Bouguer gravity from the satellite-only data Goco-05s model with resolution
of 80 km. (c) Free-air gravity from the combined satellite-terrestrial Eigen-6c4 SHE with resolution of 10 km. (d) Bouguer gravity anomaly
from the combined satellite-terrestrial Eigen-6c4 SHE with resolution of 10 km.
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(Figure 3d) values change from −160 to 20 mGal, and the positive
localized feature is concentrated in the southwestern part of the
map. The central region of the basin is essentially negative with
values of approximately −60 mGal, and in some parts of the basin
there are localized features with positive values of approximately 0
mGal (the red areas).

Terrestrial gravity data

The terrestrial free-air gravity data were retrieved at the Bureau
Gravimetrique International (BGI), an agency created in 1951 by a
decision of the International Union of Geodesy and Geophysics. It
is one of the services of the International Association of Geodesy
and the International Gravity Field Service. The central office of
BGI is in Toulouse (France) (BGI, 2016). For the terrain data,
the boundary of the survey area has the following coordinates:

1) latitude south 8°–north 20°
2) longitude west 10°–east 20°.

The free-air gravity values were reduced for the effect of topog-
raphy in an analogous way as done for the gravity data retrieved
from the global gravity SHE and detailed in the previous paragraph.
The free-air anomaly values (Figure 4a) change from −55 to 70
mGal; in particular, the positive features are concentrated in the
southwest between Cameroon and Nigeria. The anomalies in the
central region confirm the existence of a tectonic structure north
of Lake Chad. There is a localized region of positive anomaly
around the city of Mao not seen before in the other maps. Being
an isolated feature, it cannot be excluded from being a measurement
error. The high is not seen in the Goco-05s map, but the resolution is

lower and cannot show isolated anomalies. Confirmation can be
obtained by new measurements over the area. The negative values
of free-air anomaly around the city of Faya Largeau are confirmed.
The Bouguer anomaly (Figure 4b) values change from −100 to 10
mGal, in particular, the positive features are concentrated in the
southwestern part of the map. The central regions of the basin
are essentially negative with values of approximately −40 mGal;
in some parts of the basin there are isolated areas with values of
approximately −75 mGal (the light-blue areas). The free-air and
Bouguer gravity field confirm some evidence of density structures
connected to tectonic features, which will be discussed in the
following sections.

Benefits versus disadvantages of satellite and
terrestrial data

Although some common features are evident in the three gravity
data sets that we used, namely, the extreme values of free air and
Bouguer fields over the Tibesti area, differences between the SHE
formulations are evident. The satellite-only SHE Goco-05s, with its
homogeneous accuracy, is useful for checking terrestrial data and
finding outliers and comparing the long-wavelength field above
80 km. On the contrary, the Eigen-6c4 combined SHE (satellite
and terrestrial) has a higher spatial resolution than the Goco-05s
SHE, but it has an inhomogeneous quality of data because it
presents errors from the terrestrial data within it. Finally, the terres-
trial data have a very high spatial resolution where they were
acquired and stations exist, but the station distribution is inhomo-
geneous. For the remainder of the work, we use the gravity field
derived from the Eigen-6c4 SHE.

Figure 4. The gravity field of the Chad Basin area derived from terrestrial data of BGI. (a) Free-air gravity anomaly map and (b) Bouguer
gravity anomaly map. The inset in (b) shows the location of the terrestrial data of BGI (the green rectangle) with respect to the Chad Basin (in
dark gray).
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Seismic and well-log constraints for the gravity
modeling

In the past few decades, the Chad area was geophysically ex-
plored in the frame of a hydrocarbon exploration project by Exxon
and its partners from 1969 to 1991, Texaco then Esso surveys from
1970 to 1980, and Conoco in 1975. Elf took part in exploration
surveys in 1980. The results of the exploration campaigns are sum-
marized in the work of Genik (1993), who gives an overview of the
petroleum geology of the rift basins in Niger, Nigeria, and Chad.
Many different wells in the area of WCARS give us information

about the basement rocks and sediment lithology inside the rift ba-
sins of the Ténéré, Termit, and Grein/Kafra Basins. An exhaustive
list of the wells, including metadata as the year of acquisition, the
name of the well, and the essential data including the maximum
depth, the age of the formations, the lithotypes, and coordinates
of the well position are given in Appendix A. Summarizing the in-
formation, it is found that the rocks consist of granites, pegmatites,
gneisses, hornfels, quartzites, granodiorites, and schists of Pan-Afri-
can age. The oldest sediments within the rifts were drilled in the
Ténéré Basin, where a prerift Permian Triassic assemblage is made
up of 930 m of continental deposits (Genik, 1993). From the wells,
we were able to constrain the porosity variation with depth, which is
needed to constrain the sediment compaction and consequent den-
sity variation with depth, needed to calculate the gravity effect of the
sediment layers during the forward-modeling step.
The acquired seismic information allowed Genik (1993) to de-

velop a map of the sediment thickness in the rift of the WCARS
by analyzing several seismic reflection profiles. The detailed seis-
mic profiles are unavailable to us, whereas the sediment thickness is
published in Genik (1993) in the form of isopachs, which we have
digitized and georeferenced, as shown in Figure 5. The variation of
the sediment thickness is closely related to the rift structures of the
WARS (Figure 5). This sediment thickness model is used to con-
strain our gravity models during the forward modeling and the in-
version steps.

PROCESSING OF GRAVITY DATA

The method used to process the gravity data is divided into two
main processing steps defined by (1) removing the isostatic com-
ponent from the observed Bouguer gravity data using a regression
analysis between the topography and the gravity field (Pivetta and
Braitenberg, 2020) and (2) removing the gravity effect of sediment
layers through a forward-modeling approach. In the following, we
first give an overview on the regression analysis method and its ap-
plication to the study case. We also present a comparison with a
more commonly used methodology for the computation of isostatic
residuals. The final section illustrates the correction for the sediment
effects.

