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ABSTRACT

The geological evolution of northwestern Africa and its continental mar-
gins is investigated in the light of nine Meso-Cenozoic paleogeological maps,
which integrate original minimal extent of sedimentary deposits beyond their
present-day erosional limits. Mapping is based on a compilation of published
original data on the stratigraphy and depositional environments of sediments,
structures, magmatism, and low-temperature thermochonology, as well as on
the interpretation of industrial seismic and borehole data.

We show that rifting of the equatorial domain propagated eastward from
the Central Atlantic between the Valanginian (ca. 140 Ma) and the Aptian (ca.
112 Ma) as an en echelon strike-slip and rift system connected to an inland rift
network. This network defines a six-microplate synrift kinematic model for the
African continental domain. We document persistent, long-wavelength erod-
ing marginal upwarps that supplied clastic sediments to the offshore margin
basins and a large intracratonic basin. The latter acted as a transient sediment
reservoir because the products of its erosion were transferred both to the
Tethys (to the north) and the Atlantic Ocean. This paired marginal upwarp-
intracratonic basin source-to-sink system was perturbed by the growth of the
late Paleogene Hoggar hotspot swell that fragmented the intracratonic basins
into five residual depocenters. By linking the evolution of the continental mar-
gins to that of their African hinterland, this study bears important implications
for the interplay of long-wavelength deformation and sediment transfers over
paired shield-continental margin systems.

H INTRODUCTION

The equatorial Atlantic Ocean opened as a consequence of oblique diver-
gence along what were to become the best known examples of transform and
oblique continental margins of northern South America and West Africa (Emery
et al., 1975; Mascle and Blarez, 1987; Basile et al., 2005; Figs. 1 and 2). Those
margins belonged to a large-scale network of rifts that led to the final dispersion

of the Gondwana supercontinent by breakup between South America and Af-
rica during the Early Cretaceous (Fig. 1). Counterclockwise rotation of the Afri-
can plate produced a northward rift propagation leading to the formation of the
South Atlantic Ocean under dominantly normal divergence, whereas the future
equatorial Atlantic domain underwent dextral-oblique divergence (e.g., Moulin
et al., 2009; Frizon de Lamotte et al., 2015). The intracontinental African rifts,
which were connected to the southern Atlantic and equatorial rift systems by a
triple junction, aborted before the African continent could split into three sub-
plates along the Western and Central rift system (Burke and Whiteman, 1973;
Fairhead, 1988; Binks and Fairhead, 1992; Guiraud and Maurin, 1992; Fig. 1).

Given their transform character, the margins of the equatorial Atlantic
Ocean were mainly investigated through the kinematics of ocean opening
(e.g., Basile et al., 2005; Moulin et al., 2009; Heine et al., 2013; Basile, 2015) with
an emphasis on the fracture zones and the vertical movements induced along
the margins (Bouillin et al., 1998; Clift et al., 1998; Bigot-Cormier et al., 2005;
Mercier de Lépinay, 2016). The abruptness of the equatorial margins of Af-
rica results from the strong control of strike-slip faults (i.e., future transforms)
during rifting. These steep margins have specific thermal and subsidence
histories that are not yet well understood but are crucial in controlling—and
unraveling—their high hydrocarbon potential (MacGregor et al., 2003). Pub-
lished exploration studies have provided insights (Delteil et al., 1974; Kjem-
perud et al., 1992; Bennett and Rusk, 2002; MacGregor et al., 2003) but only at
the scale of individual subbasins and/or along cross sections that do not allow
apprehending the fully three-dimensional nature of the tectonostratigraphic
evolution of the margins.

Integrated regional studies linking the stratigraphic history of the equa-
torial Atlantic margins to their deformation since pre-rift configuration are still
lacking. Such studies require structural and paleogeographic reconstructions
(i.e., maps showing past depositional environments) of their adjoining con-
tinental domain in order to address the coupling between margin evolution
and the erosional, depositional, and deformational history of their hinterland
in a “source-to-sink” perspective. So far, paleogeographic reconstructions for
northwestern Africa did not include the equatorial margin domain (Guiraud
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Figure 1. (A) Map showing the African and South American rift systems at ca. 120 Ma during dispersal of Gondwanaland (modified after Frizon de Lamotte et al., 2015). (B) Structural map of north-

western Africa showing Meso-Cenozoic faults and sedimentary basins (modified after Kogbe, 1981, and Milesi et al., 2010). Geologic contours are simplified from Figure 2. The names of the main
Early Cretaceous intracontinental rifts are indicated (bold font). The frame of Figure 1B is shown in red on Figure 1A.

et al., 2005). Furthermore, those paleogeographic reconstructions were biased
from a methodological viewpoint. Indeed, they often consider the preservation
limits of sedimentary deposits of a given age as the limits of the sedimentation
area of that age. Such is never the case, however, because the edges of coastal
and intracratonic basins undergo erosion that leads to significant reduction of
their original extent (Sloss, 1963).

In this contribution, we reassess the Meso-Cenozoic geological evolution
of the Atlantic margins of northwestern Africa and their hinterland (south

of 28°N, west of 17°E) as well as the conjugate equatorial margin of north-
ern South America (Fig. 1). Our work is based on a series of large-scale, off-
shore-onshore geologic cross sections and nine maps showing successive
geological configurations since 200 Ma, taking into account (1) restoration
of the position of northern South America relative to northwestern Africa,
(2) fault patterns and magmatic occurrences, (3) extent of erosion and/or sedi-
mentation areas and associated depositional environment of sediments, and
(4) constraints provided by low-temperature thermochronology data on the

Ye et al. | Evolution of northwestern Africa and its Atlantic margins
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burial or erosion of specific areas. Our work is based on a compilation of origi-
nal geological source data from the literature, as well as seismic and well data
along the continental margins. A specificity of our approach is that we evalu-
ated the potential original minimal extent of sedimentary deposits for coastal
and intracratonic basins beyond the present-day erosional limit of those
basins. We provide a new evolving integrated structural and/or sedimentary
offshore-onshore scheme at a subcontinental scale. Our compilation further
allows proposing a new pre-rift fit between South America and northwest-
ern Africa as well as a new synrift kinematic framework integrating mainland
African rifts and the future margins. Our study opens a new perspective for
linking the evolution of margins to intracontinental long-wavelength defor-
mation and erosion and/or deposition patterns, with implications for paired
shield-margin source-to-sink systems.

B GEOLOGICAL OUTLINE AND EARLIER WORKS

The West African lithosphere mainly consists of an Archean-Paleoprotero-
zoic nucleus (i.e., the West African craton), fringed by Pan-African (late Neo-
proterozoic) and Variscan (late Paleozoic) mobile belts (Figs. 1 and 2). Meso-
Cenozoic sediments are preserved in several intracratonic basins around the
Hoggar shield (Fig. 2). Those basins (namely, the Taoudeni, South Algerian,
Murzuqg, Chad, and lullemmeden basins) developed either on Neoprotero-
zoic-Paleozoic platform sequences or directly on the basements (Radier, 1959;
Greigert, 1966; Busson and Cornée, 1991; Fabre et al., 1996; Davidson et al.,
2000). Jurassic and mostly Lower Cretaceous intracratonic sediments have
been grouped as the “Continental Intercalaire” (e.g., Dars, 1960; Lefranc, 1983;
Lefranc and Guiraud, 1990; Mateer et al., 1992; Fig. 2). A Cretaceous rift sys-
tem is preserved in inland West Africa, most of which is now buried under
Upper Cretaceous and Cenozoic series: the Western and Central rift system
in the Chad Basin, which extends up to East Africa, the Gao and Bida rifts in
the lullemmeden Basin, and the Nara and Amded rifts in the Taoudeni basin
(Radier, 1959; Dars, 1960; Bellion et al., 1984; Genik, 1992, 1993; Fabre et al.,
1996; Zanguina et al., 1998; Figs. 1 and 2). The Upper Cretaceous sequences
recorded mostly transgressions far inland (Reyment, 1980; Dufaure et al.,
1984). Marine sedimentation is recorded repeatedly until the Late Paleocene—
Early Eocene, particularly in the lullemmeden and Chad basins (e.g., Radier,
1959; Greigert, 1966; Kogbe, 1980; Reyment, 1980; Moody and Sutcliffe, 1991).
Those series are overlain by fluvial sediments of the Late Eocene-Early Oligo-
cene “Continental Terminal” (Lang et al., 1986, 1990; Chardon et al., 2016;
Fig. 2). Intense weathering has affected West Africa since the Late Cretaceous
and left relicts of lateritic paleolandscapes, which have been used for recon-
structing denudation histories and drainage evolution of West Africa (Beau-
vais and Chardon, 2013; Chardon et al., 2016). The present-day West African
drainage system has stabilized in the Early Oligocene, following the onset of
hotspot-related growth of topographic massifs such as the Hoggar and the
Tibesti (Chardon et al., 2016), which led to the basin-and-swell physiography
of the continent (Burke, 1996).

