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Abstract west African drainage reorganization during Cretaceous opening of the Atlantic Ocean is deci-
phered here from geochemical provenance studies of Central Atlantic sediments. Changes in the geochemi-
cal signature of marine sediments are reflected in major and trace element concentrations and strontium-
neodymium radiogenic isotopic compositions of Cretaceous sedimentary rocks from eight Deep Sea Drilling
Project (DSDP) sites and one exploration well. Homogeneous major and trace element compositions over
time indicate sources with average upper (continental) crust signatures. However, detailed information on
the ages of these sources is revealed by neodymium isotopes (expressed as eNd). The eNd(0) values from
the DSDP sites show a three-step decrease during the Late Cretaceous: (1) the Albian-Middle Cenomanian
eNd(0) values are heterogeneous (-5.5 to —14.9) reflecting the existence of at least three subdrainage
basins with distinct sedimentary sources (Hercynian/Paleozoic, Precambrian, and mixed Precambrian/Paleo-
z0ic); (2) during the Late Cenomanian-Turonian interval, eNd(0) values become homogeneous in the deep-
water basin (-10.3 to —12.4), showing a negative shift of 2 epsilon units interpreted as an increasing
contribution of Precambrian inputs; (3) this negative shift continues in the Campanian-Maastrichtian

(eNd(0) = —15), indicating that Precambrian sources became dominant. These provenance changes are
hypothesized to be related to the opening of the South and Equatorial Atlantic Ocean, coincident with tec-
tonic uplift of the continental margin triggered by Africa-Europe convergence. Finally, the difference
between eyg(g)values of Cretaceous sediments from the Senegal continental shelf and from the deepwater
basins suggests that ocean currents prevented detrital material from the Mauritanides reaching deepwater
areas.

1. Introduction

Geodynamic cycles of several hundreds of million years, known as Wilson cycles (Wilson, 1968), have driven
the accretion and breakup of continents and lithosphere since ~3 billion years ago (Ga; Shirey & Richardson,
2011). The stretching and thinning of continental lithosphere related to heat transfer in the mantle leads to
magmatic activity and rifting, which can potentially evolve toward plate separation and the formation of
oceanic crust (Dewey & Burke, 1974; Sengor & Burke, 1978). Conversely, plate convergence results in oceanic
closure and continental collisions, which ultimately lead to the assembly of supercontinents (Dewey et al.,
1986; Valentine & Moores, 1970). Due to their structural and metamorphic history, old and stable cratonic
domains represent the archives of this geodynamic evolution because intra and pericratonic basins record
the sedimentation and erosion associated with each cycle of divergence and convergence. The West African
Craton (WAC, Figure 1a) is one of the best examples of sedimentary archives that reflect geodynamic events
since it shows a continuous record of successive Wilson cycles since the Paleoproterozoic (Burke et al.,
1976).

One way to reconstruct the denudation history of cratons is to determine the provenance of well-dated sili-
ciclastic sediments deposited in peripheral marginal basins. Any modification in clastic sediment sources
will reflect changes in paleorelief, drainage configuration, as well as sediment transport associated with
large-scale tectonic processes (e.g., Clift & Blusztajn, 2005). To supplement classic petrographic approaches
based mainly on sand or coarser fractions (e.g., heavy mineral counting; Garzanti et al.,, 2007), geochemical
provenance proxies are often used, these include major and trace elements (including rare earth element
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Figure 1. (a) Location of study area in its Cretaceous paleogeographical context (Torsvik et al. 2012). The red rectangle indicates position of area shown on Figure
1b. (b) Main geological units of the West African Craton (WAC) and location of studied boreholes including the exploration well CM1, DSDP leg 41 sites 367, 368,
369, 370, leg 50 sites 415A, 416, and leg 14 site 137 (white circles). Source ages are simplified from Milesi et al. (2010). Colored squares represent localities with
published eng() data compiled in our database of potential sources. Colors indicate the average enq(o) values of sedimentary rocks for each locality (supporting
information Table S1). (c) Averages and standard deviations of eyq(o) values for the four main sources. The color-coded scale indicates the range of eyq(g) values
from radiogenic in red to very unradiogenic in purple. n refers to the total number of available values. Data from Hercynian orogenic belts include values from the
Moroccan Meseta, Anti-Atlas and High-Atlas, as well as the Bassarides, Souttoufides, Mauritanides, and Rokelides. MO, Morocco; Sen, Senegal; Ma, Mauritania;
CAMP, Central Atlantic Magmatic Province.

[REE] concentrations), uranium-lead (U-Pb) dating of detrital zircons and strontium (Sr)-neodymium (Nd) iso-
topic composition of detrital fractions. The results of these methods can be biased by the effect of grain-
size/mineralogical sorting during transport and deposition that may control the geochemical composition
of the sediments (Bouchez et al., 2011; McLennan et al., 1993; Roddaz et al., 2014). Despite the robustness
of the U-Pb zircon dating method (Fedo et al., 2003), this mineral is usually extracted from medium-to-
coarse grained sandstones, which are more sensitive to sedimentary sorting than fine-grained sediments
(McLennan et al., 1993). By contrast, the Nd isotope compositions of the sediment fine fraction (<63 pm)
are not biased by grain-size sorting, allowing to establish a complete integration of drainage pathways from
the most distant cratonic areas to oceanic basins (Goldstein et al.,, 1984; Patchett et al., 1999). This isotopic
provenance approach may be suitable to determine the Cretaceous denudation history of the WAC because
the lithogenic sediments are inherited from geological units with distinct radiogenic isotope signatures
according to their age and composition (Boher et al., 1992; Deckart et al., 2005; Essaifi et al., 2014; Gasquet
et al,, 1992). Such a method has been successfully applied to trace the source of modern sediments depos-
ited in the eastern Central Atlantic Ocean (Bayon et al.,, 2015; Grousset et al., 1998; Meyer et al., 2011). How-
ever, few studies have applied this method to characterize changes in sedimentary provenance during the
major geodynamic events recorded in the WAC (Ali et al, 2014; Asiedu et al.,, 2005; Roddaz et al,, 2007),
especially during the Cretaceous phase of extension and opening of the Atlantic Ocean.

Here we determine the provenance of siliciclastic sediments deposited in the eastern Central Atlantic Ocean
during the Cretaceous. Our study is based on major and trace element analyses and Sr-Nd isotopic data of
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43 samples of clay-rich sedimentary rocks from eight DSDP sites along the Northwest African Margin and
one exploration borehole (CM1, Figure 1b). We document major changes in the provenance of Atlantic sedi-
ments resulting from a large-scale reorganization of Northwest Africa drainage pathways during the
Cretaceous.

