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A high resolution δ18O record obtained on benthic foraminifera (Cibicides wuellerstorfi) combined with claymin-
eralogy, major element concentrations and Sr–Nd isotopes have been investigated for the ODP Site 659 located
off North Africa in order to reconstruct African monsoon intensity between 6.2 and 4.9 Myr. Mineralogical and
geochemical results indicate that sedimentation on the Cape Verde plateau results from a mixture of sediments
deriving from the neighbouring Saharan arid region and the wet African equatorial zone (Sahelian Band),
characterised by a low and a high state of weathering, respectively. Past variations in terrigenous inputs from
these areas allow us to track past extension and displacement of the West African Monsoon–ITCZ system. Max-
imal summer insolation induced a northward migration of the inter-tropical convergence zone (ITCZ), wetter
conditions in the Sahel, and a diminishing of wind erosion over the South Sahara and Sahel. In addition, there
was an increase in river input to the Cape Verde plateau of sediments derived from southern sedimentary
sources, which are characterised by high kaolinite contents and CIA values and low K/Al and Ti/Al ratios. On
the other hand, minimal summer insolation induced a southward movement of the ITCZ, drier climate in the
Sahel and stronger easterly winds resulting in an increase in dust transport from the Sahara to the Cape Verde
Plateau. Dust particles are characterised by high illite and smectite content and by a low chemical state of
weathering (low CIA values and high K/Al and Ti/Al ratios). Finally, our results provide new clues regarding
the re-flooding of the Mediterranean Sea at the end of the MSC (5.33 Myr). This event was associated with en-
hanced aridity in the Sahara, implying a reorganisation of the atmospheric circulation and a southwardmigration
of the ITCZ.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The northern part of Africa is affected by a climatic system of mon-
soon type, characterised by a latitudinal subdivision of climatic zones
between the Saharan arid region and the wet Sahelian zone. This is a
consequence of the seasonal migration of the intertropical convergence
zone (ITCZ) controlled by variations in the insolation received by the
African continent. Today, the ITCZ is centred at about 20°N during the
boreal summer and generates a wet climate on the Sahel and easterly
winds that favour Saharan dust input to the North Equatorial Atlantic
between latitudes of 10 and 30°N (Fig. 1) (Ruddiman et al., 1986;
Swap et al., 1996). During the boreal winter, the ITCZ migrates
33 1 69 15 48 82.
southward to a latitude of around 0–5°N inducing a dry climate in the
Sahel and Sahara regions. At that time of the year, dust is carried by
middle altitude winds over the tropical Atlantic between 10°N and 5°S
(Fig. 1) (Prospero and Carlson, 1981; Ruddiman et al., 1986). In the
past, migrations of the ITCZ have been mainly controlled by the atmo-
spheric pressure gradient between the Atlantic Ocean and Africa. This
was mainly a result of variations in the insolation received by the earth
at low latitudes (Tiedemann et al., 1994) and in sea surface temperature
in the Gulf of Guinea. During the Plio-Pleistocene, North African mon-
soon intensity oscillated from humid to arid periods following periodic-
ities of the precession (19 and 23 kyr) (Tiedemann et al., 1994) and to a
lesser extent by glacial–interglacial cyclicities (deMenocal et al., 1993;
deMenocal, 1995a,b; Tuenter et al., 2003).

Recent studies have shown that clay mineralogical composition can
provide information on the provenance of mineral dusts originating
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Fig. 1.Map showing north-western Africa, the location of the ODP Site 659, localities referred to in the text, the surface sea currents, themain dust-transportingwinds and their seasons of
transport. Also shown (grey stippled areas) major active sand. NECC: North Equatorial Counter Current. CC: Canary current.
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from North Africa (e.g. Caquineau et al., 1998; Formenti et al., 2011;
Skonieczny et al., 2011; Scheuvens et al., 2013; Skonieczny et al.,
2013). Indeed, distributions of kaolinite and illite in northwestern
Africa are highly dependent on the efficiency of weathering processes
in soils and present a latitudinal distribution (Paquet et al., 1984). Illite
is present in high proportions in dust deriving from the Sahara whereas
kaolinite is abundant in Sahelian and tropical African soils (Pastouret
et al., 1978; Paquet et al., 1984). Consequently, the illite/kaolinite ratio de-
creases markedly from north to south throughout the Saharan/Sahelian
latitudinal band and can be used to track the provenance of the eolian
dust input to the Northeastern Tropical Atlantic Ocean (NETAO)
(Caquineau et al., 1998; Scheuvens et al., 2013; Skonieczny et al., 2013).