The inland rift system is temporally and kinematically linked to the de-
velopment of the equatorial Atlantic margin of Africa (Guiraud and Maurin,
1992), which may be divided into three segments separated by transforms (the
Guinea-Liberia, Ivory Coast, and Ghana-Benin segments; Fig. 1). The current
views on the opening of the equatorial Atlantic Ocean are summarized as fol-
lows (e.g., Popoff, 1988; MacGregor et al., 2003; Basile et al., 2005; Brown-
field and Charpentier, 2006). The synrift stage begins in the Neocomian by
transcurrent and extensional faulting (Fig. 1). Grabens of the Ghana-Benin
margin segment are filled by Barremian-Aptian continental conglomerates,
sandstones, and siltstones (Kjemperud et al., 1992; Chierici, 1996), which are
overlain by Albian marine sandstones, black shales, and minor limestones
(Chierici, 1996). The end of synrift deformation is marked by a regional un-
conformity underlying a latest Albian-Cenomanian marine series called the
breakup unconformity. It is defined as an erosional surface formed at the
end of intracontinental rifting and preceding seafloor spreading. This surface
seals the synrift faults and underlies relatively undeformed postrift strata. The
breakup unconformity is also documented on the conjugate Brazilian margins
(Trosdtorf Junior et al., 2007; Zalan and Matsuda, 2007; Soares Junior et al.,
2011). The kinematic model for the opening of the equatorial Atlantic Ocean is
still under discussion, because of the “Cretaceous Magnetic Quiet” period and
the difficulty to restore synrift structures (Moulin et al., 2009; Heine et al., 2013).
Regression and transgression cycles and tectonic reactivation affected the Afri-
can equatorial Atlantic margin during the postrift stage. At least two regional
unconformities are identified on the Ivory Coast and Ghana-Benin margin seg-
ments; one is dated to the Senonian (Coniacian to Maastrichtian) and the other
to the Oligocene (Simon and Amakou, 1984; Grillot et al., 1985; Chierici, 1996).

l DATA AND METHOD

We established four large-scale, onshore-offshore cross sections over the
study area in order to visualize the spatial relationships among inland sedi-
mentary basins and continental margins (Fig. 3). These cross sections com-
plement the paleomaps, which were established for specific periods matching
known geodynamic events such as the emplacement of magmatic provinces,
the continental rifting, or global transgression and regression cycles. In this
study, we refer to the geologic time scale of Walker et al. (2012).

Integration of the Sedimentary Record

We first mapped the boundaries of the preserved sediments deposited during
each time step. Stratigraphy, lithology, and paleoenvironment of these deposits
(both at the surface and subsurface) have been compiled from published litera-
ture reporting first-hand data, observations, and maps (Table 1). Additional in-
formation was obtained along the African equatorial Atlantic margin and in the
Gao rift (Fig. 1) from seismic and well data (~1000 seismic-reflection lines and 70
exploration wells, covering an area of more than 2 x 10°km? along the margin).
For South American basins, we used essentially published studies and strati-

Ye et al. | Evolution of northwestern Africa and its Atlantic margins
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graphic charts of Petrobras (Conde et al., 2007; Figueiredo et al., 2007; Pessoa
Neto et al., 2007; Trosdtorf Junior et al., 2007; Zalan, 2007; Zalan and Matsuda,
2007). Depositional environments of sediments are grouped in four categories:
nonmarine and/or continental, transitional, shallow marine, and deep marine.
Shallow-marine sediments are defined as shallower than 200 m depth (i.e.,
shelf sediments) and deep-marine sediments as deeper (continental slope and
basin sediments). Transitional environments are coastal, lagoonal, estuarine,
and/or deltaic sedimentary environments with near sea-level elevation. Avail-
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Figure 3 (on this and following page). Large-scale, onshore-offshore geologic cross sections across northwestern Africa based on various sources: Helm (2009) for the offshore sections;
Choubert and Faure-Muret (1988) and Milesi et al. (2010) for the intracontinental domains. Section locations are shown on the inset map. Synrift faults on the margins are omitted for clarity.

able paleocurrent measurements are also indicated, which are mainly used to
infer drainage direction and sense in alluvial settings. The present-day extent
of preserved sedimentary deposits is hypothetical when strata are covered by
younger deposits and are only revealed by seismic and well data. Nonmarine
deposits of the “Continental Intercalaire” are usually poorly dated. Therefore,
only uncertain (dashed) boundaries have been represented in those cases.

The limits of coastal and especially intracratonic basins are usually ero-
sional. Erosion generally removes deposits along basin fringes as a con-

Evolution of northwestern Africa and its Atlantic margins
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sequence of flexural uplift of basin edges accompanying subsidence and
sediment accumulation (Sloss and Scherer, 1975; Watts, 2001; Fig. 4A). The
preserved deposits therefore only represent the minimum extent of the depos-
its at the time they were emplaced. This has led to a methodological limitation
of paleogeographic studies, which usually mistake the extent of preserved
sediments for their depositional area. In this study, we have assessed the po-
tential minimum areal extent of sedimentary basins by estimating the map
width of the subsequent erosion they have undergone at their margins. Let us
consider AZ as the denudation due to a drop in base level consecutive to an
uplift and/or a sea-level fall from time T1 to T2. E is the resulting inward (i.e.,
toward the basin interior) retreat of the basin’s edges, and S is the topographic
slope of the basin’s margin (Fig. 4B). Ei and Si and Es and Ss are defined for
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Figure 3 (continued).

the inlandward slope of intracratonic basins and the seaward slope of coastal
basins, respectively (Fig. 4B). Assuming a negligible short-wavelength relief,
which is reasonable for cratonic surfaces and their marginal upwarps, E = AZ/S.

The compilation of present-day continental topography of Africa re-
veals that regional seaward slopes (Ss) range from 1%. to 2%., and the
regional inlandward slopes (Si) range from 0.1%. to 0.3%.. Those values
may be reasonably taken as representative of past continental slope given
the variety of morphotectonic contexts around today’s African continent.
Values of AZ in continental interiors may be constrained from denudation esti-
mates derived from geomorphology and low-temperature thermochronology.
Denudation of the Leo-Man shield (Figs. 1 and 2) is estimated at 2-15 m/Ma for
the Cenozoic, based on incision of dated lateritic relict landscapes (Beauvais
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TABLE 1. REFERENCES USED FOR THE GEOLOGICAL RECONSTRUCTIONS

Paleogeographic maps
235-190 Ma  140-133 Ma 120-115 Ma 107-100 Ma  97-93Ma 86-84Ma 72-66Ma 61-56Ma  34-23 Ma

Thematic geological items References Figure 5 Figure 6 Figure 7 Figure 8 Figure 9 Figure 10 Figure 11 Figure 12 Figure 13
SEDIMENTARY RECORD

Intracontinental Africa

Taoudenni Basin (including Fabre et al., 1996 X X X X X
the Nara and Amded rifts) Fabre, 2005 X X X X X
Bellion et al., 1984 X
Cornet, 1943 X X X X X X
Busson, 1971 X X X X X X
Dars, 1960 X X X X X X
Choubert and Faure-Muret, 1988 X X X
lullemmeden Basin (including Greigert, 1966 X X X X X X X
the Gao and Kandi rifts) Greigert and Pougnet, 1967 x x x x X X X
Chardon et al., 2016 X X
Kogbe, 1981 X X X X X X
Valsardieu, 1971 X X X X
Radier, 1959 X X X
Mateer et al., 1992 X X
Zanguina et al., 1998 X X X X X X X
Moody and Sutcliffe, 1991 X X X X X
Alidou and Lang, 1983 X X X X
Alidou et al., 1991 X X X X
Chad Basin (including the Genik, 1992, 1993 X X X X X X X X X
Western Central African Choubert and Faure-Muret, 1988 X X X X X X X X
rift system) Greigert and Pougnet, 1967 X X X X X X X X
Zanguina et al., 1998 X X X X X X X X
Avbovbo et al., 1986 X X X X X X
Murzuq Basin Davidson et al., 2000 X X X X
Klitzsch, 2000 X X X X
Dufaure et al., 1984 X
Benue Trough Benkhelil et al., 1988 X X X X X
Benkhelil, 1989 X X X X X
Allix, 1983 X X X X X
Allix and Popoff, 1983 X
Allix et al., 1981 X
Jermannaud et al., 2010 X
Petters, 1980, 1983 X X X X X
Popoff, 1988 X X X
Sokari, 1992 X X
Bida Rift Akande et al., 2005 X
Ojo and Akande, 2009 X
Agyingi, 1993 X
Leo-Man Shield Grimaud et al., 2015 X X
(weathering record) Chardon et al., 2016 X X
Beauvais et al., 2008 X X
Beauvais and Chardon, 2013 X X
(continued)
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TABLE 1. REFERENCES USED FOR THE GEOLOGICAL RECONSTRUCTIONS (continued)