2. Geological Setting and Sediment Sources

2.1. Geological Setting

The WAC consists of two Archaean and Paleoproterozoic shields, namely the Reguibat Shield to the North
and the Leo-Man Shield to the South (Figure 1b), which were merged together (along with the Amazonian
Craton) during the Paleoproterozoic Eburnean Orogeny (Ledru et al., 1994; Villeneuve & Cornée, 1994; Zhao
et al,, 2002). The earliest erosion of the WAC is recorded in the thick Precambrian sedimentary succession of
the Taoudeni Basin, which separates the two shields (Milesi et al., 2010). Younger collision phases are also
well identified on the craton borders (Figure 1b), corresponding to the Panafrican Orogeny toward the East
which is a remnant of the Late Neoproterozoic to Early Cambrian collision with the Saharan and Congo cra-
tons during the Gondwana assembly (Torsvik & Cocks, 2013, and references therein). Toward the West, the
Hercynian Belts (represented by the Mauritanides, Souttoufides, Bassarides, Anti-Atlas, and Meseta chains)
result from the formation of Pangea around 300 Ma (Drake, 1976; Villeneuve et al., 1993; Wegener, 1915).
Associated with these episodes, the Tindouf Basin, the Bowe Basin, the Senegal-Mauritania Basin, and the
internal parts of the Taoudeni Basin record the erosion of Paleozoic massifs (Figure 1b). Finally, the breakup
of Pangea is characterized by a major episode of tholeiitic volcanism in the Central Atlantic Magmatic Prov-
ince (CAMP) at 200 Ma (Marzoli et al., 1999; Olsen, 1999). This predates the opening of the Central Atlantic
Ocean at ~185 Ma (Labails et al., 2010; Le Pichon, 1968; Torsvik et al., 2008), followed by the formation of
the Equatorial Atlantic Ocean from 100 to 80 Ma (Binks & Fairhead, 1992; Sibuet & Mascle, 1978). These
Mesozoic events, implying a long-wavelength extensional regime with compressive stress and vertical
movements (Guiraud & Bosworth, 1997; Leprétre et al.,, 2015), are associated with sedimentary deltas and
deep-sea fan deposits corresponding to clastic supply from the WAC to the Northwest African Margin and
the deepwater basin (Davison, 2005; Emery & Uchupi, 1984).

2.2. Sediment Sources

To characterize the sedimentary sources of the Cretaceous sediments deposited in the eastern Central
Atlantic Ocean, we use a compilation of 794 published Sr and Nd isotope values measured on sedimentary
and magmatic rocks of the WAC (supporting information Table S1, Ajaji et al.,, 1998; Ali et al., 2014; Allegre
et al, 1981; Asiedu et al., 2005; Azzouni-Sekkal et al., 2003; Bea et al., 2013, 2015; Blanc et al., 1992; Boher
et al,, 1992; Deckart et al., 2005; Dia et al., 1997; D’Lemos et al., 2006; Dupuy et al., 1988; El Baghdadi et al.,
2003; Ennih & Liégeois, 2008; Errami et al., 2009; Essaifi et al., 2014; Fullgraf et al., 2013; Gasquet et al., 1992,
2003; Jakubowicz et al., 2015; Key et al., 2008; Kouamelan et al., 1997; Le Goff et al., 2001; Meyer et al., 2011;
Montero et al,, 2014; Othman et al., 1984; Pawlig et al, 2006; Peucat et al., 2005; Potrel et al., 1998; Roddaz
et al, 2007; Samson et al., 2004; Schaltegger et al, 1994; Schoepfer et al., 2015; Soumaila et al.,, 2008;
Mohammed et al., 2015; Tahiri et al., 2010; Taylor et al., 1992; Thomas et al., 2002; Toummite et al., 2013;
Verati et al.,, 2005). This database allows a comprehensive picture of differences in the isotopic composition
of the main geological units present in the WAC (Figure 1c). Four end-members with characteristic Nd iso-
tope signatures are defined according to age and geographical position. These include the Precambrian
Reguibat Shield, the Precambrian Leo-Man Shield, the Paleozoic Hercynian domains, and the CAMP volcanic
rocks, whose average eng() Values and standard deviations correspond to —27.8+9.2, —17.9+10.3,
—5.6 = 6.5, and —0.7 = 3.6, respectively. In comparison, modern Central Atlantic detritus yields enq(o) values
between —16 and —12 (mean value: —13.8 = 1.5). With the exception of the CAMP rocks, these potential
sources display a great scattering of 3”Sr/%Sr values (supporting information Table S1), meaning that these
isotopic compositions are less useful to reconstruct sedimentary provenances in the WAC.

3. Materials and Methods

3.1. Sampling
Forty-three Cretaceous fine-grained sedimentary rocks (i.e., shales and claystones) were sampled from
cores recovered at eight DSDP sites along the Northwest African Margin and from one exploration well
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Figure 2. Stratigraphic framework, eng), ¥ Sr/2°Sr, '*Croc, and CIA values of core samples from DSDP sites 367, 368, 369, 415A, 370, 137, 138, and 416 located in
deepwater environments of the eastern Central Atlantic Ocean. Age uncertainties are indicated by grey vertical lines. Absence of a vertical line means that the
uncertainty is less than the size of the symbol.

(Figure 1b). With the exception of well CM1 located on the continental shelf, the sedimentary rocks from
the DSDP sites were deposited in deep pelagic environments occasionally influenced by distal turbidity cur-
rents (Jansa et al., 1978). Samples from DSDP sites were dated according to the biostratigraphical scheme
defined for each DSDP site (Cepek, 1978; Cool et al., 2008; Foreman, 1978; Hayes et al., 1972; Lancelot et al,,
1978; Lancelot & Winterer, 1980; Pflaumann & Cepek, 1982; Williams, 1978). The time resolution of samples
is at the substage level (i.e., ~2 to 3 Ma) for the Late Albian-Turonian interval and at the stage level (i.e., ~5
to 10 Ma) for other intervals, which is sufficient to identify long-term trends in sedimentary provenance (Fig-
ure 2). To reassess the age of these samples, we compare their §'>Croc values (Total Organic Carbon: TOC)
against isotopic trends from the literature (Bodin et al.,, 2015; Friedrich et al.,, 2012). Eight shale samples
from the Casamance-M — 1 exploration well (CM1, Figure 1b) were analyzed to obtain comparative data
from a shelf paleoenvironment.

3.2. Bulk Organic Geochemical Analysis

The TOC contents of sediments and their stable carbon isotopic compositions (9'*Croc) were analyzed at
the University of Hanyang (South Korea). Precisely weighed aliquots (0.5-16 g) of crushed and homoge-
nized samples were decalcified by adding about 8 mL of 1 M HCI. After shaking overnight (~12 h) to
remove carbonates prior to analysis, the TOC content and §'*Croc values were determined by EA-IRMS (ele-
mental analyzer-isotope ratio mass spectrometry, EuroEA-Isoprime IRMS, GV instruments, UK). The TOC con-
tent and isotope values were calibrated against a standard (IAEA-CH-6, TOC = 42.1%, 6'3C = —10.44%,). The
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analyses were performed at least in duplicate. The TOC data are given in weight percentage (wt %) and the
8"3Croc values are reported in the standard delta notation relative to the Vienna Pee Dee Belemnite (VPDB)
standard. The analytical precision (as standard deviation for repeated measurements of the internal stan-
dard IAEA-CH-6, n = 18) is 1.1 wt % for TOC and 0.2%, for 6">Croc.

3.3. Major and Trace Elements and Sr-Nd Isotopes

3.3.1. Sample Preparation

Each sample was finely crushed in an agate mortar. About 3 g of the crushed sediment were placed into
50 mL centrifuge tubes for sequential leaching to remove the nonterrigenous sedimentary components
following the method of Bayon et al. (2002). Three different solutions composed of 5% acetic acid, 15%
acetic acid and hydroxylamine hydrochloride (0.05 M), and hydrogen peroxide (H,0,, 5%) were then
added to remove the carbonates, Fe-Mn oxides and organic carbon, respectively. After the removal of
nonterrigenous components, the residual fractions were cleaned with ultrapure water (MQ-H,0, 18 MQ).
Clayey (<2 um) and silty (2-63 pm) fractions were then separated by centrifugation in two steps. First,
25 mL of MQ-H,0 was added to the detrital residues in the tubes, shaken vigorously, and then centri-
fuged for 2 min at 1,000 rpm (133 g). The clay-rich supernatants were immediately transferred into new
50 mL centrifuge tubes. Another 25 mL of MQ-H,0 was added to silt-rich detrital residues, mixed thor-
oughly again, centrifuged for 2.5 min at 800 rpm (85 g), and transferred into corresponding centrifuge
tubes. Finally, clay-size fractions were collected after decantation (48 h) and centrifugation at 3,500 rpm
(1,6309).