The sediments of the Ocean Drilling Program (ODP) at Site 659
collected off the East African shelves constitute an ideal archive to recon-
struct past changes in the North-African monsoon (Ruddiman and
Janecek, 1989; Tiedemann et al., 1994) as they provide a record of the
African terrigenousmaterial supplying the NETAO and,more particularly,
the eolian inputs controlled by aridity conditions in North Africa
(Prospero and Nees, 1986; deMenocal et al., 1993; deMenocal, 1995a,b)
(Fig. 1).

This paper reports on a high-resolution study of sedimentology, clay
mineralogy, major and trace elements and Sr–Nd isotopic data from the
ODP Site 659. The study has been carried out in order to reconstruct the
paleoenvironmental changes that affectedNorth Africa between 6.2 and
4.9 Myr through: (1) the identification of the sediment source(s) sup-
plying the NETAO; (2) the identification of the sediment transport
pathways to the Cap Verde plateau and (3) the establishment of
possible links between African monsoon variability and the paleo-
environmental changes associated with the Messinian Salinity Crisis
(MSC) in theMediterranean Sea. TheMSC is characterised by the depo-
sition of a large volume of evaporites (1500 m, Clauzon, 1982) in the
Mediterranean basin (Hsü et al., 1973) and it has been dated to between
5.96 and 5.33 Ma (Gautier et al., 1994; Krijgsman et al., 1999a). This
event is associated with major paleo-environmental changes including
a huge sea-level fall in the Mediterranean Sea (at least 1500 m) that
could have had an impact on the climate of North Africa, a hypothesis
which has been never tested (Murphy et al., 2009; Schneck et al.,
2010). The establishment of a high resolution tuning orbital age scale,
combined with a high-resolution benthic foraminifera δ18O record and
biostratigraphic data have been already reported by Colin et al. (2008)
which allows here new comparison between mineralogical and geo-
chemical record of the ODP Site 659 and events which occurred during
the late Miocene in theMediterranean Sea. The potential links between
precipitation changes in north-eastern Africa and variations of the
African monsoon and other climatic processes, such as the MSC in the
Mediterranean Sea, are discussed.

2. Materials and methods

The ODP Site 659 (Leg 108) is located on the Cap Verde plateau ap-
proximately 350 km off the coast of Mauritania (18°04′63″N, 21°01′57″
W; 3071.2 m water depth) (Fig. 1). The studied sedimentary unit
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consists of lithological homogeneous hemipelagic ooze corresponding
to the depth interval between 146 and 167 mcd (meter composite
depth). No turbidite layers were observed in the studied sedimentary
sequence.

A total of 300 samples, collected at constant sampling intervals,were
selected for calcareous nannofossil biostratigraphic analysis. Smear
slides were prepared using the method of Watkins and Bergen (2003)
and were then examined under a cross-polarized transmitted light
microscope. The first occurrence (FO), last occurrence (LO) and first
consistent occurrence (FCO) of species are used to define ODP Site 659
nannofossil datum levels, which are then related to the calcareous
nannofossil biostratigraphic events reported by Raffi et al. (2006).

δ18O values, expressed in‰ versus VPDB (Vienna Pee Dee Belemnite
standard) were determined on the benthic foraminifera Cibicides
wuellerstorfi. Six to ten shells were picked in the 250–315 μm size
range. Prior to isotopic analyses, the sampleswere cleaned in amethanol
ultrasonic bath for a few seconds and then roasted under vacuum at 380
°C for 45 min. Isotopic analyses were performed at LSCE on Finnigan
Delta+ mass-spectrometers. VPDB is definedwith respect to NBS19 cal-
cite standard (Coplen et al., 1983). The mean external reproducibility
(1σ) of carbonate standards is ±0.05‰, measured NBS18 δ18O is
−23.2 ± 0.2‰ VPDB.