Paleogeographic maps
235-190 Ma  140-133 Ma 120-115 Ma 107-100 Ma  97-93Ma 86-84Ma 72-66Ma 61-56Ma  34-23 Ma

Thematic geological items References Figure 5 Figure 6 Figure 7 Figure 8 Figure 9 Figure 10 Figure 11 Figure 12 Figure 13
SEDIMENTARY RECORD (continued)

Atlantic margins

Tarfaya Basin Leprétre, 2015 X X X X X X X X
Davison, 2005 X X X X X X X X X
Baby et al., 2014 X X
Senegalo-Mauritanian Basin Baby, 2012 X X X X X X X X X
Baby et al., 2014 X X X X X X X X X
Davison, 2005 X X X X X X X X X
Tari et al., 2003 X X X X X X X X X
Brownfield and Charpentier, 2003 X X X X X X X X X
Eastern North America Olsen, 1997 X
Guinea and Demerara Plateau Dumestre and Carvalho, 1985 X X X X X X X X X
Stoecklin, 1987 X X X X X X X X
Marinho, 1985 X X X X X X X X X
Benkhelil et al., 1995 X X X
Equatorial Atlantic margins This study X X X X X X X
Gouyet, 1988 X X X
Benkhelil et al., 1995 X X X
Da Costa et al., 2009 X X X
Yang and Escalona, 2011 X X X
Figueiredo et al., 2007 X X X X X X
Zalan and Matsuda, 2007 X X X X
Soares et al., 2007 X X X X
Zalan, 2007 X X X X
Trosdtorf Junior et al., 2007 X X X X
Conde et al., 2007 X X X X
Pessoa Neto et al., 2007 X X X X X
Soares Junior et al., 2011 X X X X X
South Atlantic margins Chaboureau, 2012 X X
Chaboureau et al., 2013 X X
Seranne and Anka, 2005 X X X X X X
Intracontinental Northern South America
Cunha et al., 2007 X X X
Costa et al., 2001 X X X
Vaz et al., 2007a X X X X
Vaz et al., 2007b X X X
Assine, 2007 X X
de Matos, 1992 X X
(continued)
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TABLE 1. REFERENCES USED FOR THE GEOLOGICAL RECONSTRUCTIONS (continued)

Paleogeographic maps
235-190 Ma  140-133 Ma 120-115 Ma 107-100 Ma  97-93Ma 86-84Ma 72-66Ma 61-56Ma  34-23 Ma

Thematic geological items References Figure 5 Figure 6 Figure 7 Figure 8 Figure 9 Figure 10 Figure 11 Figure 12 Figure 13
FAULT PATTERNS AND KINEMATICS

Intracontinental Africa

Amded rift Fabre et al., 1996
Dars, 1960

Nara rift Dars, 1957; Dars, 1960
Bellion et al., 1984

Gao rift This study

Western Central African Genik, 1992, 1993

rift system Zanguina et al., 1998 X

Guiraud and Bosworth, 1997
Loule and Pospisil, 2013 X X
Guiraud and Maurin, 1992 X
Le Marechal and Vincent, 1972
Ngangom, 1983 X X X

Bida rift Kogbe et al., 1983
Ojo and Ajakaiye, 1976

Benue Trough Benkhelil, 1988
Benkhelil et al., 1989
Allix et al., 1984
Benkhelil and Guiraud, 1980
Guiraud, 1993 X

X X X X
X X X X X

x
X X X X X X X

X X X X

X X X X X
X X X X X
X X X X
X X X X X X X

Atlantic margins

Central Atlantic margins Withjack et al., 1998 X
Le Roy and Pique, 2001
Labails, 2007 X
Guinea and Demerara plateaus Benkhelil et al., 1995 X
Sapin et al., 2016
Marinho et al., 1988
Equatorial Atlantic margins This study
Basile et al., 2013
Benkhelil et al., 1995
Sapin et al., 2016
Soares Junior et al., 2008
Soares Junior et al., 2011 X
South Atlantic margins Chaboureau, 2012
Chaboureau et al., 2013
Turner et al., 2003

x
X X
X X X X X X X X X X X X
X X X X X X X X X

X X X X X X X X

Inland Northern South America

Vaz et al., 2007b X
Assine, 2007
de Matos, 1992 X X

xX X
x
x

(continued)
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TABLE 1. REFERENCES USED FOR THE GEOLOGICAL RECONSTRUCTIONS (continued)

Paleogeographic maps

235-190 Ma  140-133 Ma 120-115 Ma 107-100 Ma 97-93Ma 86-84Ma 72-66Ma 61-56Ma  34-23 Ma
Thematic geological items References Figure 5 Figure 6 Figure 7 Figure 8 Figure 9 Figure 10 Figure 11 Figure 12 Figure 13
LOW-TEMPERATURE THERMOCHRONOLOGICAL CONSTRAINTS
Northwestern Africa
Leprétre et al., 2014 X X X X X X X X X
Leprétre, 2015 X X X X X X X X X
Leprétre et al., 2015 X X X X X X X X X
Gunnell, 2003 X X X X X X X X X
Rougier, 2012 X X X X X
Rougier et al., 2013 X X X X X
Cavellec, 2006 X X X X X
English et al., 2016 X X X X X X X X
Bigot-Cormier et al., 2005 X X X
Clift et al., 1997, 1998 X X X X X X
Bouillin et al., 1997, 1998 X X X X X X
Northern South America
Harman et al., 1998 X X X
De Morais Neto et al., 2006 X X X X
De Morais Neto et al., 2008 X X X X
Turner et al., 2008 X

File 1, t Geosphers paper d structural evolution of
northwestern Africa and its Atlantic margins since the early Mesozoic” by Ye et al

TA) and

'Supplemental File 1. Compilation of published ther
mochronological data and Meso-Cenozoic magmatic
occurrences over northwestern Africa. Please visit
http://doi.org/10.1130/GES01426.S1 or the full-text
article on www.gsapubs.org to view the Supplemen-
tal File 1.
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and Chardon, 2013; Grimaud et al., 2014, 2015) and 6-13 m/Ma for the Meso-
zoic based on low-temperature thermochronology (Gunnell, 2003). Assuming
an average denudation rate of 9 m/m.y. over a 10 m.y. period (typical time
increment between our successive paleomaps) yields a AZ value of 90 m. The
preservation of shallow-marine sediments in coastal basins (deposited under
less than 200 m of water) also provides another constraint on denudation at
basin edges, implying maximum AZ of 200 m.

Figure 4C is an abacus showing the relationship between E and S for
various values of AZ. Considering the mean regional slopes of 1%.—2%. and
0.1%0—0.3%0 for Ss and Si, denudation-derived AZ of 90 m would correspond
to values of 45-90 km and 300-900 km for Es and Ei, respectively (Fig. 4C).
Considering a maximum sediment bathymetry-derived AZ of 200 m, the
same regional slopes would yield maximum values of 100-200 km and
>700 km for Es and Ei, respectively (Fig. 4C). The implication of these re-
sults is that the limits of intracratonic basins were typically located hundreds
of km (=300 km) beyond their preservation limit for a given time period.
This distance comes down to tens of km (<100 km) for coastal basins on
oceanward continental slopes. Those distances were used as guidelines to
draw the potential minimum original extent of sedimentation areas around
preserved sediments. Paleocurrent and low-temperature thermochronologi-
cal data have been used to further constrain those contours in a way that is
described as follows.

Paleocurrent data help reconstruct paleoalluvial plains fragmented by un-
even erosion. Indeed, let us consider paleocurrents measured in a paleo-allu-

Ye et al.

vial plain sedimentary complex pointing to river flow outside the preserved
limits of the alluvial complex, i.e., toward the exposed substrate of the alluvial
complex, which may consist of basement or older sediments. Such a configu-
ration implies that this substrate had to be flooded by the considered alluvial
plain at the time the plain was functional.

Published data from apatite fission-track analysis and apatite (U-Th-Sm)/He
dating help constrain thermal histories of samples residing in the first 3-4 km
of the crust (Gallagher et al., 1998; Ehlers and Farley, 2003). Considering the
non-orogenic context of West Africa and its margins, and in the cases where
the samples were not affected by major thermal events, heating periods
reflect burial under sediments, whereas cooling periods indicate dominant
erosion-driven exhumation and therefore an eroding land surface above a
considered sample. Published temperature-time paths obtained by data in-
version have been used (Table 1; Fig. 2; see also Table S1 in Supplemental
File 1"). For the time step corresponding to each paleomap, heating or cool-
ing sample locations are reported and are used semiquantitatively to further
constrain the extent of areas submitted to dominant erosion or sedimentary
burial. Samples undergoing rapid cooling and/or heating (cooling and/or
heating rate higher than 1 °C/Ma) are distinguished from those undergoing
slow cooling and/or heating. On the paleomaps, the original minimum ex-
tent of sedimentation areas is drawn in lighter color than the corresponding
preserved deposits (Figs. 5-13). Conversely, continental areas mapped as
exposed to erosion or sediment bypassing correspond to their maximum
potential extent.