3.3.2. Major and Trace Element Analyses

The major and trace element concentrations were measured at the Service d'Analyse des Roches et
Minéraux (SARM, INSU facility, Vandoeuvre-Les-Nancy, France) by ICP-OES (Na, Mg, K, Ca, Sc, Ti, Mn, Fe, Al,
Si, and P) and ICP-MS (Rb, Cs, Ba, Sr, Th, U, Y, Zr, Nb, Hf, Cr, V, Co, Cu, Ni, Zn, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu, and Ta) after alkali fusion. Analytical details are available on http://helium.crpg.cnrs-
nancy.fr/SARM/ and in Carignan et al. (2001). Uncertainties are lower than 5% for elements measured by
ICP-OES, and lower than 10% for elements measured by ICP-MS (see supporting information Table S2).
3.3.3. Nd-Sr Isotopes Compositions

The Nd-Sr isotopic compositions were measured at Géosciences Environnement Toulouse (GET) in France.
About 100 mg of the leached detrital residue fractions were accurately weighted in cleaned Savillex PFA
vials and then digested by several hot acid attacks. The analyzed fractions were firstly digested in hydro-
gen peroxide for 24 h at ambient temperature, and then digested in HNO3 for 24 h at 80°C followed by
HF-HNO; for 24 h at 80°C, and, finally HCI + HNO; for 24 h at 115°C. Blank tests were performed to esti-
mate the level of contamination induced by the acid digestion, but it was found to be negligible. Aliquots
containing about 1,000 ng of Sr and Nd were loaded into the ion exchange columns. Strontium and Nd
were separated using the Sr-SPEC, TRU-SPEC and LN-SPEC resins (Eichrom). The isotopic values of both
elements were measured using a Finnigan Mat 261 thermal ionization mass spectrometer and a Triton
Thermal lonization Mass Spectrometer in dynamic mode. During the Nd runs, a "**Nd/"**Nd ratio of
0.7219 was used to correct the signal for mass fractionation. For each sample, checks were made for the
absence of samarium (Sm). The accuracy of the measurements was estimated on the Université de Ren-
nes 1 standard for Nd (0.511961 = 14). This value was calibrated relative to the La Jolla standard by the
Brest, Toulouse and Rennes laboratories (Lacan, 2002). During the Sr runs, 865r/%8Sr = 0.1194 was used to
correct the signal for mass fractionation. The accuracy of the measurements was checked against the NBS
987 standard (=0.710240). The average values fall within the range given for these standards, so that no
instrumental bias needs to be taken into account. Total blanks (acid digestion plus column chemistry) for
Nd and Sr were checked by ICP-MS and found to be negligible compared to the Nd and Sr amounts
loaded onto the columns. The measured "**Nd/'**Ndample ratios are expressed in epsilon notation as the
fractional deviation in parts per 10* (units) from **Nd/'**Nd value of the Chondritic Uniform Reservoir
(CHUR). This notation is defined as

End(t)= [(143Nd/144Nd) 143Nd/144Nd) %10

sample(t) /( CHUR(t) -1 ]

where t indicates the time at which eyq is calculated. Here no time correction is applied (t = 0) and the
3Nd/"*Ndcrure) = 0.512638 (Jacobsen & Wasserburg, 1980).
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4, Results

4.1. Organic Geochemistry and Stratigraphic Appraisal of 6'>Cyoc Data

The TOC results for the DSDP sites show a strong variability of values ranging from 0.07 to 11.84 wt %
through the studied interval (Table 1). On average, samples from DSDP sites 367 and 369 appear to be
more enriched in organic matter compared with other sites. By merging the d'>Croc data from all DSDP
sites, we observe a long-term trend, which can be correlated with recent compilations of NW Tethyan and
Pacific 0'>Cpyic data showing characteristic patterns through the Cretaceous (Bodin et al., 2015; Friedrich
et al., 2012). These literature data include (1) an increase of 0'>Cp i values from the Berriasian to the Early
Aptian; (2) a stepped long-term decrease from the Early Aptian to the Early Cenomanian; (3) a sharp positive
Cenomanian excursion reaching a maximum at the Cenomanian-Turonian boundary; (4) a high isotopic pla-
teau during the Turonian-Santonian interval; (5) a rapid decrease during the Campanian; and (6) a positive

Table 1
Organic Matter Contents and Stable Carbon Isotope Values (TOC and 613CTOC) of Sedimentary Rocks Analyzed in This
Study

8"3Croc (e TOC TOC
Leg-site-core Age (%, VPDB) STD (wt %) STD
14 —137-6 Turonian-Campanian —24.1 0.9 0.1 0.1
14-137-8 Late Cenomanian —26.2 0.6 1.0 0.1
14-137-13 Early Cenomanian —24.7 1.2 0.3 0.0
14-137-14 Early Cenomanian —26.0 0.1 0.1 0.0
14-137-16 Late Albian —25.6 0.5 3.1 0.1
41-367-15 Late Cretaceous-Paleogene (Campanian-Maastrichtian?) —22.8 0.2 0.3 0.0
41-367-16 No older than Turonian —24.8 0.7 0.2 0.0
41-367-17 No older than Turonian —25.1 0.7 1.1 0.0
41-367-18 Late Cenomanian-Early Turonian =225 14 5.2 0.1
41-367-19 Late to Middle Cenomanian =257 0.6 10.0 0.1
41-367-23 Albian —24.0 0.2 0.7 0.4
41-367-26 Early Aptian to Hauterivian —26.7 0.2 13 0.1
41-367-27 Early Aptian to Hauterivian —27.1 0.6 2.6 03
41-367-31 Early Valanginian to Berriasian —28.1 0.2 22 0.1
41-368-53 Late Cretaceous (und., not older than Campanian?) —26.3 0.5 0.1 0.0
41-368-55-2 Late Cretaceous (und., Campanian?) —26.1 0.8 0.2 0.2
41-368-56 Late Cretaceous (und., yougner than Turonian) —25.1 0.9 0.2 0.1
41-368-57 Late Cretaceous (und., younger than Turonian) —25.1 0.9 0.2 0.1
41-369-A38 Campanian-Maastrichtian —27.6 0.2 0.5 0.0
41-369-38F Campanian-Maastrichtian —27.7 0.3 0.6 0.1
41-369-39 Campanian —283 0.7 0.5 0.0
41-369-A40 Campanian —26.0 0.7 04 0.0
369-41-1 Campanian —27.6 0.0 11.8 0.8
41-369-41-3 Campanian —26.2 0.7 6.7 1.7
41-369-43 Late Albian —259 0.9 4.5 0.1
41-369-47 Early Albian —26.6 0.7 2.6 0.1
41-370-20 Late Albian-Early Cenomanian —26.0 0.8 0.7 0.1
41-370-22 Late Albian-Early Cenomanian —259 0.7 0.9 0.1
41-370-27 Albian —26.1 0.5 4.9 0.3
50-415-7 Cenomanian-Coniacian —25.8 0.6 0.2 0.0
50-415-9 Middle Cenomanian —26.5 1.2 1.6 0.2
50-415-13 Early Cenomanian —25.7 0.9 0.9 0.2
50-416-6 Late Aptian-Early Albian —239 0.4 0.4 0.0
CcM1-9 Santonian-Early Campanian (probable) —26.2 04
CcM1-7 Late Cenomanian-Early Turonian —25.1 0.8
CM1-6 Late Cenomanian-Early Turonian —26.1 13
CM1-5 Late Cenomanian-Early Turonian =278 0.5
CM1-4 Late to Middle Cenomanian —27.6 0.1
CcM1-3 Early Cenomanian to Middle/Late Ceno. —27.2 0.2
CM1-2 Middle Albian =255 0.1
CM1-1 Early Aptian —24.0 04