Regression analysis: Theory

The regression analysis between the topography and the gravity
field is an alternative method to the classical isostatic residualization
in the Chad Basin area (Braitenberg et al., 2013; Braitenberg, 2015;
Pivetta and Braitenberg, 2020). It is based on the theory of isostatic
compensation of a thin plate through the flexure of the lithosphere.
This plate is approximated to an elastic body overlying an inviscid
fluid (Watts, 2001). Toward increasing wavelengths and decreasing

equivalent elastic thickness, the flexural response tends toward the
Airy local isostatic compensation mechanism. According to the
Airy hypothesis and assuming that the Bouguer gravity field is do-
minated by the crustal isostatic compensation, the relation between
the Bouguer field and an opportunely low-pass filtered topography
is almost linear. The need to filter the topography arises from the
different wavelength content between the gravity and topography
fields and, in particular, because gravity acts as a low-pass filter
on the source density distribution. In addition, usually the earth’s
gravity field is known at a lower spatial resolution with respect to
the topography.
To show the principle of the regression analysis, we consider the

Bouguer anomaly over an area as being due to the sum of the grav-
ity effects of an Airy root, approximated through the Parker formula
(Blakely, 1995) truncated at the first order and of small gravity per-
turbations uncorrelated to the isostatic effects (ε). In formulas, this
reads

BGðkx; kyÞ ≈ −2πGRðkx; kyÞðρm − ρcÞe−krtc þ ε; (1)

where ρm and ρc are the mantle and crust densities, respectively, tc is
the reference depth of the Moho (e.g., 35 km), Rðkx; kyÞ is the 2D
Fourier transform of the Airy root undulation calculated from the

reference depth tc, kr is the radial wavenumber defined as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2x þ k2y

q
,

and G is the gravitational constant (6.674 × 10−11 Nm2∕kg2). The
function e−krtc is known as the earth filter (Blakely, 1995). The Airy

Figure 5. Depth of the basement referred to mean sea level shown
with the color scale superposed on the shaded relief (Etopo1). The
depth model is taken from the interpretation of exploration geophys-
ics surveys in Niger, Nigeria, and Chad (Genik, 1993). The solid
black line is the Chad Basin, and the dashed black lines are the na-
tional boundaries. The inset shows the location of the map with re-
spect to the Chad Basin (in dark gray) giving its outlinewith the green
rectangle. The WARS extension is indicated in red.
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root undulation Rðkx; kyÞ is related to the Fourier transform of the
topography through the following equation 2:

Rðkx; kyÞ ¼ Hðkx; kyÞ
ρc

ρm − ρc
: (2)

Inserting Rðkx; kyÞ into equation 1, we finally obtain a relation be-
tween the Bouguer and a low-pass filtered topography:

BGðkx; kyÞ ≈ −2πGHðkx; kyÞρce−krtc þ ε: (3)

If we go back to the spatial domain, equation 3 becomes

BGðx; yÞ ≈ −2πGρchðx; yÞ � J−1fe−krtcg þ ε: (4)

In equation 4, we see that hðx; yÞ, the inverse transform of Hðkx; kyÞ,
is convolved with J−1fe−krtcg, which is the inverse Fourier transform
of the earth filter. The filter is a low-pass filter; the cut-off wavelength
depends on the reference depth tc. If instead of the Airy mechanism
we consider a flexural response of the Moho, a further low-pass filter
is applied to the topography (Figure 6a).
For the purposes of the regression analysis, it is important that all

of the high-frequency content of the topography, not involved in the
isostatic process, is filtered out. For this reason, a spectral analysis
between gravity and topography is performed to define the filter

cut-off wavelength. Optimal filter parameters can be obtained by
comparing the gravity and topography radial averaged spectra
and in particular by inspecting spectral attributes such as coherence
(Figure 6b and 6c; Kirby, 2014). In our study case, to filter the data,
we use a Gaussian filter that represents a good approximation of the
combined effect of earth and flexure filters (Figure 6a).
Once the topography has been filtered, the regression analysis

can be performed over extended areas, retrieving a unique regres-
sion equation, or in alternative, exploiting sliding windows, which
allow obtaining spatial variations of the regression parameters.
From the regression analysis, we expect to observe anticorrela-

tion between the Bouguer gravity and the filtered topography and
hence negative slopes of the regression lines; variations in the ab-
solute value of the slope can be observed over areas with systematic
crustal density variations or in response to lateral changes in the
isostatic mechanism (Pivetta and Braitenberg, 2020). A limit case,
for instance, is when the topography is completely uncompensated
(i.e., high elastic thickness), and in that case the regression slope is
close to zero.
From the regression analysis, we can calculate the residual val-

ues, which can be considered as a type of isostatic residuals. The
mathematical explication of residual values is expressed by the for-
mulas

BGregðx; yÞ ¼ mhðx; yÞ þ q (5)

and

BGresðx; yÞ ¼ BGobsðx; yÞ − BGregðx; yÞ;
(6)

where BGobsðx; yÞ is the observed Bouguer
anomaly, m is the angular coefficient of the re-
gression line, hðx; yÞ is the low-pass-filtered
topography, q is the value of the line intercept,
and BGregðx; yÞ is the expected Bouguer from
the regression relation. So far, we have assumed
that the gravity field of the root is approximated
by a Parker expansion (Parker, 1973) truncated at
the first order: Neglecting the higher order terms
in the Parker expansion leads to the appearance
of gravity residuals in regions with steep topog-
raphy. This is not an issue in our study area in any
case because the area is mostly flat with long-
wavelength gentle topographic expressions.
The advantage of the regression method re-

sides in being almost aparametric, requiring only
the definition of the filter parameters that are in
any case estimated by the data themselves. This
is an advantage compared to the more classic iso-
static anomalies, which require assumptions on
the mantle and crustal densities as well as the
elastic thickness, Poisson’s ratio, and Young’s
modulus. The method has been successfully ap-
plied for studying other areas such as the Alps
(Braitenberg et al., 2013), Africa (Braitenberg,
2015), the Southern Atlantic and South America,
and on Mars (Pivetta and Braitenberg, 2020).