Evolution of northwestern Africa and its Atlantic margins
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Fault Patterns

Tectonic structures active during the time step considered for each paleo-
map are shown (e.g., normal faults bounding rifted basins, strike-slip faults, and
anticlines and/or arches). The main criterion for mapping an active structure
is based on the evidence for slip on a fault or amplification of an arch before,
during, or after deposition of sediments of constrained age. Such an approach
is particularly useful for documenting synrift sediments and fault reactivation.
Such observations are mainly made on seismic lines, biostratigraphically cal-
ibrated by well data (mostly in marginal basins), and at some field localities.
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Inland basin edge at T2

+

deposits and their erosion at basin edges.
(C) Curves showing the relationships
among the regional slope (S), the original
extent of sediments (E), and denudation
(AZ). See text for further explanations.

Slope (S, %o)

AZ: Denudation between T1 and T2

The onset of rifting is not well constrained because only a few wells reached
pre-rift strata. Moreover, rifting generally led to the accumulation of nonmarine
sediments, which are not well dated except where lava flows are interbedded.
Therefore, the dating of structures based on their relationships with the sedi-
ments may suffer some uncertainty. Such an uncertainty is taken into account
by representing the active structures with a dashed line, indicating the actual
location of the structure but a probable activity for the considered time slice
(Figs. 5-13). Mapping of the structures is based on our own work for the equa-
torial margin of Africa and mainly on published works for the other margins
and the intracontinental domains (Table 1).

Evolution of northwestern Africa and its Atlantic margins
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Figure 5. Geological configuration of northwestern Africa and adjoining North and South America during the Early Jurassic (235-190 Ma). Magmatic features of the Central Atlantic Magmatic
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di d. The present-day shorelines of North America and northern South America (thin blue

Province (CAMP) are adapted from Jourdan et al. (2009). The age range of the ir ic cl

lines) are restored to their position relative to fixed Africa at the end of the considered time interval. Open circles are the localities from Figures 1B and 2.

Magmatism

We compiled and mapped the location, emplacement mode, age, and dat-
ing method of Meso-Cenozoic magmatic occurrences in West Africa and along
its margins from literature (Figs. 5-13; Table S2 in Supplemental Item 1 [see
footnote 1]). For northern South America, we used the synthesis of Mizusaki
et al. (2002). Magmatic occurrences are categorized in lava flow, dike, sill, ring
complex, kimberlite clusters, and kimberlite occurrences (Figs. 5-13).

Palinspastic and Kinematic Reconstruction
We adopted the kinematic models of the Atlantic Ocean opening proposed

by Moulin et al. (2009) and Heine et al. (2013) for relative positioning of the
current coastlines for each time interval. Heine et al. (2013) produced pre-litho-

Ye et al.

spheric breakup (i.e., pre-oceanic lithosphere) reconstructions of the equatorial
Atlantic domain from the Berriasian (145 Ma) to the late Albian (104 Ma) by
using the GPlate software for paleotectonic reconstruction. Besides postrift
seafloor magnetic anomalies, those reconstructions used published and con-
fidential industrial data allowing for the quantification of rifting-related hori-
zontal continental crustal deformation considering rift infill and fault patterns
corrected from postrift subsidence (see Heine et al., 2013, for more details).
Moulin et al. (2009) suggest another pre-opening fit at 112 Ma, based
mainly on correlations of structures across the equatorial Atlantic domain
(magnetic lineaments, conjugate plateaus, and fracture zones), without con-
sidering synrift fault patterns and deformation. The pre-lithospheric breakup
fit of Heine et al. (2013) appears to be more consistent with our synrift fault
patterns on both the African and South American margins (see below), which
must indeed develop within stretching continental crusts, assuming no major

Evolution of northwestern Africa and its Atlantic margins
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Figure 6. Geological configuration of northwestern Africa, adjoining South America, and the eastern Central Atlantic Ocean during the Valanginian (140-133 Ma). DP—Demerara plateau. Same

conventions as in Figure 5.

postrift reactivation occurred. It also appears to better match what is known
of the timing of the lithospheric breakup, i.e., in the late Albian (Dumestre and
Carvalho, 1985; Kjemperud et al., 1992; Chierici, 1996). We therefore used the
reconstructions of Heine et al. (2013) for the rifting stages from the Valangin-
ian to the late Albian (140-97 Ma), and we adjusted them based on our new
mapping of fault patterns. As for the postrift period, we adopted the model of
Moulin et al. (2009) because the magnetic anomalies they used are well con-
strained, especially from 84 Ma (Chron 34) onward.

Given the biostratigraphic age uncertainties on the sediments, the sedi-
mentary and structural features reported on each paleomap had to be inte-
grated over a period of a few million years. The end of a given period is con-
sidered as the minimum age of each feature. The paleoposition of continental

masses shown on Figures 5-13 corresponds to that computed for the end of
the time period considered for each map. An exception to that rule is the first
paleomap (Fig. 5), which integrates magmatic occurrences that may be much
older (up to 245 Ma) and younger (up to 140 Ma) than the palinspastic, paleo-
geographic, and structural reconstruction set at 190 Ma. This choice provides
a picture of the widespread magmatism over northwestern Africa, before the
rifting of the equatorial Atlantic domain, which implies that large areas were
potentially submitted to uplift and erosion. The last paleomap (Oligocene; 34—
23 Ma; Fig. 13) also displays Eocene to present-day magmatic occurrences.
The remaining seven paleomaps correspond to Vanlanginian (140-133 Ma;
Fig. 6), middle Aptian (120-115 Ma; Fig. 7), late Albian (107-100 Ma; Fig. 8),
late Cenomanian (97-93 Ma; Fig. 9), Santonian (86-84 Ma; Fig. 10), Maas-

Ye et al. | Evolution of northwestern Africa and its Atlantic margins
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maps in PowerPoint format. Please visit http://doi
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www.gsapubs.org to view Supplemental File 2.
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Figure 7. Geological configuration of northwestern Africa, adjoining South America, and the eastern Central Atlantic Ocean during the middle Aptian (120-115 Ma). DP—Demerara plateau. Same

conventions as in Figure 5.

trichtian (72-66 Ma; Fig. 11), and Late Paleocene (61-56 Ma; Fig. 12). An ani-
mation of the paleomaps is available as Supplemental File 22. For specific
localities, structures, or sedimentary basin locations, the reader may refer to
Figures 1 and 2.

l RESULTS AND INTERPRETATION
Cross Sections Linking the Marginal and Intracontinental Domain
The cross sections (Fig. 3) display the present-day configurations of

onshore and offshore basins, basement highs, and their typical wave-
lengths. The geometry is spatially consistent across the Central Atlantic and

equatorial margins, with continental margin basins separated from intra-
cratonic basins by a marginal upwarp. The inland basal unconformities
of intracratonic basins roughly coincide with the slope of basement highs
such as the Hoggar and Reguibat shields. The marginal upwarps are posi-
tive topographic features that form at the time of rifting and are sustained
and/or reactivated afterwards (Gilchrist and Summerfield, 1990; Gallagher
et al., 1995).

Considering only the Meso-Cenozoic sediments (that recorded continental
surface evolution since the rifting of the Central Atlantic), the edges of intra-
cratonic basins are erosional limits, resulting from the truncation of the strata
on the inland slopes of the marginal upwarps. Similar truncations are ex-
pected, though on a shorter distance, at the coastal fringes of marginal basins

Ye et al. | Evolution of northwestern Africa and its Atlantic margins
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Figure 5.

(see also Fig. 4B) and along the edges of intracratonic basins on the slopes of
intracratonic basement highs.

The cross sections show that the preservation of sediments in intracratonic
basins is controlled by an interference between intracontinental basement highs
and marginal upwarps. Moreover, the growth of the adjoining basement highs
would better explain the subsidence histories of these intracratonic basins
(Sahagian, 1993). Meso-Cenozoic basins display uneven spatial relationships
with preserved Neoproterozoic and Paleozoic depocenters. This suggests a mi-
gration of depocenters through time driven by the interference of vertical move-
ment of basement highs and marginal upwarps. The present-day wavelength
of the marginal upwarp-intracratonic basin paired systems ranges from 1400 to
2400 km for the equatorial marginal upwarp (Figs. 3B and 3C) to 2400-3200 km

for the Central Atlantic marginal upwarp (Figs. 3A and 3B). On the cross sections,
this pattern is disturbed toward the cratonic interior by the Hoggar or Reguibat
basement highs, which have typical wavelengths of 700-900 km.