Note. STD for standard deviation.
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Figure 3. Stratigraphic framework, lithology, enq o), 8751/%Sr, and &"Croc values of Cretaceous sediments from the CM-1 well on the Casamance continental shelf.
M, mudstone; W, wackestone; P, packstone; G, grainstone; Sh, shale; Cl, clay; S, silt; fSd, fine sandstone; mSd, medium sandstone; cSd, coarse sandstone.

excursion during the Maastrichtian. Our data fit relatively well with this long-term evolution since the ana-
lyzed 6'3Croc values record a progressive rise of §'>Croc values from —28.1%, to —22.5%, during the
Berriasian-Turonian interval, followed by relatively stable values up to the Santonian, and an abrupt
decrease reaching a minimum of —28.39 at the Campanian-Maastrichtian boundary (Figure 2). The lack of
positive carbon isotope excursion in the younger Cretaceous samples may exclude any Maastrichtian age
from our study, except for one sample (namely 41-367-15) which has a distinct §'>*Croc value of —22.8%,.
Although the scarcity of 8"3Croc values from CM1 makes it more difficult to compare the data (Figure 3),
the progressive decrease of —49,, recorded within the Early Aptian-Early Cenomanian interval and the rapid
positive excursion of 3.5%, observed at the Cenomanian-Turonian boundary are in agreement with previ-
ously reported findings (Bodin et al., 2015; Friedrich et al., 2012).

4.2. Major Elements, Large-lon Lithophile Elements (LILEs), High Field Strength Elements (HFSEs),
and Trace Transition Elements (TTEs)

Figure 4 shows the elemental concentrations of major elements, LILE, HFSE, and TTE of samples normalized
to the Post Archean Australian Shales (PAAS) concentration (Taylor & McLennan, 1985). As a whole, the ele-
mental composition of the analyzed shales is rather uniform and close to PAAS values. No apparent trend
of major depletion or enrichment in elemental concentration is recorded whatever the location of the
DSDP site or the age of sediments.
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It is possible to assess the degree of source-area weathering and the paleoweathering conditions of
ancient sediments using the Chemical Index of Alteration (CIA; Fedo et al., 1995; Nesbitt & Young,
1982; Figure 2). This index measures the weathering intensity of feldspars relative to unaltered proto-
liths, and is defined as CIA = [Al,03/(Al,05 + CaO* + Na,O + K,0)] X 100 (in molar proportions), where
CaO* represents the CaO content in the silicate fraction. CIA values for unaltered plagioclase and
K-feldspars typical of unaltered upper crustal rocks are approximately equal to 50, whereas higher CIA
values represent higher degrees of weathering. For comparison, the CIA value of the PAAS standard,
which is representative of the upper continental crust composition, is equal to 67 (Taylor & McLennan,
1985).

Compared with PAAS, the DSDP site samples have higher CIA values (70-86) typical of intense weathering,
with the exception of four samples (i.e., 41-367-26, 41-369-41-3, 41-369-39, and 41-369-38F, Table 2)
whose CaO contents (1.9-12.7) are also higher than in PAAS (Table 2 and Figure 4). With the exception of
one sample (14-137-14, Early Cenomanian), the analyzed DSDP site samples have higher Cr/Th ratios (11.2-
62) and lower Th/Sc ratios (0.3-0.8) than PAAS (Table 2). The Early Cenomanian sample 14-137-14 has a
lower Cr/Th ratio (1.3) and much higher Th/Sc ratio (2.5) in comparison with PAAS (Table 2). At each DSDP
site, there is no apparent variation of these ratios (CIA, Th/Sc, and Cr/Th) as a function of the age of the sam-
ple (Table 2).

4.3, Rare Earth Elements (REEs)

To facilitate comparisons with sediments derived from basic or felsic sources (Cullers, 2000) and the PAAS
(Taylor & McLennan, 1985), the Eu anomaly is calculated with respect to chondrites: Eu/Eu* = Eupn/(Smy X
Gdy)"? where y refers to the chondrite-normalized concentration value (Condie, 1993). The cerium anomaly
(QCe) normalized to PAAS is calculated following De Baar et al. (1985): QCe = 2 X (Cesampie/Cepans)/[(Lasample/
Lapaas) + (Preampie/Prpaas)l, where Xoampie is the concentration of samples and Xpaas refers to the concentra-
tions of the PAAS standard (Taylor & McLennan, 1985).

With the exception of the Early Cenomanian sample 14-137-14, the analyzed core samples from DSDP sites
have flat REE patterns typical of shales (Figure 5). Their Eu/Eu* ratios are slightly higher (0.69-0.87) com-
pared to the PAAS standard (i.e., Eu/Eu* = 0.66) and their Ce anomalies display variable values (0.66-1.13)
around the PAAS standard (i.e.,, QCe = 1) (Table 2). Despite the wide range of variation of cerium anomalies,
the values are systematically higher than those measured in authigenic smectites and seawater (QCe < 0.50;
De Baar et al., 1985). The Eu and Ce anomalies do not show any variation with stratigraphic position. Only
the Early Cenomanian sample 14-137-14 is enriched in HREE compared to PAAS and shows a low Eu/Eu*
ratio (0.46, Figure 5 and Table 2).

4.4. Sr-Nd Isotopes

Table 3 reports the Sr-Nd isotopic compositions of samples analyzed in this study. Overall, the 8Sr/%®Sr
ratios of DSDP samples show a progressive decrease from 0.740 to ~0.730 through the Early Cretaceous, a
net drop at the Albian-Cenomanian boundary, and relatively stable values (~0.715) during the Late Creta-
ceous (Figure 2). With the exception of the DSDP 137 site, all the DSDP samples show an overall lowering of
their eng(o) values throughout the Cretaceous. If we exclude the few data points obtained for the Berriasian
to Barremian interval, three steps can be observed in the evolution during the rest of the Cretaceous
(Figure 2): (1) The eng(o) Values are highly variable and generally more radiogenic in the Albian-Middle Ceno-
manian (-15 to —5.5); (2) they become homogeneous and close to —11 in the Late Cenomanian-Turonian;
and (3) the eyq(o) values become systematically more negative (i.e., between —14.3 and —15) in the youn-
gest Campanian-Maastrichtian samples (Table 3). With the exception of the Early Cenomanian sample (sam-
ple 14-137-14), which yields a positive eyq( Vvalue (+0.5), samples from the DSDP site 137 show an
opposite trend with the uppermost Turonian-Campanian sample having the least negative value eyq)
value (sample 14-137-6, enqg() ~ —7.7). Overall, two trends can be observed in the eyqo) variations recorded
on the continental shelf (CM1 well; Figure 3). The Early Aptian to Early Turonian samples (CM1 —1 to
CM1 — 5) show a slight increase of 2.5 epsilon units through time. The two youngest samples of the Late
Cenomanian-Early Turonian (CM1 — 6 and CM1 — 7) have significantly more radiogenic eyq(o) values (-3.6
and —5.1). These two samples also yield higher 8 Sr/%¢Sr values.
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5. Discussion