Figure 6. Spectral responses of the earth filter and the flexure process. (a) Transfer func-
tions of the earth filter (reference depth = 30 km), flexure filter (Te = 40 km), and a
Gaussian filter that approximates the combined effect of the former ones. The Gaussian
filter cut-off wavelength corresponds to 100 km. (b) Radial averaged spectra of the Bou-
guer anomaly, topography, and filtered topography for the study area. The cut-off wave-
length of the Gaussian filter applied to the topography is 100 km. (c) Coherence attribute
for the study region and the response of the Gaussian filter used for filtering the topog-
raphy before the regression analysis.
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The regression analysis is considered to be a good methodological
choice in our study case because it is particularly suitable for studying
geophysically poorly known areas such as the Chad Basin. In our
case, the regression analysis between topography and gravity has
two scopes, which are

1) to determine the anomalies due to the upper crustal mass inho-
mogeneity, reducing the Bouguer anomaly for the effect of
crustal thickness variations

2) to characterize the crustal units and define tectonic boundaries
which produce the different correlation behavior between
topography and gravity.

Preprocessing phase: Spectral analysis and filtering

As already hinted, the spectral analysis is a
prerequisite for performing the regression analy-
sis, in particular, we need to filter out the high-
frequency contents from the topography not in-
volved in the isostatic process; not considering
a filtered topography would introduce high-fre-
quency signals into the residual gravity field
compromising the further analysis. The filter
needs to take into account the lower resolution
of the Eigen-6c4 SHE data with respect to the
topography, as well as the effect of the two filters
illustrated previously.
The Eigen-6c4 SHE is published with a maxi-

mum degree of N ¼ 2159, which corresponds
to a wavelength of λ ¼ 40;000∕2159 km

¼ ∼20 km. The spatial resolution of the field
is given by half of the smallest resolved wave-
length of the field (Barthelmes, 2013). We chose
to use a maximum degree N ¼ 2159, lower than
the expansion of N ¼ 2190 because, for degrees
greater than 2159, the error on the coefficients
of the SHE is larger than the coefficient itself,
whereas limiting the expansion to N ¼ 2159,
the errors are smaller than the coefficients. How-
ever, we found that a realistic resolution, based on
the average spacing of the terrestrial data, is lower
— between 50 and 100 km.
To take into account such differences in the spa-

tial resolution as well as the action of earth and
flexure filters, we performed a spectral analysis be-
tween the two fields. Figure 6b reports the radial
averaged spectra of the topography (orange) and
gravity (blue), which are then used to compute
the coherence (Figure 6c). From the coherence,
we estimate the optimal cut-off wavelength for
the Gaussian filter, which is 100 km. In our case,
we defined the cut-off wavelength λ so that at 6λ
the response of the filter is 1.523 × 10−8. As we
will see in the next section, the goodness of fit
the filter choice is confirmed by a comparison be-
tween the regression residuals and the isostatic re-
siduals calculated according to more commonly
used approaches that assume Airy and flexure
mechanisms.

In Figure 7a and 7b, the effect of low-pass filtering the topography
is seen with the filters of 100 and 200 km. The filter with 100 km cut-
off wavelength is ideal for the comparison with Eigen-6c4, whereas
the filter with 200 km is good for the Goco-05s field.

Processing step 1: Regression analysis and isostatic
residuals

The results of regression analysis tests in the Chad area produced
the regression line reported in gray in Figure 8a. Although the data
points are scattered with respect to the regression line, the error of
the slope is small (two orders of magnitude smaller). The slope is
−6.44 × 10−2 mGal∕m� 3.90 × 10−4 mGal∕m, and the intercept
is 29.8 mGal � 0.08mGal. For low topography (<1000 m), we
have a homogeneous regression coefficient that would correspond

Figure 7. Spectral equalization of topography to the gravity fields by low-pass filtering.
(a) The topography at the cut-off wavelength of 100 km and (b) the smoothed topog-
raphy at the filter wavelength of 200 km. An appropriate filter for the spectral equali-
zation of topography to the Eigen-6c4 model is 100 km.

Figure 8. Regression analysis in the Chad Basin. (a) Scatterplot of the Bouguer gravity
anomaly and filtered topography in the Chad Basin and the surrounding areas; linear
regression line reported in gray. The colored dots show the scatter points from different
areas reported in (b) with the same color code. The black dots are all of the remaining
areas of the map. (b) The outlines of different geodynamic areas superposed on the
Bouguer anomaly map: green, the Benue trough; blue, WARS; red, Tibesti; yellow,
CARS; the dark blue outlines, Lake Chad and the Benue River; the dashed black lines,
political boundaries; and the Chad Basin outline is shown with the solid black line.
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to a uniform isostatic compensation mechanism and the absence
of superficial density inhomogeneity. For higher topography
(>1000 m), the correlation is loose, with more positive gravity val-
ues than expected. If we consider that the highest topography is
limited to the volcanic TM, this indicates that the topographic el-
evations of the massif have higher density than the average density
in the area. In Figure 8a, the scattered points from the Tibesti area
are shown in red.
In the study case characterized by a sedimentary basin with flat

topography, the Bouguer field is increasingly negative toward the
center of the basin and the presence of the basin can be identified by
the negative deviation of the gravity signal from the average regres-
sion line (Braitenberg, 2015). This behavior is identified by the blue
and yellow dots in Figure 8a of the scatterplot, which represent the
sedimentary basins located in WARS and CARS.
On the contrary, the Benue trough is associated with higher

values with respect to the regression line; this is probably due to
an important magmatic activity associated with this rift basin (Eyike
and Ebbing, 2015). The residual gravity values (Figure 9a),
obtained by equation 6, represent the gravity anomalies due to
geologic features inside the Chad Basin. Practically, they are all the
points plotted in Figure 8a that are not fitted by the regression line.