The cross-sectional wavelength of upwarp-marginal basin paired systems
goes from 1000 to 1200 km for the equatorial domain to 1200-1600 km for the
Central Atlantic domain. Those differences in wavelength are consistent with
the width of the pre-rift (i.e., pre-Mesozoic) geological substrate exposed by the
marginal upwarps, of 400-800 km for the equatorial domain and 800-900 km
for the Central Atlantic domain. This difference may be explained by the age
difference between the two margins (with a wavelength increasing along with
thermal relaxation and stiffening of the lithosphere through time). Alterna-
tively, the fact that the equatorial margin is mostly transform controlled, and

Ye et al. | Evolution of northwestern Africa and its Atlantic margins
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therefore narrower, would also explain its shorter wavelength with respect to
that of the Central Atlantic margin.

Meso-Cenozoic series are thinner in the intracratonic basins (less than
2 km thick) than in the marginal basins (up to 5 km thick). Triassic and Jurassic
sediments are mainly preserved along the Central Atlantic margin due to Late
Triassic rifting along that margin (Figs. 3A and 3B). Lower Cretaceous postrift
deposits are much thicker along the Central Atlantic margin than along the
equatorial margin (Figs. 3C and 3D). Cenozoic sediments are thinner but cover
wider areas on the Central Atlantic margin, suggesting comparable volumes
on both margins. Cenozoic sediments are well preserved along the equatorial
Atlantic margin (up to 3 km thick), especially along its Ghana-Benin segment,
which has been partly fed by the Niger Delta located farther east (e.g., Fig. 1B).

Paleomaps

Early Jurassic (235-190 Ma): The Central Atlantic Magmatic Province
(CAMP) and the Opening of the Central Atlantic Ocean (Figure 5)

During the Early Jurassic, multiple rifts form from north to south along the
future Central Atlantic margins and inland northwestern Africa and northern
South America (e.g., Labails et al., 2010). Nonmarine sediments and salt de-
posits accumulate in these rift basins (Olsen, 1997; Brownfield and Charpentier,
2003; Davison, 2005). The extent of these deposits may have been much wider
originally, given the pervasive unconformity truncating the late synrift sedi-
ments (Olsen, 1997; Withjack et al., 1998). The Guinea-Liberia margin segment

Ye et al. | Evolution of northwestern Africa and its Atlantic margins
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Figure 10. Geological configuration of northwestern Africa, northern South America, and the equatorial and eastern Central Atlantic Ocean during the Santonian (86-84 Ma). Same conventions as

in Figure 5. Faults undergoing inversion are shown in red.

seems to experience crustal stretching at this time, given the accumulations
of aeolian sediments interbedded with basaltic lava flows reported in South
America (Figueiredo et al., 2007; Soares Junior et al., 2011). This, together with
our observations on unpublished seismic lines, suggests the occurrence of a
Central Atlantic rift branch along the future Guinea-Liberia margin segment of
the equatorial Atlantic. This rift may then have been activated during rifting of
the equatorial Atlantic domain (see below). On the continent, nonmarine sedi-
ments (mainly siltstones) are deposited in the northeasternmost part of the
study area, with paleocurrents to the N or NW (Valsardieu, 1971; Genik, 1993).
The Central Atlantic Magmatic Province (CAMP, dated at 235-185 Ma with a
peak activity at 200 Ma; Jourdan et al., 2009; Table S2 in Supplemental File 1
[see footnote 1]) affects most of the exposed domain in the form of lava flows,
sills, and dikes. Large sills may still be buried within the Taoudeni basin, as well

as onshore South American basins. Outside the CAMP, ring complexes were
emplaced in the Nigeria shield (the “Younger Granites,” dated at 213-141 Ma)
and near the Hoggar shield (dated at 215-166 Ma). Most of the northwestern
African continental domain outside the Central Atlantic rift system may have
been subjected to erosion, possibly forming a “CAMP superswell” drained by
a river system feeding a proto—-Saharan basin.

Valanginian (140-133 Ma): Pre-Rift Configuration (Figure 6)

Because seafloor spreading has been taking place since the Early Juras-
sic, the Central Atlantic domain of Africa has long reached its postrift stage
and still builds a continental shelf during the Valanginian (Dillon et al., 1988;

Ye et al. | Evolution of northwestern Africa and its Atlantic margins
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Figure 11. Geological configuration of northwestern Africa and the equatorial and eastern Central Atlantic Ocean during the Maastrichtian (72-66 Ma). Same conventions as in Figure 5.

Davison, 2005; Baby et al., 2014). Rifting takes place along the future Guinea
Plateau (Fig. 2) and its South American counterpart (the Demerara plateau),
where Valanginian synrift sediments have been reported by Gouyet (1988). In
this domain, the oldest synrift sediments have been reported as probably Neo-
comian (Berriasian to Hauterivian) by Figueiredo et al. (2007) and Zalan and
Matsuda (2007). The corner shape extensional domain near the southeastern-
most Central Atlantic Ocean is prolonged to the SE by two potential NW-trend-
ing rifts, suggesting southeastward propagation of the rift system. The first of
these two rifts initiated along the future Sierra Leone-Liberia margin segment,
potentially reactivating the structures formed during the Central Atlantic rift-
ing (Fig. 5). The second rift formed within northern South America (Cassipore
and Marajo graben; Figueiredo et al., 2007; Zalan and Matsuda, 2007). The
NE-trending Tacutu rift continues to be filled with continental sediments after
its initiation in the Late Jurassic (Vaz et al., 2007b). The future South Atlantic

domain consists in a wide rift system preserving nonmarine sediments (de
Matos, 1992; Chaboureau et al., 2013). It is mostly located in intracontinental
South America and interacts with ENE-trending transfer faults (future trans-
forms) reactivating Pan-African shear zones (e.g., Popoff, 1988).

Inintracontinental Africa, alarge alluvial basin (named hereafterthe Saharan
basin) developed. It is separated from the margins of the Central and future
equatorial Atlantic margins by a wide erosional domain. Thermochronological
data (Gunnell, 2003; Leprétre, 2015; Leprétre et al., 2015) as well as widespread
kimberlitic magmatism are consistent with uplift in this domain. According to
paleocurrent data, erosion of the upwarp fed the Saharan basin, which is, at
the time, connected to the Tethys Ocean farther north (Guiraud et al., 2005).
Magmatic activity is widespread over northern South America since the Latest
Jurassic, inside and mostly outside the rifts. River systems crossing the future
equatorial Atlantic domain may not be precluded at the time.
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Figure 12. Geological configuration of northwestern Africa and the equatorial and eastern Central Atlantic Ocean during the Late Paleocene (61-56 Ma). Same conventions as in Figure 5.

Middle Aptian (120-115): Main Rift Phase (Figure 7)

By middle Aptian, rifting affects the entire equatorial domain with
ENE-trending, dextral strike-slip faults (future transforms) and NW- to
W-trending normal faults, forming an en echelon rift system. Mafic lava flows
emplace in this rift system, as well as over intracontinental South America.
If seawater may have invaded the Guinea-Liberia margin segment from the
NW, the Ivory-Ghana and Ghana-Benin marginal basins remain under fluvial-
lacustrine sedimentation environment. In the Saharan basin, the Western and
Central rift system and the Gao rift are active and receive Barremian (?) to
Albian continental clastic sediments (Fig. 1). A nonmarine alluvial plain occu-
pies the future Benue Trough, connecting the Saharan basin to the equa-
torial rift basins. Paleocurrents indicate that this alluvial plain is at least partly
fed from the NE, suggesting tapping of sediments from the Saharan basin.

A 300-1500-km-wide erosional upwarp separates the Saharan basin from the
Central Atlantic margin and the equatorial rift system, probably feeding those
basins with clastic sediments. Aptian sediments filling up the equatorial rift
system may also come from the denudation of the exposed South American
continental surface.

Large-scale transpressional inversion structures (E-W folds and oblique-
reverse faults shown in red on the map) affect the southern margin of the
Guinea plateau (Benkhelil et al., 1995) and that of its South American counter-
part (the Demerara plateau; Gouyet, 1988; Sapin et al., 2016; Fig. 7). This inver-
sion takes place in the vicinity of the future Guinea fracture zone that separated
the two plateaus, at the junction between the Central and future equatorial
Atlantic Oceans. Shortening also affects intracontinental South America, form-
ing several EW- and NS-trending arches along sedimentary basin margins
(de Almeida et al., 1981; Soares Junior et al., 2008). Middle Aptian inversion
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Figure 13. Geological configuration of northwestern Africa and the equatorial and eastern Central Atlantic Ocean during the Oligocene (34-23 Ma). Same conventions as in Figure 5.

along the future Guinea transform was interpreted by Benkhelil et al. (1995) as
an adjustment in plate kinematics. This inversion event is recorded on a very
large scale all along the Central Atlantic margins (so-called “Austrian phase”).
We tentatively suggest that a jump to the south in the rotation pole of Africa
can explain inversion at the southern tip of the Central Atlantic domain as the
equatorial rift system started to open east of the future Guinea-Liberia margin
segment. This kinematic adjustment could explain the abandonment of the
rift system that previously propagated along NW-trending structures into the
South American continent (Fig. 6). This mid-Aptian inversion has had a major
impact on the structure of the northwesternmost equatorial oceanic litho-
sphere of the African plate. Indeed, N-S shortening has induced the eastward
converging pattern of the transforms against the Guinea fracture zone as seen
on the geologic map of the world (Bouysse, 2014; see also figure 2 in Moulin
et al., 2009).