5.1. Influence of Chemical Weathering and Marine Authigenesis on Provenance Proxies

The REE contents, Eu anomaly, elemental ratios (Cr/Th and Th/Sc) and Sr-Nd isotopic compositions of sedi-
mentary rocks prove to be useful tools for determining the provenance of sediments (McLennan et al.,
1993). However, before drawing conclusions on provenance, the effects of chemical weathering and marine
authigenesis should be carefully assessed as these processes may control the REE contents and radiogenic
isotope composition of marine sediments. Despite the fact that individual samples have variable and high
CIA values (Table 2 and Figure 2), the absence of any correlation with REE content, Eu/Eu*, Cr/Th, Th/Sc, Sr,
and Nd isotopes (see supporting information Table S3) suggests that chemical weathering has not modified
these provenance proxies. Any influence from carbonates, Fe-Mn oxides or organic matter formed under
marine conditions may also be ruled out since these constituents are removed by the sequential leaching
steps. Moreover, the REE patterns of authigenic smectites formed in deepwater environments are normally
characterized by LREE depletion, HREE enrichment and strong negative Ce anomalies (QCe < 0.50; De Baar
et al., 1985) typical of seawater (Piper, 1974). Here all the analyzed DSDP samples have Ce anomalies higher
than or equal to 0.66. This suggests that, even if authigenic smectites were incorporated during early diage-
netic processes, their proportion was much less than the detrital fraction. Rare earth element abundance
patterns support this conclusion, with the exception of one sample from DSDP site 137 situated close to the
mid-oceanic ridge (Figure 1b), since all the other analyzed samples (Figure 6) plot outside the seawater field,
suggesting a negligible influence of marine authigenesis. The Early Cenomanian sample from DSDP site 137
(sample 14-137-14) plots in the seawater field, and is therefore considered as strongly affected by marine
authigenesis. This sample is not taken into account for the provenance interpretations.

High Eu anomalies and Th/Sc ratios are characteristic of felsic and more highly differentiated source rocks,
whereas high Cr/Th and low Eu anomalies suggest more mafic and less differentiated source rocks (e.g.,
Cullers, 2000; McLennan et al., 1993). Here the samples from the DSDP and CM1 sites have higher Cr/Th, but
lower Th/Sc values and Eu anomalies compared to PAAS (Table 2). This suggests that the detrital supply
came from less differentiated sources than those of PAAS, the latter being considered as representative of
the Upper Continental Crust (Taylor & McLennan, 1985). If we exclude the diagenetically altered Early Ceno-
manian sample from DSDP site 137, no temporal or spatial variations are observed in CIA values, Eu and Ce
anomalies or in the elemental ratios used for provenance studies (Cr/Th and Th/Sc; Figures 4 and 5 and
Table 2). Only the eyq() and #7Sr/28Sr values are found to vary through time, with EpsNd during the Late
Cretaceous with a trend toward lower eygq(o) values reflecting increasing inputs from older continental crust
during the Late Cretaceous (Figure 2). Hence, this eng(o) value decrease reflects a progressive shift in the
average age of source rocks rather than changes in the nature of the source (felsic as against basic). When
plotted in a 87Sr/%8Sr vs. enq() diagram and compared with relevant source fields (Precambrian, Hercynian/
Paleozoic and CAMP sources) and with present-day Central Atlantic Ocean sediments (Figure 7), the Sr-Nd
isotopic compositions of analyzed Cretaceous sedimentary rocks do not show any clear covariation. As Nd
isotopic compositions are not fractionated by sedimentary processes, the scatter in Figure 7 may reflect dis-
turbance of Sr isotopic compositions during erosion, weathering, transport and diagenesis of the sediments.
Studies of the geochemistry of present-day Suspended Particulate Matter (SPM) transported by South
American Equatorial rivers have pointed out the much higher variability of Sr isotopic composition of SPM
when compared with corresponding Nd isotopic composition over a 1 year hydrological cycle (Viers et al.,
2008). This study also highlights that the Nd isotopic composition of SPM is a much more robust prove-
nance tracer than the Sr isotopic composition.

5.2. Provenance of Cretaceous Sediments in the Eastern Central Atlantic Ocean

Based on enq(g) Variation, we can propose a three-step evolution for the paleogeographic evolution of the
WAC (Figure 8).

5.2.1. Albian-Middle Cenomanian

Overall, the Albian-Middle Cenomanian DSDP samples yield the highest enq(o) values and the largest range
of variation (-5.5 to —15) when compared with other Cretaceous DSDP samples (Figure 8a). This spatial het-
erogeneity implies distinct provenances and hence the coexistence of several small drainage basins
restricted to peripheral domains of the WAC. The lowest eyg(o) Values (-14.9 and —15) correspond to sam-
ples from DSDP site 369 situated off the Mauritanian margin. These values are similar to those of modern
detritus deposited in the Atlantic Ocean (Grousset et al., 1998; Meyer et al., 2011) and the Late Cretaceous-
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Figure 5. Rare earth element (REE) contents normalized to PAAS (Taylor & McLennan, 1985) for DSDP sites 367, 368, 369, 370, 137, 415A, and 416.

Early Eocene sedimentary rocks of the Tarfaya Basin in South-West Morocco (Ali et al., 2014). In comparison
to present-day African catchment areas, such enq(o) values are similar to the clays from the Congo River sup-
plied predominantly by Precambrian terrains (Bayon et al., 2015). This suggests an unradiogenic Precam-
brian source as the main source of terrigenous sediments to the area of DSDP site 369. The Proterozoic
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Table 3
Nd-Sr Isotopic Systematics of Sedimentary Rocks Analyzed in This Study

Top depth Sr Nd
Leg-site-core  (mbsf) Age (ppm)  &Sr/%sr +2¢  (ppm) '**Nd/"**Nd +2¢g Endoy)  E20
14-137-6 218.31 Turonian- Campanian 59.8 0.727554 0.000011 52.1 0.512243 0.000026 —7.7 0.5
14-137-8 267.18 Late Cenomanian 286 0.730165 0.000011 25.2 0.512124 0.000013 —10.0 0.3
14-137-13 321.63 Early Cenomanian 441 0.722495 0.000010 26.2 0.512188 0.000021 —88 04
14-137-14 343.32 Early Cenomanian 171 0717951 0.000015 44.1 0.512663  0.000015 05 03
14-137-16 376.98 Late Albian 344 0.729592 0.000028 37.2 0.512149 0.000018 —95 04
14-138-6 428.08 Cenomanian 20.8 0.737880 0.000010 143 0.512065 0.000014 —11.2 03
41-367-15 475.55 Late Cretaceous-Paleogene 115.9 0.715854 0.000009 32.2 0.511905 0.000027 —143 0.5
(Campanian-Maastrichtian?)