They represent local anomalies of gravity not related to the isostatic
effects. To test the validity of the regression method and the gravity
residual results on the study area, we analyzed the behavior of grav-
ity, residuals, and topography along a profile AB that transversally
crosses the entire Chad Basin (the trace in Figure 9a).
The graph in Figure 9d shows that the area along the profile is

topographically flat with highest values that correspond to the TM.
The Tibesti zone is characterized by a strong negative Bouguer
anomaly field certainly due to the crustal roots of the massif.
The isostatic effect along profile AB (the red curve in Figure 9c)
is the effect of deep crustal bodies that we wanted to mitigate using
the regression analysis. To understand the effect of the uncertainty
on the slope on the final residual values (Figure 9b), we calculated
them by varying the slope parameter adding and subtracting its stan-
dard deviation. The standard deviation between the different
residual maps is very small (�0.75mGal); this proves that the
residual values calculated in the study area are stable and are reli-
able for further analysis.
The reliability of the residual map is further tested with a compari-

son with more classic approaches for calculating the isostatic anoma-
lies. Figure 9e and 9f plots the isostatic anomalies calculated from
Airy and flexural models in which we assumed standard crustal

and mantle densities (2670 and 3200 kg∕m3, re-
spectively), a reference depth of 30 km, and an
elastic thickness Te ¼ 40 km in case of flexure.
Such a Te is consistent with the coherence analysis
and is in agreement with dedicated studies over the
Chad area (Eshagh and Pitoňák, 2019).
We observe a generally very good agreement

between the regression residuals and Airy and
flexural anomalies for what comprises the pattern
and the amplitude range of the anomalies; the most
striking differences are found in the Tibesti region
and the Benue trough (Figure 10a and 10b). Here,
however, we also observe important differences
between the Airy and flexural responses (Fig-
ure 10c). Regarding the areas of the Chad Basin,
the differences between the models are very small,
generally less than 5 mGal and mostly affecting
the very long wavelength components as shown
by the maps of differences in Figure 10a and 10b.
Along the profiles (Figure 10d) traced in the

Chad Basin area (the traces in Figure 10a and
10b), we also note that the high-frequency con-
tent of the various residual fields is identical, fur-
ther proving that the regression analysis has not
introduced any spurious high-frequency distor-
tion in the area of interest. Because we have good
constraints on basin geometry and petrophysical
properties of the Tefidet and Ténéré Basins based
on the work of Genik (1993), we proceeded to
calculate the gravity effect of the basins and com-
pare them with the residual maps.

Processing step 2: Gravity forward
modeling: The gravity effect of sedi-
mentary layers

The first aspect to consider when modeling the
gravity effect of sediments is to estimate the

Figure 9. Residuals comparison. (a) Gravity residual map resulting from the regression
analysis (BGres). Profile AB crosses the entire basin. (b) The gravity residuals curve; TM,
Tibesti Massif. (c) The comparison of the Bouguer anomaly field (Bouguer obs.; BGobs)
versus the isostatic effect, estimated through the regression analysis (Bouguer reg.; BGreg).
(d) The topography variation along profile AB. (e) Gravity residual from a classic Airy
residualization. (f) Gravity residual assuming flexural isostasy with Te ¼ 40 km. In maps,
the white outline denotes the Chad Basin.
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density as a function of depth. According to the compaction law
models, we know that the density values of the rock are strictly de-
pendent on their porosity and the change in function of the burial
depth. The porosity decays exponentially with depth with the for-
mula (Allen and Allen, 2013)

φðγÞ ¼ φ0e−cγ; (7)

where φ0 is the surface porosity, γ is the depth, and c is the decay
constant (porosity-depth coefficient). The bulk density (ρb) of the
porous rock is expressed by the formula

ρb ¼ φðγÞρf þ ð1 − φðγÞÞρma; (8)

where φðγÞ is the porosity, ρf is the average density of the fluid
occupying the pore space, and ρma is the average density of the rock
matrix. In this study case, we used the data that come from well logs
information (Genik, 1993).
We analyzed the porosity variation with depth (Figure 11) by

fitting the observed data with an exponential curve, obtaining a
value of surface porosity of φ0 ¼ 0.5 and a decay constant
of c ¼ 0.47 km−1. The depth-dependent density profile is then

Figure 10. Comparison of residuals from regression analysis and isostatic classic models. (a) Difference between the gravity isostatic anoma-
lies calculated assuming a flexure mechanism (Te = 40 km) and the regression residuals: black contour, 0 mGal anomaly; gray contours,
±5 mGal; dashed lines: national borders. The locations of the profiles are shown by the straight black lines. (b) The same as (a) but
for the Airy isostasy. (c) Differences between the gravity effects of the Airy and flexural isostatic responses in the study area. The range
of the color axis is the same as in (a and b). (d) Comparison along the profiles; traces of the profiles are shown in (a and b).
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calculated assuming the density of the fluid inside the pores to be
ρf ¼ 1000 kg∕m3 (water) and the density of sedimentary rock ma-
trix to be ρma ¼ 2450 kg∕m3. For the gravity calculation, we need
the density contrast of the sediments against the reference density,
which is set equal to the standard density used for the reduction of
topography (2670 kg∕m3). We calculated the depth density profiles
from 0 to 12.5 km according to deepest points in the seismic section
(Genik, 1993). The entire sediment volume is discretized with
spherical prisms, also called tesseroids (Liang et al., 2014). The tes-
seroid is defined by the areal extent in longitude and latitude and the
depth extent with the top and bottom. The size of the tesseroid was
10 km in longitude and latitude. We use the software routines of
Uieda et al. (2016) for calculating the gravity field for one tesseroid.
The gravity effect of all sediment layers is obtained by dividing the
sediment volume into a series of tesseroids, assigning the density
defined by the above procedure, and summing the gravity effect of
all tesseroids. This allows us to produce a 3D density model of the
entire area of the rift basins and consequently calculate the gravity
effect of the sediment layers along the WARS (Figure 12).

Processing step 3: Comparison between gravity
residuals and the gravity effect of sediment layers

To test the validity of our work, we compared the observed Bou-
guer gravity, reduced for the isostatic compensation, here calculated
through the regression analysis (BGres) (Pivetta and Braitenberg,
2020), with the gravity effect of sediments. Assuming that the initial
values of sediment thickness from the exploration surveys (Genik,
1993) are correct, and asserting that the sediment density is con-
strained from the wells, the Bouguer residual from the regression
analysis should display a gravity minimum comparable to the grav-
ity effect of the sediments. As shown previously, the sediment basin
reaches 12 km thickness, which is expected to produce a pro-
nounced gravity minimum in the residual Bouguer values emerging
from the regression analysis. If the residual Bouguer values do not
present the expected sediment gravity low, that implies the presence
of an increased density somewhere in the crust that compensates the
sediment gravity effect. We proceeded removing the gravity effect
of sediments (Gbas) from the gravity field residuals (BGres), result-
ing in the gravity residual map of Figure 13a. In the same figure,
two profiles AB and CD that cross, respectively, the northern and
the southern areas of WARS (Figure 13a) are shown, along which

we trace the Bouguer gravity result of the regression analysis
(BGres) and the gravity effect of the sediments (Gbas).
As shown in Figure 13a, the characteristic of the gravity field

changes considerably as we move from north to south along WARS.
Along the AB profile, the minima found by the sediment modeling
have also been found on gravity residuals of the regression analysis,
although the sediment gravity values are more negative compared
with the Bouguer residual values. On the contrary, in the southern
areas of WARS, along profile CD, there is no correspondence be-
tween the modeled effect of sediments and the residual gravity
anomaly (Figure 13c). Here, the modeled field of the sediments
is close to −40 mGal more negative than the observed field. For
this fact, it was necessary to introduce new crustal density anoma-
lies in addition to the sediments.