Carbonate contents have been analyzed every 5 cm (547 samples)
using the gasometric techniques of Jones andKaiteris (1983)with a pre-
cision better than ±2% at the Laboratoire IDES (University of Paris XI).
Volume low field magnetic susceptibility (k) has been obtained using
u-channel samples (Weeks et al., 1993) at LSCE. The measurements
have been done using a Bartington MS2C 45-mm diameter susceptibil-
ity bridge at 2 cm intervals with a resolution of about 4 cm.

A total of 323 sampleswere taken at 5 to 10 cm intervals throughout
Site 659 in order to perform clay mineralogy analyses. Clay minerals
were identified by X-ray diffraction (XRD) using a PANalytical diffrac-
tometer at the Laboratoire IDES on oriented mounts of non-calcareous
clay-sized (b2 μm) particles. The oriented mounts were obtained fol-
lowing the methods described in detail by Liu et al. (2004). Three XRD
runs were performed, following air-drying, ethylene-glycol solvation
for 24 h, and heating at 490 ºC for 2 h. Identification of clay minerals
was carried out primarily according to the position of the (001) series
of basal reflections on the three XRD diagrams. Semi-quantitative esti-
mates of peak areas of the basal reflections for the main clay mineral
groups of smectite (including mixed-layers) (15–17 Å), illite (10 Å),
and kaolinite/chlorite (7 Å) were carried out on the glycolated curve
(Fig. 2) using the MacDiff software (Petschick, 2000). Mixed-layers
composed mainly of smectite–illite (15–16 Å) are included in the
“smectite” category. Relative proportions of kaolinite and chlorite
were determined based on the ratio from the 3.57/3.54 Å peak areas.
Replicate analyses of a few selected samples gave a precision of ±2%
(2σ). Based upon the XRD method, the semi-quantitative evaluation
of each clay mineral has an accuracy of ~4%. Additionally, illite crystal-
linity was obtained from half height width of the 10 Å peak on the
glycolated curve. Lower values represent higher crystallinity, character-
istic of weak hydrolysis in continental sources and cold, arid climate
conditions (Chamley, 1989).

Detrital XRF geochemical datawere obtained directly on the surfaces
of split cores at 1 cm resolution, using the Avaatech XRF core-scanner at
the Royal Netherland Institute for Sea Research (NIOZ) (Richter et al.,
2006). The measurements were performed at 10 kV and 500 mA to ob-
tain intensities for several major elements (aluminium (Al), silicon (Si),
potassium (K) and titanium (Ti)).

Analysis of geochemical composition, including major elements, Sr
and Nd concentrations and Sr–Nd isotopes, was performed on the
carbonate free-fraction of samples. Samples were de-carbonated by
leaching with a 20% acetic acid solution in an ultrasonic bath, then
rinsed five times and centrifuged to eliminate the carbonate solution.
Major element content analyses were performed on 140 samples mea-
sured by inductively coupled plasma optical emission spectrometry
(ICP-OES) using an IRIS Advantage instrument at the State Key Labora-
tory of Marine Geology, Tongji University. About 30–40 mg of oven-
dried sediments were heated at 600 °C to achieve the loss of ignition
(LOI). The sample was then dissolved using a mixed solution of
HNO3 + HF on a hot plate. The eluted sample was diluted 1000 times
with 2% HNO3 for the major-element measurement. Replicate analyses of
GSR-5, GSR-6, and GSD-9 reference samples during the study gave an
accuracy of 4% for major elements. Replicate analyses of selected sam-
ples gave a precision of ±2% (2σ).