41-367-16 542.04 No older than Turonian 139.0 0.716095 0.000009 24.5 0.511900 0.000018 —144 04
41-367-17 621.54 No older than Turonian 165.7 0713189 0.000010 224 0.512031 0.000017 —11.8 03
41-367-18 638.02 Late Cenomanian-Early Turonian 133.0 0.714679 0.000009 114 0.512002  0.000018 —124 04
41-367-19 646.53 Late to Middle Cenomanian 143.7 0.713916 0.000011 154 0.512028 0.000021 —119 04
41-367-23 779.54  Albian 1182 0.710894 0.000009 25.8 0.512241 0.000026 —7.7 05
41-367-26 915.72 Early Aptian to Hauterivian 90.0 0.732661 0.000016 23.2 0.512097  0.000015 —106 0.3
41-367-27 940.28 Early Aptian to Hauterivian 649 0.726645 0.000013 16.6 0.512011 0.000021 —122 04
41-367-31 1,053.33  Early Valanginian to Berriasian 38.1 0.740286 0.000012 18.7 0.512089  0.000015 —10.7 0.3
41-368-53 755.25 Late Cretaceous (und., no older than Campanian?)  61.6 0.724783 0.000053 184 0.511865  0.000014 —15.1 03
41-368-55-2 839.57 Late Cretaceous (und., Campanian?) 69.8 0.718791 0.000014 473 0.511961 0.000012 —13.2 0.2
41-368-56 847.06 Late Cretaceous (und., younger than Turonian) 35.7 0.715137 0.000011 15.1 0.511925 0.000017 —139 0.3
41-368-57 896.09 Late Cretaceous (und., younger than Turonian) 122.6 0.715087 0.000013 30.0 0.512047 0.000016 —11.5 0.3
41-369-A38 397.02 Campanian-Maastrichtian 76.6 0.717501 0.000009 27.3 0.511892 0.000015 —146 03
41-369-38F 397.02 Campanian-Maastrichtian 150.9 0.712316 0.000010 28.2 0511893  0.000014 —14.5 0.3
41-369-39 405.2 Campanian 1464 0.721748 0.000013 398 0.511894 0.000015 —145 03
41-369-A40 415.99 Campanian 104.8 0.718565 0.000016 42.1 0.512120 0.000014 —10.1 03
369-41-1 423.14  Campanian 1499 0.716708 0.000012 364 0.512038  0.000015 —11.7 0.3
41-369-41-3 42645 Campanian 3426 0.711424 0.000028 18.2 0.511906 0.000011 —143 0.2
41-369-43 443.16 Late Albian 722 0.728915 0.000010 12.7 0.511873 0.000032 —-149 06
41-369-47 481.08 Early Albian 69.0 0.730963 0.000012 17.3 0.511870  0.000014 —150 0.3
41-370-20 674.27 Late Albian-Early Cenomanian 79.5 0.712865 0.000012 234 0.512354  0.000022 —55 04
41-370-22 694.08 Late Albian-Early Cenomanian 113.6 0.710413 0.000010 25.9 0.512297 0.000046 —-6.7 09
41-370-27 753.03 Albian 83.2 0.726263 0.000015 30.7 0.512062  0.000017 —11.2 0.3
50-415-7 509.69 Cenomanian-Coniacian 1614 0.710719 0.000018  41.1 0.512008  0.000023 —123 04
50-415-9 645.22 Middle Cenomanian 757 0.711342 0.000014 233 0.512269 0.000041 —-72 08
50-415-13 957.34 Early Cenomanian 57.7 0.715963 0.000017 223 0.512176 ~ 0.000037 —9.0 0.7
50-416-6 891.25 Late Aptian-Early Albian 933 0.727969 0.000010 31.3 0.511996  0.000017 —125 0.3
CcM1-9 Santonian-Early Campanian (probable) 0.719789 0.000006 0.512142 0.000042 —9.7 0.8
cM1-7 Late Cenomanian-Early Turonian 0.722352 0.000007 0.512456  0.000018 —36 04
CM1-6 Late Cenomanian-Early Turonian 0.722165 0.000005 0.512377  0.000050 —5.1 1.0
CM1-5 Late Cenomanian-Early Turonian 0.714847 0.000005 0.512067  0.000048 —11.1 09
CM1-4 Late to Middle Cenomanian 0.715985 0.000005 0.512111 0.000020 —103 04
CM1-3 Early Cenomanian to Middle/Late Cenomanian 0.714537 0.000009 0.512031 0.000016 —11.8 03
CM1-2 Middle Albian 0.734570 0.000007 0.512063 0.000056 —11.2 1.1
CM1-1 Early Aptian 0.719619  0.000005 0.511970  0.000010 —13.0 0.2

Note. 20 is the internal analytical error.

domains of the eastern Reguibat Shield seem the best candidates for this clastic supply since they have
€nd(o) Values that are closely similar to the DSDP site samples (Peucat et al., 2005).

In the northern WAC domains, the eng(o) values are more radiogenic and increase from —11.2 to —5.5 at
DSDP site 370 and from —9 to —7.2 at DSDP site 415A, suggesting a regional change in the provenance
(Figure 8a). The Albian enq(g) Values of —11.2 (DSDP site 370) and —12.5 (DSDP site 416) and the Eu anoma-
lies (Eu/Eu* ~ 0.71-0.73) are similar to those measured in modern clays from the “Niger sub delta”
(endy = —11.9 and Eu/Eu* ~ 0.71; Bayon et al,, 2015). As the Niger River catchment drains both Paleozoic
and Precambrian terrains (Milesi et al., 2010), we suggest that Albian sedimentation at the DSDP site 370
was initially supplied by a mixed Paleozoic/Precambrian source. The lack of a significant change in Eu anom-
alies, or in Cr/Th and Th/Sc ratios, implies that the rise in eyq() is not caused by an increasing supply of
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more mafic detrital material from the same mixed Paleozoic/Precambrian source, but is rather linked to
enhanced inputs from younger crustal sources. This could be related to a greater contribution from Hercy-
nian and older Paleozoic rocks of the Meseta, Anti-Atlas and High Atlas Mountains, which show an average
€nd(o) Value of —5.6 (Figure 8a and supporting information Table S1).

The shallow-marine samples of CM1 well yield eyg(o) Values intermediate between modern Nile River clays
(end) = —7.1; Bayon et al,, 2015) and modern Niger River clays (enqo) = —11.9; Bayon et al., 2015), which
are derived from the erosion of Paleozoic/Hercynian units and mixed Paleozoic/Precambrian domains,
respectively (Bayon et al., 2015; Milesi et al., 2010). This suggests that the sediments in CM1 well were sup-
plied by a drainage system eroding both Paleozoic and Precambrian rocks. On the one hand, the Precam-
brian sources may be located in the northwestern part of the Leo-Man domain (Figure 8a). On the other
hand, erosion of the Paleozoic sedimentary rocks of the Bowe Basin, as well as the Hercynian massifs of the
Mauritanides could supply Paleozoic/Hercynian terrigenous detritus to the CM1 site, since these domains
are considered to have been emerged from the Albian to the Cenomanian (Guiraud et al., 2005; Figure 8a).