Modeling of magmatic intrusion along the southern
area of WARS

Removing the gravity effect of sediment Gbas from the Bouguer
regression residual gravity values (BGres), a large positive anomaly
below the WARS results (Figure 13b), which resembles the outline
of a lobster and which we call the “lobster high” (Glob). The tail
marks an elongated gravity high, and the lobster arms and head
mark three subparallel highs, oriented consistently in the north-
west–southeast direction. According to geologic references, this
positive anomaly trend could be inferred to represent a crustal den-
sity anomaly associated with the Mesozoic rifting activity.

Figure 11. The variation of porosity values with depth along the
WARS (Genik, 1993).

Figure 12. The gravity effect of sediment layers according to the in-
formation taken from exploration geophysical surveys (Genik, 1993)
superposed on the shaded relief map of the topography (Etopo1). Red
lines: borders of the Chad Basin; dotted gray lines: political bounda-
ries; solid gray line: Lake Chad; and solid black lines: gravity isolines
(mGal). The inset shows the location of the area with respect to the
Chad Basin outline. The inset shows the location of the map with
respect to the Chad Basin (dark gray) giving its outline with the green
rectangle. The WARS extension is indicated in red.
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With these premises, the next step we made is to perform an
inversion modeling of the positive residual gravity values to identify
the possible volume and areal extent of the causative body. For the
inversion, we consider three possible solutions: one shallower, re-
sembling a crustal intrusion, a deeper one, which could be inter-
preted as a magmatic underplating with crustal thinning, and,
finally, a combination of both. The inversion is done by an iterative
procedure in which the inversion is performed in the spectral do-
main and the forward calculation is made in the spatial domain with
prisms (Braitenberg and Zadro, 1999). The iter-
ative method has some similarities with the iter-
ative method of Oldenburg (1974) in the sense
that the inversion step is the same, in which the
gravity field is inverted to a sheet mass posi-
tioned at a given reference depth through the first
linear term of the Parker series expansion of the
gravity field in the spectral domain. The sheet
mass is expanded to a physical thickness setting
a given density, and then the gravity field of this
mass is calculated through the discretization
in the prisms. The gravity residual is obtained
and inverted through the linear Parker term to up-
date the sheet mass, and this process is iterated.
In the Oldenburg (1974) method, the forward-
calculated gravity field in the iterations is ob-
tained through the nonlinear terms of the Parker
series expansion (Parker, 1973). The two meth-
ods lead to approximately the same results be-
cause the Parker series expansion gives nearly
the same gravity effect of the mass as the gravity
effect of the mass calculated through the discre-
tization through prisms.
The bottom of the inverted body is assumed to

be flat and is set to the reference depth, and only
the top of the body is defined through the inver-
sion algorithm. The results depend inverse linearly
on this density contrast, a smaller contrast requir-
ing a greater thickness of the body (Braitenberg
and Zadro, 1999; Braitenberg et al., 2000). The
depth of the body influences the solution because
a deeper body requires a greater thickness to
explain the starting gravity signal.
A conceptual illustration is shown in Figure 14,

in which the essential elements of our model are
given with the sediment basin in green, the
crustal underplating/thinning in orange, and the
upper crustal intrusion in yellow. Two end-
member models are defined with an intrusion
at the upper crustal level (Figure 14a) and one
at the Moho level with crustal thinning (Fig-
ure 14b); furthermore, we considered a mixed
model (Figure 14c), which is a combination of
the former two.
The first solution assumes a typical density

contrast between intrusive basic rocks and the
granitic basement of 300 kg/m3 and a bottom
depth of 20 km. Figure 15a shows the gravity re-
siduals of the inversion procedure for the shallow
mass: The standard deviation of the residuals is

3 mGal. The resulting top depth of this magmatic intrusion is
plotted in Figure 15b.
The second solution that interprets the positive signal as being due

to a deeper crustal source starts from a reference depth of 35 km and
assumes a higher density contrast of 400 kg/m3. This solution could
be interpreted in geodynamic terms as an underplated magmatic zone
with a crustal thinning associated with the rifting process (Allen and
Allen, 2013). Figure 15c and 15d reports the gravity residuals and the
depth map of the top interface of the underplated body, respectively.

Figure 13. Comparison between the Bouguer gravity residual values (BGres) and the
gravity effect of the sediment thickness along WARS. (a) Bouguer gravity residual
map (from regression analysis, BGres) and the localization of two profiles AB at the
north and CD to the south. (b) Map of the gravity values corrected for topography, iso-
static compensating mass result of the regression analysis and sediments, removing the
component due to the gravity effect of the sediment thickness (Gbas) from the Bouguer
regression residuals (BGres). (c) Comparison of the Bouguer regression residuals and the
gravity effects of sediments on profile AB. (d) The comparison of Bouguer regression
residuals and the gravity effects of sediments on profile CD.

Figure 14. Illustration with the three conceptual models. (a) Sediment basin and shallow
magmatic intrusion. (b) Sediment basin and crustal thinning. (c) Sediment basin, shal-
low intrusion, and crustal thinning with magmatic underplating: Tu, reference depth for
the shallow mass; tc, reference depth for the lower mass; and tc/β, crustal thickness after
stretching. Descriptions of these parameters are detailed in the text.
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In this case, the standard deviation of the residuals is 6 mGal. The
reduction of the root-mean-square (rms) amplitude of the gravity field
at each iteration step is shown in Figure 15f.