Late Albian (107-100 Ma): Lithospheric Breakup and
Onset of Seafloor Spreading (Figure 8)

In the late Albian, new WNW-trending rifts form along the South Ameri-
can margin between the Romanche and the Saint Paul fracture zones (Soares
Junior et al., 2008, 2011). The main normal faults of the equatorial rift system
remain active. Inversion continues to affect the African margin at the junction
between the Central Atlantic and equatorial domains. Magmatism is reported
locally along the equatorial Atlantic margins. Intracontinental African rifts
ceased their activity (except the Gao rift), and a corridor of shallow-marine
anoxic seawater invades the narrow equatorial Atlantic Oceans, connecting
the Central and South Atlantic Ocean (at ca. 104 Ma; MacGregor et al., 2003;
Brownfield and Charpentier, 2006). Strike-slip and normal faulting along the
equatorial margins ends during the late Albian, as shown by an ubiquitous
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breakup unconformity. The Ivory Coast-Ghana marginal ridge (offshore Accra,
Fig. 2) is considered as the last connection between the two continents before
the ultimate breakup, which leads to seafloor spreading along the whole equa-
torial domain. The Saharan alluvial basin is still functional and drained north-
ward and westward (Valsardieu, 1971). Sinistral transtensional faulting is doc-
umented in the Benue Trough (Benkhelil, 1988; Benkhelil et al., 1998). A marine
delta forms in the middle of the Trough, connecting the Sahara basin to the
equatorial Atlantic Ocean. This delta appears to be fed from the southernmost
Saharan basin and by the South Atlantic marginal upwarp of Africa. A coastal
plain develops in a very large embayment on South America, attesting to very
low regional continental topography and slopes. The surface of exposed land
has not evolved significantly since the Aptian in northwestern Africa. The Afri-
can marginal upwarp feeds both the Saharan basin and the Atlantic margins.
From this time on, no river systems will connect Africa to South America.

Late Cenomanian (97-93 Ma): Maximum Continental Flooding (Figure 9)

The global maximum transgression during the late Cenomanian-early
Turonian flooded the Saharan basin. A “trans-Saharan seaway” connected the
Tethys Ocean, in the north, to the equatorial Atlantic Ocean, in the south (Rey-
ment, 1980; Luger, 2003), and shallow-marine brackish shales and limestones
were deposited (Dufaure et al., 1984; Zanguina et al., 1998). Thermochrono-
logical data suggest burial of the Hoggar and Reguibat shields (Rougier et al.,
2013; Leprétre et al., 2014, 2015; English et al., 2016), consistently with subsid-
ence under the “trans-Saharan seaway” and the northwestern Sahara basin. A
wide lagoonal domain formed between these two domains, which underwent
alternating transgressions and regressions (Fabre et al., 1996). In addition, ma-
rine flooding of the Sahara in the Late Cretaceous (this also applies to the
next two considered periods, i.e., Santonian and Maastrichtian; Figs. 10 and
11) consisted of episodic transgressions and regressions over a wide and very
low-relief and low-topography surface rather than of long-lasting drowning
(Rat et al., 1991). Enhanced shoreline mobility during those periods must have
led to transient and limited erosions.

The Upper Benue Trough still receives deltaic sediments mostly provided by
the South Atlantic marginal upwarp. A late Cenomanian-Turonian marine trans-
gression is recorded along the Central and equatorial Atlantic margins without
significant inland shoreline migration (Brownfield and Charpentier, 2003; Baby
et al., 2014). This transgression is documented farther inland in South America
in at least two embayments, suggesting the persistence of a very low topogra-
phy on that side of the equatorial Atlantic Ocean. Transform faults are still active
as the mid-ocean ridges migrate along the Ivory Coast-Ghana marginal ridge,
i.e., the “active transform margin” stage of Basile et al. (2005). Anticlines form
at the African tip of the Romanche and Saint Paul transform faults as a result
of transpression. The equatorial Atlantic Ocean seems to undergo restricted
bottom-water circulation as attested to by sedimentological and paleontologi-
cal evidence (black shales and Oligosteginid limestones; Dumestre and Car-
valho, 1985; Chierici, 1996; Brownfield and Charpentier, 2006).

In Africa, the area exposed to erosion does not change significantly. The
marginal upwarp is flooded north of 20°N, whereas a wider surface corre-
sponding to the Man-Leo Shield and the southern Taoudeni basin undergoes
erosion. The South Atlantic marginal upwarp feeds both the trans-Saharan
seaway and the easternmost equatorial margin of Africa through the Benue
delta. The occurrence of a continental alluvial plain east of the Benue delta
could suggest the occurrence of a river system large enough to provide sedi-
ments from Central or East Africa to the delta.

Santonian (86-84 Ma): Regional Tectonic Inversion (Figure 10)

During the Santonian, sinistral transpression leads to the inversion of the
Benue Trough, producing regional folds and schistosities and forming a moun-
tain range that recorded ~12 km of shortening (Benkhelil and Guiraud, 1980;
Benkhelil, 1987, 1988; Benkhelil et al., 1988). The shortening direction varies
from N to NW. Transpressional structures are also documented in the Western
and Central rift system (Guiraud and Bosworth, 1997) associated with shal-
low-marine sediments deposited during inversion. A narrow seaway of the
Tethys floods the Western and Central rift system. This seaway is probably
bounded by lagoonal environments to the west (Fabre et al., 1996). Thermo-
chronological data suggest that the Hoggar shield remains buried at the time.

Seismic stratigraphy of the equatorial Atlantic margins argues for more than
200 m of relative sea-level fall during the considered time interval (this work).
Considering the fact that the period corresponds to a long-term high eustatic
level, the locally observed base-level fall may only be explained by an uplift of
the margin. The Santonian sedimentary hiatus documented along the Sierra
Leone-Liberia margin segment also indicates uplift and erosion at that time. Fur-
thermore, vitrinite reflectance data from boreholes along the equatorial Atlantic
margin indicate at least 400-500 m of erosion during the Late Cretaceous, which
may be related to that same event. Transform-controlled anticlines continue to
grow along the Ghana-Benin margin segment. Reactivation of the Romanche
transform fault leads to over 1 km of erosion on the Ivory Coast-Ghana marginal
ridge (Figs. 1 and 9) during the Late Cretaceous (unpublished vitrinite reflectance
data). In northwestern Africa, the area exposed to erosion has grown signifi-
cantly, suggesting a very long wavelength uplift that could be, partially or totally,
related to the inversion event. This eroding domain is very wide and continuous,
from the South Atlantic margin to the Reguibat shield.

Maastrichtian (72-66 Ma): Brief Continental Flooding and
Re-Establishment of the Trans-Saharan Seaway (Figure 11)

During the Maastrichtian, a marine transgression also briefly flooded West
Africa. Marine sediments interbedded within brackish-water deposits are
preserved east of the subsiding Hoggar shield. The trans-Saharan seaway is
nonetheless probably re-established, as suggested by the faunal similarities
between the equatorial Atlantic Ocean and the trans-Saharan seaway (Rey-
ment, 1980; Luger, 2003). It is likely that the connection is made through the
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Bida rift, which began to form in the Campanian and continues to develop
during the Maastrichtian under shallow-marine environment (Kogbe et al.,
1983; Akande et al., 2005; Ojo and Akande, 2009). Transgression is also re-
corded on the Ivory Coast-Ghana and Ghana-Benin margin segments by the
flooding of the coastal basins.

The Western and Central rift system is reactivated in extension and accom-
modates the deposition of alluvial sandstones (Zanguina et al., 1998). Over-
feeding of the rifts may explain the change from marine to continental depo-
sitional environments, even though more accommodation space is created by
fault reactivation. The eastern shoreline of the trans-Saharan seaway was most
likely mobile during the considered period and may have been associated with
transient erosion at the Hoggar and Nigerian shield areas.