The deepwater DSDP samples from Sites 137 and 367 have enqg() Vvalues higher than those from the
shallow-marine CM1 well, suggesting that sediments from the latter were not supplied by the same drain-
age basin. These less negative eyq() Values suggest an increased input of younger detritus to these deep-
water sediments compared with the shallow-marine CM1 well. We exclude a South American provenance

| Bell shaped

bulge
4 8

modern fish

[E—

Flat

MREE/MREE*

Shales
HREE
| [m DSDP Site 367 A DSDP Sitel37 enriched
@ DSDP Site 368 + DSDP Site 415
@ DSDP Site 369 X DSDP Site 416
@ DSDP Site 370 * DSDP Site 138

o 1 2
HREE/LREE

Figure 6. HREE/LREE versus MREE/MREE* diagram. HREE/LREE and MREE/
MREE* values are calculated following Martin et al. (2010) where

HREE = Tm + Yb + Lu, LREE = La + Pr + Nd, MREE = Gd + Tb + Dy (all PAAS
normalized), and MREE* = the average of HREE + LREE. The MREE bulge and
“bell-shaped” REE profiles correspond to REE patterns observed in fish teeth,
Fe-Mn oxides, organic matter and pore waters, while “HREE-enriched” profiles
correspond to modern sea water (Huck et al., 2016; Moiroud et al., 2016). These
end-members reflect the REE contents of marine sediments influenced by
seawater or authigenic phases, while “flat” REE patterns are characteristic of
continental clays (see Huck et al.,, 2016; Moiroud et al., 2016 for a review).
Samples from each DSDP site are represented by specific symbols used in
Figures 4 and 5. Only one sample (sample 14-137-14) plot in the seawater field,
and is therefore considered as strongly affected by marine authigenesis (see
text for explanation).

because Cretaceous sediments deposited on the South American mar-
gin have much lower gyq() values (-15.2 to —16.2; Martin et al., 2012).
A North American provenance can also be excluded because the sam-
ples from DSDP sites 138 and 137 do not have the same isotopic sig-
nature. As the samples from deepwater DSDP sites 137 and 367 have
€nd(o) Values close to the DSDP site 415 samples, this rather suggests a
similar provenance. This implies the influence of oceanic currents
transporting detritus from the Moroccan Atlantic coast to the central
part of the Equatorial Atlantic Ocean, while preventing the arrival of
material from the Senegalese continental shelf (CM1). This scenario
agrees very well with the southwestward oceanic dispersion of paly-
gorskite clay minerals from Morocco (Pletsch et al., 1996).

5.2.2. Late Cenomanian-Turonian

Compared with data for the previous interval, the eyq() values drop
by —4.1 to —4.7 units for DSDP site 367 and by —5.1 units for DSDP
site 415A (Figure 8b). This contrasts with drops of —0.8 to —1.5 units
recorded at DSDP site 137 and —0.8 to —1.8 units on the Demerera
Rise (Martin et al., 2012, Figure 8b). A positive enqg(o) excursion of +8.3
units is observed in the Late Cenomanian-Turonian sediments from
the CM1 well. Owing to the Late Cenomanian and Turonian hiatus at
DSDP sites 370, 416, and 369, this interval is only sparsely represented
in Morocco (Figure 8b). Nevertheless, one sample from DSDP site
415A displays a low eng(o) Value of —12.3 which is in the same range
as recorded at DSDP sites 367 and 368. This suggests that a long-term
decrease of eng) Values also occurred in the northern part of the
WAC. When compared to the catchments of modern African rivers,
the lack of significant differences in enq(o) values between the sedi-
mentary rocks from DSDP sites 415A, 137, and 367 and modern Niger
River sediments suggests the existence of mixed Paleozoic/Precam-
brian sources. When compared with older sedimentary rocks, the shift
toward more negative eng() Values argues for increasing inputs of
Precambrian detrital material to the eastern Central Atlantic Basin dur-
ing the Late Cenomanian-Turonian. The reduced contribution of
Paleozoic sources and increasing contribution of Precambrian sources
may result from an extension of drainage areas toward the cratonic
basement of the Reguibat and Leo-Man shield areas. This is because
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Figure 7. Cross plots of enq() and 8Sr/2°Sr values for well CM1 and DSDP sites 367, 368, 369, 370, 137, 415A, and 416.
The isotopic fields of potential end-members are based on a compilation of published data (see supporting information
Table S1). Values for Cretaceous sediments in the Tarfaya Basin are taken from Ali et al. (2014). The positive eNd(0) value
of the Early Cenomanian sample of DSDP 137 (sample 14-137-14) is interpreted to reflect Nd input from the mid oceanic
ridge (see text for explanation).

most Paleozoic source areas such as the Meseta (Morocco) or the Bowe Basin were flooded during this time
interval (Guiraud et al., 2005, Figure 8b). However, this long-term decrease in eyq(o) values is not recorded
by samples from the shallow-marine CM1 well, which show a positive excursion of +8.5 to +6 epsilon units.
This suggests a greater local contribution from younger Paleozoic/Hercynian terrains probably correspond-
ing to the Mauritanides (Figure 8b). Moreover, the discrepancy between the eyqg() values from CM1 well
and DSDP site 367 indicate that sediments at this deepwater site were still not sourced by clastic supply
from the Mauritanides.

5.2.3. Campanian-Maastrichtian

Compared with the eyg() Vvalues for the previous time interval, the eyg) values of the Campanian-
Maastrichtian sedimentary rocks are marked by a negative shift of —1.9 to —4 units (Figure 8c). A decrease
of —6 units is also recorded in the CM1 sample on the platform, as well as in the Campanian-Maastrichtian
sedimentary rocks of the Demerara Rise showing changes by —0.6 and —2.6 units toward less radiogenic
Neodymium isotopic composition (Martin et al., 2012). The eyq() Values of Campanian-Maastrichtian DSDP
sedimentary rocks are close to the Precambrian end-member (Figure 7) and similar to values observed in
present-day marine sediments off the Northwest African Margin (Grousset et al., 1998; Meyer et al., 2011)
and modern sediments deposited by the Congo River (Bayon et al., 2015). As present-day sediments are
supplied by Precambrian sources, this suggests that Precambrian terrains represent the predominant source
of clastic supply along the Western African Margin during the Campanian-Maastrichtian.

The Campanian-Maastrichtian sedimentary rocks of DSDP site 137 show an opposite trend with a positive
shift of +2.6 units (eng) ~ —7.7, Figure 8c). This could reflect an increasing contribution of volcanic sedi-
ments/rocks from the mid-ocean ridge. However, the REE pattern of this sample is flat with respect to PAAS
and we find no difference in Eu anomaly compared with the other analyzed samples (Table 2). Hence, we
can rule out a significant contribution from volcanic sources. The potential source area for this sedimentary
rock could lie farther to the North, since the eyg(o) Value of —7.7 is within the range of Paleozoic sediments
from the Meseta, Anti-Atlas and High Atlas Mountains, as well as NW Tethyan sediments (i.e, —12 to —6
€ng Units; Dera et al,, 2015) or North American Appalachian rocks (=10 to —5 eng Units, Patchett et al., 1999).

5.3. Possible Mechanisms for Drainage Reorganization

Our results indicate that the Albian-Middle Cenomanian interval is characterized by at least three main pale-
odrainage basins with restricted extensions toward the hinterland: two of them draining Paleozoic/Hercy-
nian units in the northern and central parts of the WAC and another draining Precambrian units in the
Reguibat Shield region (Figure 8a). This drainage partitioning implies that catchment basins could have
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been separated by areas of relief on the periphery of the WAC. The existence of topographic highs acting as
natural barriers dividing and limiting the extension of drainage areas suggests that significant uplift may
have affected the WAC during the Albian-Middle Cenomanian. The mechanisms causing these uplifts may
be related to the onset of opening of the South and Equatorial Atlantic Ocean during the Early Cretaceous
and Late Albian (Flicoteaux et al., 1988; Forster, 1978; Moulin et al., 2010) or increasing compressive stress in
northern, central, eastern and southern region of Africa induced by the anticlockwise rotation of Africa dur-
ing this period (Guiraud & Bosworth, 1997; Guiraud & Maurin, 1991; Moulin et al., 2010) or a combination of
all these factors.