Both of the examined solutions fit the observed gravity data well,
as evidenced by comparing the green and black profiles in
Figure 15e. In this figure, the green curve represents the observed

residual, the solid black line is the effect of the
crustal density model that includes the sedimen-
tary basin and the crustal intrusion, and the dashed
line reports the sediment model effect together
with the underplating/crustal thinning effect.
Comparing the residual maps of the two

solutions we may state the following: The under-
plating model (Figure 15c) shows several high-
frequency residuals with amplitudes exceeding
20 mGal. These signals are clearly attenuated
in the shallower solution, where the residuals
barely reach 10 mGal. Not having further con-
straints, both solutions are valid, and the under-
plating and shallow intrusion models are well
capable of explaining the long-wavelength part
of the lobster high.
The shallow solution could be a package of ba-

salt flows at the bottom of the Termit Basin that
are not reached by the available wells and which
are confused with basement rocks by seismic in-
terpreters. This situation would be similar to what
is seen in the aborted rifts of the West Siberian
basin, where the basalt has been reached by the
wells, and the location has been hypothesized
to be present at the bottom of the sedimentary se-
quences revealed by the seismics (Vyssotski et al.,
2006). Such basalts, if completely buried, may
have escaped notice by geologists. In this case,
there would be no contribution from a deep crustal
intrusion or crustal thinning and the magma feed-
ers reaching the mantle would not significantly
contribute to the gravity signal.
In a more plausible scenario, the lobster high is

produced by a combination of relatively shallow
and relatively deep sources that contribute to the
observed gravimetric signal. In fact, if there is a
pile of basalt present below the sediments, this im-
plies a correspondingly significant volume of
mafic intrusive rocks at greater depths within the
crust. Because we do not have constraints on the
minimum plausible depth for these rocks, we
show the results of one possible combined model.
The gravity fieldGlob could be divided in a certain
proportion ul ¼ u∕ð1 − uÞ, between the field
generated by the upper and lower masses, result-
ing in the two fields Glob ¼ Globup þ Globlow

¼ uGlob þ ð1 − uÞGlob corresponding to the field
generated by the upper and lower masses. For
each of the upper and lower gravity residuals,
the masses could be inverted, leading to the com-
bined effect of a superficial and deep mass. The
value u ¼ 0 corresponds to the end member of
the underplating/crustal thinning, whereas u ¼ 1

corresponds to the pure shallow intrusion model.
Therefore, it can be expected that the value of u is
smaller than one and greater than zero.

Figure 15. Inversion modeling on WARS. (a and b) The results for the “crustal intrusion
model”: (a) shows the gravity residuals of the inversion, whereas (b) shows the top depth
of a shallow intruded body; (c and d) are the same but for the deep intrusion model. The
black line in (b and d) shows the trace of the profile reported in (e). (e) Profile crossing
the WARS basin: The green line is the residual derived from the regression analysis, the
blue line is the sediment gravity effect, and the red line is the gravity effect of the shallow
crustal intrusion (the solid line) and deep intrusion (the dashed line). The dashed black
line is the sum of the sediments and the deep intrusion effect, whereas the solid line is the
same but considering the shallow intrusion. Both density models fit the observed regres-
sion residuals (the green line). (f) The rms error versus iterations of the inversion: black
line, the shallow intrusion model; red line, the deep intrusion model.
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To reduce the ambiguity of the solutions, we explored the
relationships among the partition coefficients, density contrast,
and thickness of the deep intrusion/Moho uplift. The deep mass
could be a combination of crustal thinning and underplated crustal
mass according to the McKenzie and Bickle (1988) model, in which
the authors calculated the fraction of melt produced during a litho-
spheric extension. The melt production critically depends on the
stretching factor (β) and on the thermal conditions prior to the rift-
ing phase.
We analyze the effect of the partition coefficient on the final re-

sult by choosing the characteristic wavelength ðλcÞ and its ampli-
tude (Ac) of the residual field, which, according to the profile in
Figure 15c are approximately λc ¼ 200 km and Ac ¼ 60 mGal,
and by calculating the corresponding thickness of the upper and
lower masses, respectively, for the different density contrasts Δρ as

ΔHl ≈
uAc10−5

2πΔρGe−2π
λctc

(9)

and

ΔHu ≈
ð1 − uÞAc10−5
2πΔρGe−2π

λctu
; (10)

where tu and tc are the reference depths of the upper and lower
masses. The formulas give the thickness of the upper ΔHu and
lower ΔHlmasses for the characteristic wavelength of the Southern
Termit Basin (profile CD in Figure 15b and 15d). We further define
the stretching factor through β ¼ tc∕ðtc − ΔHlÞ because in this
case we interpret ΔHl as the crustal thinning that accompanied
the rifting and gave room for the deep mass. This would follow
the model of McKenzie and Bickle (1988).

In Figure 16, we give the stretching factor and thickness of the
upper mass for three plausible partition factors u = 0.2, 0.1, and
0.05, for varying density contrast at the lower crustal and upper
crustal levels, respectively. The density contrast covers a range
of values expected for a basaltic intrusion against crustal density
values of various composition. The values chosen for the inversion
of the single-wavelength (λc ¼ 200 km) gravity anomalies are
35 km for tc and 20 km for tu. The stretching factor decreases
for an increase of the density contrast of the lower mass (because
β depends on the thickness of it), and it is higher for the lower par-
titioning coefficient u. The thickness of the upper mass is lower for
a higher density contrast and a lower partitioning factor.
According to the McKenzie and Bickle (1988) model, β should

be approximately 1.5 or greater to produce a significant melt of a
few kilometers, under the condition of normal sublithospheric tem-
perature and average lithospheric thickness. Therefore, in our case,
we prefer a low partition coefficient of less than 0.1 and a density
contrast of the lower intrusion of less than 400 kg/m3 to obtain a β
value able to produce a nonnegligible amount of melt. In our model,
the melt produced by adiabatic decompression during the rifting
partially ponds at the base of the crust and partially reaches the
upper crust feeding a subbasin magmatic intrusion. We speculate
that such differentiation produces a restitic underplated mass with
density similar to the lower crust; the enriched part constitutes the
upper intrusion.
On the basis of these above considerations, we performed the