The 143Nd/144Nd ratio was determined using static multicollection
on a Finnigan MAT-262 and the 87Sr/86Sr ratio was analyzed using a
Finnigan Neptune-Plus Multi-collector Inductively Coupled Plasma
Mass Spectrometry (MC-ICP-MS) at the Laboratoire des Sciences du
Climat et de l'Environnement (LSCE, Gif/Yvette). Following the proce-
dure described by Colin et al. (1999), samples were dissolved in HF-
HClO4 and HNO3–HCl mixtures. The first chemical separation utilised
Biorad columns packed with AG50WX-8, 200–400 mesh cation ex-
change resin. Sr and Rb were then eluted with 2 N HCl and the light
rare-earth elements with 2.5 N HNO3. The Sr fraction was purified on
a 20 μl SrSpec® column consisting of a polyethylene syringe with a
4 mm∅Millex® filter. Ndwas isolated by reverse-phase chromatogra-
phy on HDEHP-coated Teflon powder. 87Sr/86Sr ratios were corrected
for mass fractionation using normalisation to a 86Sr/88Sr ratio =
0.1194. Replicate analyses of NIST SRM987 (n = 20) during the study
gave a mean 87Sr/86Sr of 0.710263 ± 0.000016 (2σ). This mean value
is close to its certified value of 0.710250, suggesting a negligible
(0.000013) machine bias that was taken into consideration. Similarly,
143Nd/144Nd ratio was corrected for mass fractionation using a normal-
isation to the natural 146Nd/144Nd ratio = 0.7219. Replicate analyses
(n = 10) of the LaJolla standard gave a mean 143Nd/144Nd of
0.511853 ± 0.000007, close to its certified value of 0.511860. For
convenience, Nd isotopic ratio results are expressed as εNd(0) =
[(143Nd/144Ndmeas)/0.512638) − 1] × 10,000, using the CHUR value
given by Jacobsen and Wasserburg [1980]. Sr and Nd concentrations
were analyzed by inductively coupled plasma-mass spectrometry
(ICP-MS) using a Thermo VG-X7 mass spectrometer at the State Key
Laboratory of Marine Geology, Tongji University. About 30–40 mg of
pre-prepared sediments were heated in an oven at 600 °C. The sedi-
ments were then dissolved on a hot plate using a mixed solution of
HNO3 + HF. The eluted sample was diluted using 2% HNO3 for the Sr
and Nd measurement. Uncertainties for concentration measurement
for Sr and Nd are b3%.

3. Chronological framework

Results of the calcareous nannoplancton investigation for the stud-
ied interval of Site 659 indicate 3 bio-events: i) the last occurrence of
Amaurolithus amplificus (163.72 mcd) dated at 5.993 ± 0.002 Myr;
ii) the last occurrence of Discoaster quinqueramus (152.74 mcd), dated
at 5.537± 0.005Myr (Backman and Raffi, 1997) and iii) the first occur-
rence of Ceratolithus acutus, (148.76 mcd) dated at 5.372 ± 0.003 Myr
(Backman and Raffi, 1997; Colin et al., 2008) (Fig. 2). In addition, oxygen
isotope analyses (δ18O) were performed on the benthic foraminifera
C. wuellestorfi (Fig. 2). δ18O variations range from 2.7 to 3.6‰ (PDB)
showing similar climatic variability in the late Neogene characterised
by severalmaxima (minima) of the δ18O values indicating glacial (inter-
glacial) stages (Shackleton et al., 1995). The excursions of the highest
isotopic values correspond to the major glacial stages TG22 and TG12
dated respectively at 5.84 and 5.55 Myr. This is in agreement with the
results of the previous studies (Shackleton et al., 1995; Shackleton and
Crowhurst, 1997; Hodell et al., 2001), thus providing further temporal
constraints.

The age model of the ODP Site 659 was initially established by a
linear interpolation between the occurrence of the three inferred bio-
events and the identification of TG12 and TG22 revealed by the δ18O
record (Fig. 2). To establish an orbital age model, the δ18O record of
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C. wuellerstorfiwas combined with low field magnetic susceptibility (χ)
and grey level measurements (Colin et al., 2008). χ varies between 40
and 400 ∗ 10−6 SI with higher amplitudes of variations before 5.4 Myr
(Fig. 2). The grey level is inversely correlated to magnetic susceptibility
and ranges from 120 to 230 (Fig. 2). Blackman–Tukey spectral analyses
performed using the Analyseries software (Paillard et al., 1996) on the
magnetic susceptibility, grey levels and δ18O records indicate periodic-
ities close to those of the orbital parameters of obliquity and precession
(Colin et al., 2008). In order to provide a robust chronological frame-
work, a two-step tuning was performed on the δ18O filtering signal
with obliquity and on a 23 kyrmagnetic susceptibility and grey level fil-
tering with the insolation curve calculated for 65°N latitude in July
(Tiedemann et al., 1994; Laskar et al., 2004).