During the Late Cenomanian-Turonian, with the exception of the Senegalese continental shelf (CM1 well,
Figure 8b), there was an increased supply of Precambrian detritus to the deepwater basin (DSDP sites 367,
137, and 415A, Figure 8b). This change may be due to a reduced contribution of proximal Hercynian/Paleo-
zoic units probably caused by paleogeographic and physiographic changes in the Mauritania-Senegal basin.
These changes could be triggered by the cessation of the flexure of the western edge of the basin, resulting
in the burial of its substratum and progressive flattening of the relief (Flicoteaux et al., 1988; Leprétre et al.,
2015). These events are coeval with crustal thinning occurring in the Mauritania-Senegal basin and in
Guinea that could be related to the opening of the Equatorial Atlantic Ocean (Forster, 1978; Flicoteaux et al.,
1988; Latil-Brun & Lucazeau, 1988). In addition, the Cenomanian-Turonian boundary records the Cretaceous
maximum flooding which led to the expansion of shelf seas (Schlanger & Jenkyns, 1976) toward the Mauri-
tanides and the Reguibat Shield. Associated with a more flattened topography, this marine transgression
may have flooded some of the Paleozoic and Hercynian proximal source areas (e.g., the Bowe Basin, Meseta,
Guiraud et al,, 2005; Figure 8b). This flooding may be responsible for paleogeographic changes in the
Mauritania-Senegal basin and may have induced a reorganization of the drainage pathways. Indeed,
Barnett-Moore et al., (2017) point out that the combined action of dynamic changes in topography and
global sea-level fluctuations led to major incursions of the peripheral regions of Northwest Africa during
this period. Thus, the maximum flooding of the Cenomanian-Turonian boundary, associated with changes
in the paleotopography, could also partly explain the decrease in Paleozoic inputs when compared with the
Albian-Middle Cenomanian.

The Campanian-Maastrichtian is characterized by increasing inputs of Precambrian detritus along the North-
west African Margin (except at DSDP site 137 and CM1, Figure 8c). This implies an expansion of drainage
areas toward the east and the inner units of the WAC. As recorded by low-temperature thermochronology
data (Lepreétre et al,, 2015), the Late Cretaceous to Early Paleogene uplift of the Saharan region of South
Morocco may have caused increasing erosion of Precambrian rocks of the Reguibat Shield, which could
explain the lowering of the eng(o) Values along the northern margin of the WAC. This uplift has been related
to the onset of Africa/Europe convergence (Leprétre et al., 2015) and could be correlated with the “Santo-
nian Compressional Event” (84-80 Ma; Binks & Fairhead, 1992; Guiraud & Bosworth, 1997). This event is
related to the convergence between Europe and Africa (Olivet et al., 1984; Rosenbaum et al., 2002) as well
as the change in poles of rotation for the opening of the Atlantic Ocean (Binks & Fairhead, 1992; Guiraud &
Bosworth, 1997; Guiraud et al., 1992; Klitgord & Schouten, 1986). Indeed, it is responsible for the inversion of
several sedimentary basins in Africa and the reactivation of some faults related to the Panafrican and Hercy-
nian sutures in the WAC. Such an event may also have impacted the drainage pathways leading to the
severe erosion of Precambrian units in the hinterland of the WAC (e.g., the Reguibat Shield, the Leo-Man
Shield, and the Taoudeni Basin, Figure 8c).

5.4. Implications for Atlantic Ocean Paleocirculation

Finally, our results on provenance also have some implications regarding oceanic circulation in the Central
Atlantic basin during the Cretaceous. During the Early Cretaceous, a slow to sluggish oceanic circulation
with very little renewal of deepwater and a prominent water column stratification likely prevailed in the
Atlantic Ocean (Barron, 1983; Bralower & Thierstein, 1984). Only water-depths shallower than 500 m off the
western Gondwana margins might have been affected by surface currents from the north (Tethys Ocean;
Poulsen et al., 2001; Pucéat et al., 2005). In contrast, paleogeographic changes linked to the incipient open-
ing of the Equatorial Atlantic Ocean (90-94 Ma) would have progressively led to increasing oceanic circula-
tion and better ventilation of the seafloor by bottom currents during the Late Cretaceous in the entire
Central Atlantic Ocean (Donnadieu et al., 2016; Poulsen et al., 2001). This change might have resulted in the
formation of deepwater currents that originated from the eastern Pacific and the South Atlantic Oceans,
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and flowed northward to the Central Atlantic Ocean (Donnadieu et al., 2016; Poulsen et al., 2001; Robinson
& Vance, 2012; Trabucho Alexandre et al., 2010; Voigt et al., 2013).

The difference in enq(o) values between the shallow-marine CM1 samples and deepwater DSDP samples
suggest that the deep oceanic basin of the Central Atlantic Ocean only rarely received clastic inputs from
the Senegal-Mauritanides coast (i.e., the drainage basin that supplied the CM1 samples) during the Creta-
ceous. This indicates that shallow or deep boundary currents might have prevented any direct sedimentary
input from the adjacent coast by scattering fine particles along the margin. This observation is in agreement
with an increasing oceanic circulation and better ventilation of the seafloor by bottom currents for the Late
Cretaceous period (Donnadieu et al., 2016). However, it contradicts the hypothesis of sluggish oceanic circu-
lation in the Early Cretaceous because the disconnection between shallow and deep layers observed here
prevailed as early as the Middle Aptian. Despite the fact that evidences for deep oceanic currents are lack-
ing for the southern part of the Central Atlantic Ocean off Mauritania and Guinea, the presence of contour-
ite drifts in Early Cretaceous deposits offshore Morocco suggests that a deep oceanic current may have
existed in this area (Dunlap et al., 2013). However, more work is needed to better document the Early Creta-
ceous oceanic circulation in the southern part of the Central Atlantic Ocean.

6. Conclusion

Based on the major and trace element contents and Sr-Nd isotopic composition of sedimentary rocks sam-
pled in the eastern Central Atlantic Ocean, this provenance study highlights a large-scale reorganization of
drainage pathways in Northwest Africa during the Cretaceous. Three steps are identified, with major impli-
cations regarding the evolution of WAC drainage system:

1. The Albian-Middle Cenomanian is characterized by the presence of at least three restricted subdrainage
basins with distinct provenances (Hercynian/Paleozoic, Precambrian, and mixed Precambrian/Paleozoic)
and limited extension toward the inner parts of the craton.

2. The Late Cenomanian-Turonian DSDP sediments deposited in the deepwater domain have more homo-
geneous and more negative eyq(o) Values interpreted as reflecting an increasing supply of clastic detritus
from the inner parts of the Precambrian cratons.

3. The Campanian-Maastrichtian sediments deposited along the Northwest African Margin are character-
ized by a lowering of eng(o) Values by —3 to —4 units. This is interpreted as the record of a shift from a
mixed Paleozoic/Precambrian source to a Precambrian source.

The changes in provenance and drainage proposed here correspond to major geodynamic events of the
WAC linked to the opening of the South and Equatorial Atlantic Oceans, followed by convergence of the
African-Eurasian tectonic plates. The differences in eyq(o) values between shallow-marine CM1 samples and
deepwater DSDP sites throughout the Cretaceous suggests that the deepwater sediments of the Central
Atlantic Ocean were not derived from the Mauritanian margin. This suggests the existence of an ocean cur-
rent capable of preventing the arrival of these sediments during the Cretaceous.
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