inversion assuming u ¼ 0.1, which attributes 10% of the gravity

signal to the upper masses and 90% to the deep intrusions. For
the upper intrusion, Δρ is set to 300 kg∕m3 whereas the lower mass
has a density contrast of 400 kg∕m3. Figure 17 shows the geometry
of the intrusions assuming a bottom of the mass at 35 km
(Figure 17a) and 20 km depth (Figure 17b) for the deep and shallow
masses, respectively. We see that generally the deeper intrusion is
several times thicker than the shallow intrusion.
The presence of a crustal intrusion is not evident in the WARS

area from other geophysical studies (i.e., seismic); however, as al-
ready pointed out, magmatic deposits have been sampled in the
area. In the Benue trough, Eyike and Ebbing (2015) model a similar
gravity high with a combination of shallower magmatism and
underplating. The shallower source explained the high-frequency
part of the gravity field, whereas the underplating contributed
mostly at low frequencies. Because no further independent con-
straints are available up to now, we cannot completely rule out each
of the three hypotheses, but we find the combined model to be the
more plausible from a petrological point of view (McKenzie and
Bickle, 1988).

DISCUSSION

WCARS is one of the most important tectonic structures of the
Central Africa zone. The western side extends over hundreds of
kilometers from Nigeria and Niger, down to southern Chad and
Northern Cameroon (Binks and Fairhead, 1992; Guiraud and
Maurin, 1992). The area pertains to the former Gondwana conti-
nent, which from Mesozoic time was affected by continental exten-
sion with the formation of wide stretch basins. These basins

Figure 16. Exploring the effect of partitioning factor u. (a) The
stretching factor as a function of the density contrast of the lower
mass for three different partition factors u = 0.2, 0.1, and 0.05.
(b) Thickness of the upper mass as a function of density contrast
for three different partition factors u = 0.2, 0.1, and 0.05.
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propagated inland from the successful rifts that led to the opening of
the Atlantic Ocean and the separation of Africa and the Americas.
Different studies in the past have been carried out for the

reconstruction of crust and mantle structures of WCARS, and most
of them relied on the interpretation of seismic and terrestrial gravity
data along profiles (Browne and Fairhead, 1983; Stuart et al., 1985;
Dorbath et al., 1986; Fairhead and Okereke, 1987; Plomerová et al.,
1993; Fairhead et al., 2013). Up to now, a 3D model of the crustal
bodies, constrained by seismic and the satellite gravity data of
GRACE and GOCE, has only been available for the southern sector
of WCARS and the Benue trough (Eyike and Ebbing, 2015). In this
study, the authors were able to depict the main crustal features of
the system such as the magmatic underplating and the associated
thinned crust exploiting a forward-modeling approach of the
EGM08 gravity model.
Detailed 3D modeling of the recent satellite gravity fields, con-

strained by the available seismic and well data, is however lacking
for the WARS, and our work aims at filling this gap. The analysis
was carried out taking advantage of the recent gravity potential SHE

formulations Eigen-6c4 and Goco-05s. One major problem is the
signal separation generated by the crustal thickness variation from
the signal generated by the shallower crustal units; by shallower
units we mean the subsurface density inhomogeneities related to
the rifting process. Given the scarcity of information on crustal
thickness from independent geophysical investigations for studying
the structures of the rift basins of the WARS, we exploit the regres-
sion method between the Bouguer gravity field and the topography
(Pivetta and Braitenberg, 2020). This method allows us to remove
the isostatic signals from the observed gravity field and to produce a
first gravity residual map. The observations derived from the Goco-
05s SHE were used to check and validate the long-wavelength sig-
nals in the Eigen-6c4 SHE; meanwhile, the terrestrial data were
used to confirm the existence of localized positive/negative gravity
anomaly trends due to geologic structures. The cumulative errors on
Goco-05s SHE derived products are homogeneous in space with
values of approximately 4 mGal (Braitenberg, 2015). The anoma-
lies that we discussed and interpreted have amplitudes of more than
80 mGal and wavelengths of approximately 300 km, so they are

clearly greater than the instrument noise of the
satellite gravity mission. The residual maps
showed that the negative gravity anomalies cor-
related with the basin structures over the Tefidet,
Grein, Kafra, and Ténéré Basins. However, the
Termit rift basin displayed near-zero anomaly
values. We corrected the residual maps for the
sediment contribution using a basin model de-
rived from the literature (Genik, 1993). The sedi-
ment density model is constrained by a seismic
thickness model and a density conversion of a
fitted porosity curve derived from well-log data.
The gravity effect of the sediments fits the grav-
ity residuals well in the northern basins, whereas
in the south (the Termit rift basin) the residuals
reveal a broad positive gravity anomaly of more
than 80 mGal in amplitude. The uncertainty of
the seismic sediment thickness can not explain
such a broad anomaly; in fact, assuming a 5%
error of the depth values, the maximum error
of the base of the sediments would be approxi-
mately 1 km. This corresponds to a gravity varia-
tion of approximately �2.5 mGal. In addition,
the uncertainty on the fitted porosity curve could
contribute with an additional �2 mGal. Conse-
quently, the maximum value of the uncertainty
over the entire study area reaches only �8 mGal.
From all of these considerations and assuming
that the exploration geophysics contributions
are of high quality, which are mostly proprietary
and not available externally (Eyike et al., 2010),
we find that the broad positive gravity residual
below the Termit rift basin could not be due to
artifacts in the gravity data or in the sediment
modeling.
Therefore, we inverted this gravity high in

terms of a dense body below the WARS basins,
according to the presence of long-wavelength
anomalies that some authors relate to the pres-
ence of a mantle uplift (Gibb and Thomas,