Folding is probably still active in the Upper Benue Trough, resulting in a
Maastrichtian unconformity (Benkhelil, 1982). Reactivation of folding at the
African tip of the Romanche transform fault is also documented. Regional de-
formation seems to result from W- to WNW-directed extension (and potentially
shortening normal to that direction). Magmatism only affects the Lower Benue
Trough and the adjoining Cameroun Line (Fig. 1B). Transgression leads to a
slight reduction of the erosional area, by flooding of the Nigerian shield area
and part of the Saharan domain. The installation of large deltaic systems along
the Central Atlantic coast could suggest drainage reorganization and/or up-
warping of that margin. The Western and Central rift system could still be fed
by distant source areas to the east of Chad Basin.

Late Paleocene (61-56 Ma): Last Flooding and
Intense Continental Weathering (Figure 12)

A last transgression affected northwestern Africa during the Paleocene, and
inland shoreline migration has been documented along the Central and equa-
torial Atlantic margins. Marine limestones and shales were deposited in the
coastal basins (Davison, 2005; Brownfield and Charpentier, 2006), as well as
in the Saharan basin, recording southward transgression of the Tethys onto
the location of the former trans-Saharan seaway, although without reaching
the equatorial Atlantic Ocean. Extension in the Western and Central rift sys-
tem stopped, and Chad Basin underwent long-wavelength subsidence and was
filled by fluvial sediments. Shoreline migration and potential associated erosion
may still take place on the western margin of the Chad alluvial plain system.

No major faulting is documented over the study area. Intense weathering is
favored by peak greenhouse climate, allowing bauxites to develop all emerged
lands (Beauvais and Chardon, 2013; Chardon et al., 2016). The preservation of
bauxites over the Nigerian shield and the Bida rift (Valeton, 1991) precludes
the connection between the equatorial Atlantic Ocean and the Tethys (Chardon
et al., 2016). Because continental chemical weathering is favored, correlative
carbonates and phosphates are found in all West African basins, and clastic
fluxes through the river systems are subdued (e.g., Lang et al., 1990; Valeton,
1991; Johnson et al., 2000). The size of the erosional domain did not evolve
significantly and a continuous marginal upwarp was re-installed.

Oligocene (34-23 Ma): Development of Basin-and-Swell
Topography (Figure 13)

Volcanism developed on the African plate from the Late Eocene onward
at various locations outside the West African craton. On the Hoggar shield
and along the Cameroon line, the volcanism is interpreted as “hotspot” re-
lated (Ait-Hamou and Dautria, 1994; Liégois et al., 2005; Ait-Hamou, 2006;
Ngako et al., 2006; Table S2 in Supplemental Item 1 [see footnote 1]). Tem-
perature-time paths of apatites suggest that the Hoggar shield underwent
exhumation since the Late Eocene (40-30 Ma; Rougier et al., 2013; English
et al., 2016). The products of its erosion are emplaced as mega fans of the
“Continental Terminal” around the uplifting massif (Chardon et al., 2016).
Doming of the Hoggar shield led to the individualization of the present-day
intracontinental basins of northwestern Africa by fragmentation of a single
large Saharan basin into the Taoudeni, South Algerian, Murzuq, Chad, and
lullemmeden basins. This fragmentation contributed to the development of
the “basin-and-swell” topography of the continent (Burke, 1996). This also
triggered definitive retreat of the sea from the continent and a major drain-
age reorganization, which led to the establishment of the modern river net-
work during the Early Oligocene, allowing, in particular, for the building of the
Niger delta (Chardon et al., 2016). Numerous canyons incised the shelf and
slopes of the equatorial and South Atlantic margins of Africa, starting in the
late Early Oligocene (Simon and Amakou, 1984; Burke, 1996; Seranne and Nze
Abeigne, 1999; this study). This major unconformity may be tentatively linked
to continental-scale uplift accompanying the development of the basin-and-
swell topography (Burke et al., 2003). Some authors suggest that the Western
and Central rift system reactivated in the Eocene-Early Oligocene, allowing
for the deposition of fluvial-lacustrine sediments (Genik, 1992, 1993; Zanguina
et al., 1998). A phase of lateralization affected the entire subregion until Lat-
est Oligocene (Chardon et al., 2016). No sediment accumulated on the conti-
nent from that time on, except in the Chad Basin, which continued to subside
during the Neogene (Burke, 1976).

H DISCUSSION
Rifting and Large-Scale Kinematics

Our reconstruction of the rifting stage (120-115 Ma; Fig. 7) shows that the
network formed by the equatorial rift system and the intracontinental African
rifts subdivided the continent areas into seven microplates (Fig. 14). This con-
figuration allowed for refining the kinematic framework for Early Cretaceous
rifting, which is usually based on a four-microplate model (South America,
NW Africa or Western block, Arabian-Nubian block, and South Africa or austral
block; Guiraud and Maurin, 1992; Maurin and Guiraud, 1993). In the present
work, microplates are defined as continental domains without detectable fault-
ing or continuous deformation, which are bounded by corridors of tectonic
structures (rifts and transcurrent faults) active during the main rift phase (Figs.
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Figure 14. Microplate model for northwest-
ern Africa and adjoining northern South
America during Aptian rifting (the model
corresponds to the reconstruction shown
in Fig. 7, at 115 Ma). Six microplates are
distinguished in intracontinental Africa.
Open circles are the localities from Figures
1and 2B.

7 and 14). Those blocks, with the exception of South America (microplate 7),
remained apparently undeformed during the entire Meso-Cenozoic.

A central microplate 1 (Leo-Man and Nigerian shields) is bounded to the
south by the en echelon equatorial rift system and to the NE by the Gao-Bida
rift system (Figs. 1B and 14). Its northwestern limit is a transfer fault system,
which includes the Nara and Amded rifts (Fig. 14). This fault system may
be seen as an intracontinental extension of the Guinea-Demerara plateaus
bounding fault (i.e., the future Guinea transform), which will mark the bound-
ary between the Central and the equatorial Atlantic domains. To the north,
microplate 2 represents the African continental lithosphere of Central Atlantic
affinity. Microplate 3 accommodates NE-directed extension between micro-
plate 1 and the Arabian-Nubian plate (microplate 4) drifting northeastward
(Fig. 14). Microplate 5 (Benue block) occupies an intermediate position be-
tween microplates 1, 3, 4, 6 (Austral block), and 7, and has therefore a complex
behavior given the kinematic incompatibilities it must absorb along its various
boundaries. Nevertheless, microtectonic data that support sinistral and dextral
slip along its northern and southern boundaries, respectively (Benkhelil, 1988),

could suggest escape of that block toward the ENE, in the direction of relative
displacement of the Arabian-Nubian block (microplate 4; Fig. 14).

Our study also shows that the rifting history of the equatorial Atlantic
domain does not result from a simple combination of coeval dextral strike-
slip and normal faulting at the scale of the whole margins (Fig. 15). The
Ivory Coast-Ghana and Ghana-Benin margin segments were rifted during
the Barremian—Albian. The Guinea-Liberia margin segment was rifted earlier
because it formed in a weakness zone corresponding to an earlier Jurassic
rift (or aulacogen) of the Central Atlantic Ocean (Figs. 5 and 15A). The South
American rift pattern is more complex than its African counterpart. This
is due to the early propagation of a Guinea-Liberia rift system into South
America (Fig. 15A) and to the presence of the Sao Luis craton (Klein and
Moura, 2008) that acted as a rheological lithospheric heterogeneity (Fig.
15B). Mantle exhumation and/or seafloor spreading initiated at an early
time in isolated patches even if rifting remained active (Figs. 8 and 15B).
Those newly formed isolated “ocean basins” evolved under restricted water
circulation during the Albian-Cenomanian, as attested to by foraminiferal
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communities typical of euxinic conditions and the absence of benthic
foraminifera, as well as the occurrence of black shales indicative of reducing
environments. Restriction of water circulation may be interpreted to result
from the potential barrier effect of the transform-related marginal ridges
(Figs.10 and 15C). The African equatorial margin acquired its segmentation
only after final continental breakup in the late Albian (Fig. 15C), which took
place along the Ivory Coast-Ghana marginal ridge (Fig. 15C). Our new synrift
fault map pattern requires the integration of a wide zone of synrift continen-
tal deformation to reconstruct a pre-opening fit between Africa and South
America (Fig. 15C). Our fit is significantly different from that based on the
correlation of magnetic lineaments and transforms across the equatorial At-
lantic Ocean (Moulin et al., 2009), which implies a much narrower (of up to
300 km) gap between the two continents (Fig. 15C).

Long-Wavelength Deformation, Marginal Upwarps,
and Sedimentary Basins

Our work suggests the repeated or sustained occurrence of erosional mar-
ginal upwarp(s) between intracratonic and marginal basins around northwest-
ern Africa. Figure 16 shows a stack of the limits (minimum extension) of the
sedimentation areas from the Early Jurassic to the Oligocene over intraconti-
nental Africa (compiled from Figs. 5-13). This allows visualizing the evolving
shape and size of the maximum erosional areas associated with marginal up-
warp(s) through time. Four upwarp segments with contrasted exposure histo-
ries may be distinguished (Fig. 16).