Figure 17. Combined inversion with shallow and deep inverted masses. (a) Depth of the
top of the deep mass, (b) depth of the top of the shallowmass, and (c) final residual of the
combined model. In all plots, the national boundaries are shown with the dotted lines.
(d) The rms error at various iterations during the inversion. (e) Crustal cross section of
the upper and lower masses along profile CD. The position of CD is plotted in (a).
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1976; Fountain and Salisbury, 1981; Fairhead, 1986; Fairhead and
Okereke, 1987). We considered two end-member models and a
combination of them, a shallow solution simulating a subsurface
magmatic chamber and a deeper solution that involves a lower crust
intrusion (underplating) associated with crustal thinning.
The shallower model is able to better explain the high-frequency

features of the inverted gravity signal; however, considering the
long-wavelength contributions in the lobster high, a deep source
is also able to reproduce the observed gravity signal. Considering
the shallower solution, if we assume a density contrast equal to
Δρ ¼ 300 kg=m3 and a reference depth of 20 km, we obtained a
continuous magmatic intrusion of approximately 10 km thickness.
Decreasing the contrast of the density, the dimensions of the mag-
matic intrusion increase unrealistically.
The deeper solution would be compatible with the geodynamic

context of crustal thinning combined with deep magmatism, both
associated to the rifting phase: Our calculation predicts that the
mass anomaly could be up to 8 km thick. We remark that high-fre-
quency anomalies in the gravity residuals are hard to explain with
such distant sources.
An alternative solution is to divide the gravity signal between a

source below the rift sediments and at the lower crust, which would
lead, for instance, to a shallow source of approximately 1 km thick-
ness and a deep source of approximately 7 km. An uncertainty of
�8 mGal, divided according to the partition coefficient u, leads to
an uncertainty in the inverted thickness of �1.3 km for the deeper
contribution and of �0.15 km for the shallow one.
In this former model, the stretching of the crust induces the for-

mation of melts at the base of the crust with the volume being de-
pendent mostly on the stretching factor (β). According to our tests, a
β value of approximately 1.5 or slightly larger would lead to real-
istic values for the thickness and density of the lower mass (7 km
and 400 kg=m3) and would adequately fit the gravimetric observa-
tions. The stretching factor retrieved is a bit lower with respect to
the estimate of Heine et al. (2013), who estimate a value of approx-
imately 2.5 from basin analysis considerations. However, the au-
thors warned that the method they use offers an upper bound for
the β estimation and it would be representative for the stretching
occurring in the upper crust, whereas our estimation would be
mostly tied to the lower crust. Taking into account these consider-
ations and the not-so-relevant differences between the stretching
factors retrieved, we suggest that the rifting process occurred mostly
uniformly throughout the crust.
According to McKenzie and Bickle (1988), such β values could

lead to the formation of significant underplated melts that can even-
tually differentiate and migrate toward the surface. This way, we can
more easily explain the high-frequency contribution of the gravity
field that we observe in the lobster high.
The presence of such crustal intrusions could be an indication of a

major melting episode affecting the asthenosphere and lithosphere.
This could explain the change from marine to continental sedimen-
tation in the second rift cycle of the Termit Basin, which could be due
to the crustal doming induced by the impinging melts. The first rifting
cycle of the WARS recorded marine sedimentation, which signalizes
that the volcanism in the first postrift stage did not induce a doming.
This could be compatible with the observation that the first volcanic
postrift stage had a smaller duration of 8 Ma (96–88Ma) compared to
the volcanism of the second postrift phase that had a much longer
duration from 23 Ma to the Quaternary.

The hypothesis of an existing magmatic body below the entire rift
structures of the WARS related to the breakup of Gondwana in the
Early Cretaceous is not so peculiar if we consider other similar lo-
cations worldwide. For example, along the West Siberian basin
(Asia), the Permian flood basalts that cover the entire area produce
linear positive anomalies in the gravity residuals (Vyssotski et al.,
2006). Another example comes from the Amazon Basin, where the
existence of an east–west rift system allowed the formation of broad
intrusive magmatic bodies of Jurassic age. These intrusions cause
positive linear trends in the Bouguer gravity anomaly field that fol-
low the central areas of the basin (Milani and Filho, 2000; Bomfim
et al., 2013). Finally, also along the Paranà Basin, in particular along
the central part of that basin, the Bouguer gravity anomaly highs
that separated the basin into two subareas were found. This north-
west–southeast trend was discussed with the presence of extensive
flood basalts of Cretaceous age (Fecher et al., 2017). It would be
interesting to classify the rifts on a worldwide scale on the presence
of volcanism and deep crustal densification, as a parameter useful
for a rift classification, following the classification scheme defined
by Ziegler and Cloetingh (2004).

CONCLUSION

A joint analysis of gravity and seismic reflection data has
been carried out to estimate the depth of the basement below the
northern rift basins of the WARS. From our results along the
northern Termit rift basin, the gravity field obtained by using the
existing sediment thickness model produces negative gravity val-
ues, which are also found in the residual gravity field. Here, the
residual field is the outcome of the regression analysis between
gravity and topography, which has the scope of reducing the gravity
from the isostatic crustal thickness variations. On the contrary, in
the southern areas around Lake Chad, there is no correspondence
between the modeled effect of sediments and the residual gravity
anomaly, leading to the conclusion that there is a hidden mass,
which is compensating the gravity field of the sediments. Due to
this fact, we hypothesize the existence of materials with high den-
sity (magmatic body) below the sediment layers that mostly cover
the southern Termit and Ténére rift basins from Niger to the
southern end of Lake Chad.
The high-density body is divided between the lower crust and

the upper crust. The lower mass could be the expression of crustal
thinning combined with underplating. We estimate a ratio of 1–7
between the thickness of the upper and lower masses from petro-
logic and petrophysical considerations.
We provide evidence that the integration of geophysical methods

and petrophysical modeling is advantageous for the investigation of
a long rift basin as WARS, and a multidisciplinary approach reveals
greater insight into the structure. In our case, we retrieved an esti-
mate of the stretching factor for the lower crust that, combined with
independent estimates from other studies, suggests that the area was
mostly uniformly stretched, affecting the whole crust during the rift-
ing phase. This stretching is limited to the WARS, whereas the sur-
rounding area of the Chad basin was unaffected and remained a
shallow continental sag basin up to the present.
Our study demonstrates that GOCE satellite products, comple-

mented with surface seismic exploration results, represent a funda-
mental support to investigate the deeper crustal structures.
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APPENDIX A

EXPLORATION WELL LOCATIONS

The coordinates of the Chadina wells have been estimated from
the available sources Genik (1993) and Zanguina et al. (1998).

Table A-1 displays the locations of the exploration wells along
the WARS areas of Niger and Chad.
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