The largest and widest upwarp segment (l) coincides roughly with the
present-day exposure of the Leo-Man shield. It is 1000 to 1400 km wide and
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Figure 16. Synthetic paleogeographic map of northwestern Africa showing the evolving positions of shorelines (solid lines) or minimum extent of nonmarine
sedimentary deposits (dashed lines) through the Meso-Cenozoic (from Figs. 5-13). Depositional areas are filled with levels of gray. Darker zones represent lon-
ger-lived depositional and/or sediment preservation area. Four segments (I to V) of the marginal upwarp are distinguished on the basis of their exposure and/or

flooding histories (see text for further explanation).
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may have undergone continuous erosion since the Triassic. The very long
wavelength of that upwarp segment (>1500 km) suggests an asthenospheric
control and limited influence of the continental margin’s evolution, which is
expected to produce deformation with much shorter flexure-related wave-
lengths. All the kimberlites documented in West Africa are located within
segment |. Emplacement of the Leo-Man shield kimberlitic province between
150 and 135 Ma (Fig. 6) likely impacted the chemical and physical nature
of the lithospheric mantle. This may have provided enough buoyancy for
sustaining emersion of that region (see also, for instance, Ault et al., 2015).
Upwarp segment Il, along the southeastern edge of the Reguibat shield,
has a NE trend, is narrower (300-700 km; Fig. 16), and has been flooded
at least once. Given its trend parallel to the Reguibat shield, segment Il
is likely an expression of the vertical movement history of this basement
high. Leprétre (2015) and Leprétre et al. (2015) suggested that the Reguibat
shield underwent repeated upwarping during the Mesozoic in response to
plate-boundary forces. Upwarp segment lll is north trending (i.e., parallel
to the coast) and narrow (400-450 km). It encompasses the Mauritanides
mobile belt and the western fringe of the Taoudeni basin (Figs. 2 and 16)
and may have been episodically flooded during the Mesozoic. It most likely
reflects the long-term evolution of the Senegalese segment of the Central
Atlantic margin. The last upwarp segment (IV) relates to the South Atlantic
margin. Its considerable width (up to more than 500 km) and the uplift it has
undergone during the Neogene (Guillocheau et al., 2015) suggest at least a
recent mantle support.

Rouby et al. (2013) have shown that flexure-related rift shoulders of a
passive margin are often eroded away 10-20 m.y. after the onset of rifting
and therefore cannot explain the persistence of those upwarps for more
than 100 m.y. On the other hand, Gilchrist and Summerfield (1990) have
shown that denudational flexural isostasy of the seaward slope of upwarps
could sustain marginal upwarp topography over long periods. However,
flexurally sustained upwarps have wavelengths of a few hundreds of km and
cannot explain the >1000 km width of the northwestern African upwarps. To
summarize, the documented marginal upwarps are somehow linked to the
formation and/or the long-term evolution of the continental margins around
northwestern Africa. But their width and/or its evolution through time sug-
gest asthenosphere dynamics or lithosphere-asthenosphere interactions
were involved in their maintenance or rejuvenation over long geologic
time scales.

The spatial resolution of our database does not allow imaging erosion
and/or deposition at the scale of the individual rifts of the Early Cretaceous rift
system (Fig. 14). In other words, rift shoulders are too narrow to be mapped,
although they likely formed topographic massifs and/or escarpments at the
time of rifting. Nonetheless, the contribution of these rift shoulders in terms
of eroded or deposited volumes is likely small compared to that of long-wave-
length upwarps (Fig. 16). Indeed, rift shoulders would typically generate 1 km
of tectonic relief along strips a few tens of km wide, whereas upwarps undergo
hundreds of meters of denudation over 500- to 1500-km-wide areas (Fig.
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16). Considering a period of 20 m.y. (typical lifetime of rift shoulder relief), a
1000-km-long and 1000-km-wide upwarp would provide 4 x 10° km? of clastic
sediments if eroded at 10 m/m.y. Total erosion of a 1-km-high, 50-km-wide rift
shoulder of the same length would produce only 5 x 10* km?® of sediments.
Because upwarps were eroded at ~10 m/m.y. over more than 100 m.y., the
contribution of rift shoulders to the total erosion and/or deposition budget of
northwestern Africa would be negligible with respect to that of its marginal
upwarp(s).

Implications for Paleogeographic and Source-to-Sink Studies

Marginal upwarp segments therefore constitute long-lived source areas
for clastic sediments feeding the basins. However, beyond the two Paleogene
time steps (Figs. 12 and 13), the past river networks and continental divides
may not be reconstructed. Nonetheless, the present work has important im-
plications for key issues in the understanding of paired shield-passive margin
source-to-sink systems. Our reconstructions indeed suggest that river systems
draining the upwarp(s) fed both the intracratonic Saharan basin and the Cen-
tral and equatorial Atlantic margins since at least the rifting. The source-to-
sink sediment budget of marginal upwarp should therefore consider both the
margin and—potentially distant—intracratonic sinks, be they marine or conti-
nental. Given that the Saharan basin was an embayment of the Tethys Ocean
located north of the study area, remobilization and northward transport of
intracratonic Saharan sediments have occurred. Furthermore, our reconstruc-
tions indicate that Meso-Cenozoic sediments have been tapped from the intra-
cratonic basin and transported to the margin basins by rivers cutting across
upwarp(s). This implies that intracratonic basins act as transient sediment res-
ervoirs (i.e., sinks) that must be taken into account for source-to-sink investiga-
tions of marginal upwarps and large intracontinental sedimentary systems in
general. This issue is further amplified by the late Paleogene upheaval of the
Saharan basin as a consequence of hotspot swell growth (Fig. 3D), which ren-
ders actual assessment of Mesozoic intracratonic sedimentary accumulation
history uncertain. Despite these complications, our study is the first to provide
ways to assess the past areal extent of erosional marginal upwarps, which
may be used to estimate volumetric erosional export of such upwarps using
long-term denudation laws such as those calibrated by Beauvais and Chardon
(2013) or Grimaud et al. (2014, 2015).

As a result of long-wavelength lithospheric deformation and coeval ero-
sion, the current West African intracratonic basins are only residual fragments
of a large Saharan basin that once covered up to two-thirds of the pre-Meso-
zoic continental substrate of northwestern Africa. Therefore, those basins
should not be studied as separate entities. Likewise, our study shows that the
Hoggar shield, which was considered by most authors as a large topographic
massif since the early Mesozoic (e.g., Guiraud et al., 2005), effectively emerged
only in the Late Eocene (Figs. 5-13). This emersion is the result of the bursting,
distortion, and erosion of the Saharan basin by the Hoggar hotspot swell.

Evolution of northwestern Africa and its Atlantic margins
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M CONCLUSION

The construction of Meso-Cenozoic geological paleomaps allows reassess-
ing the opening mode of the equatorial Atlantic Ocean and linking the struc-
tural, erosional, and sedimentary history of its African continental margins to
that of their hinterland. Such a work has implications for the understanding of
the coupling between long-wavelength deformation of a continent and sedi-
ment routing processes over paired shield continental margin systems.

Oblique rifting of the equatorial Atlantic domain started in the Valanginian
(140-133 Ma), following plate reorganization and abandonment of a western
rift system that was propagating from the Central Atlantic Ocean into northern
South America. The equatorial Atlantic rift system propagated eastward as an
en echelon pattern of alternating dextral strike-slip and normal faults until the
Aptian (ca. 113 Ma). The rift system was connected to an inland rift network
under an overall regime of NE-SW extension in present-day coordinates. The
whole rift-transform system fragmented northwestern Africa into six micro-
plates, and we propose a new synrift kinematic model refining the pre-opening
fit of Africa and North America.

The geological reconstructions reveal the persistent or renewed occurrence
of eroding upwarps along the African continental margins that provided sedi-
ments both for the margin basins and for a very large, persistent intracratonic
basin. But as an embayment of the Tethys Sea, such a basin acted as a tran-
sient sediment reservoir because the products of its erosion were transferred
both to the Tethys (by north-flowing rivers) and the equatorial Atlantic Ocean
(by rivers crossing the marginal upwarp[s]). The source-to-sink investigation
of the paired shield-continental margin system is further complicated by late
Paleogene upheaval of the intracratonic basin as a result of the growth of a
hotspot swells that led to the distortion and further erosion of its Meso-Ceno-
zoic sediments. Upheaval resulted in the fragmentation of the intracratonic
basin into smaller residual basins, whose pre-hotspot evolution should not
be considered separately from one another. Hotspot-swell growth triggered a
major reorganization of both the continental area and its margins in the Early
Oligocene as has the northwestern African source-to-sink system.
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