According to the age model, the ODP Site 659 provides a continuous
record between 6.2 and 4.9 Myr (Fig. 2), with an average linear sedi-
mentation rate (LSR) of about 2.6 cm/kyr. The LSR was highly variable
between 0.7 and 5.7 cm/kyr. The highest (5.7 cm/kyr) and lowest
(0.7 cm/kyr) LSR values are observed at around 5.77 Myr and 4.90
Myr respectively. The inferred LSR estimates permit us to obtain a
mean time resolution of 4 kyr and 0.52 kyr for clay mineralogical and
XRF geochemical data respectively.

4. Results

4.1. Carbonate contents and terrigenous fluxes

Biogenic carbonate content ranges between 30 and 90% wt and fits
well with the grey level variations (Fig. 2). Microscope observation
combined with XR diffraction analyses of the ODP Site 659 sediments
Fig. 3. Variations in clay mineral proportions (%) on the b2 μm size fraction and illite c
indicate a carbonate fraction dominated by planktonic foraminifera
and coccoliths without detritic carbonate (dolomite). Terrigenous
fluxes were calculated in order to assess detrital input to the Cap
Verde plateau without any influence of the carbonate dilution and
compaction of sediment. The terrigenous flux record varies signifi-
cantly between 0.14 and 2.13 g.cm−2.kyr−1 with an average value
of 0.65 g.cm−2.kyr−1 (Fig. 2). Such average value is similar to those
calculated by Tiedemann et al. (1994) and Stein and Sarnthein
(1984) prior to 5 Myr (0.70 g.cm−2.kyr−1) on the NETAO and is
two time lower than the average terrigenous flux of the late Quaternary
(1.25 g.cm−2.kyr−1 for the last 400 kyr) calculated from the ODP Site
659 (Tiedemann et al., 1994). The terrigenous flux correlates well
with the insolation curve calculated for 20°N in July (Fig. 4). In general,
minima of summer insolation correspond to an increase in terrigenous
fluxes (up to 1.2 g.cm−2.kyr−1) implying that the sedimentation of the
ODP Site 659 was controlled by changes in the intensity of the African
monsoon.

4.2. Clay mineralogy

The claymineral assemblage of ODP Site 659 sediments is composed
of smectite, kaolinite, illite, chlorite and palygorskite (Fig. 3). In general,
smectite, illite–palygorskite and kaolinite distributions reveal distinct
temporal evolution. Long-term changes in smectite content are inverse-
ly correlated to those of kaolinite. Smectite contents (average 35%) dis-
play the largest variations, ranging from 20 to 62%. Prior to ~5.3 Myr,
smectite content varies between 20% and 54% with an average value
of 33% whereas thereafter it varies between 30% and 62% (average
41%). Kaolinite is the predominant mineral (average value ~ 39%) and
ristallinity values (integral breadth Δ°2Theta) versus age (kyr) for ODP Site 659.
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displays variations ranging from 25% to 50%. Long-trend changes are
also well-marked in kaolinite contents with a significant decrease
from 49 to 25% between 5.3 and 4.9 Myr.

The illite content varies between 6 and 23% (average value ~ 13%)
(Fig. 3). The highest values were recorded before ~ 5.3 Myr, (average
value ~ 15%), whereas thereafter it decreases reaching a mean value of
~11%. The proportion of palygorskite is extremely low (~1–6%) but its
distribution is correlated with that of illite. At a shorter time scale,
each increase of the illite–palygoskite proportion is associated with a
decrease in the kaolinite content. Chlorite contents range from 6% to
15%, with no long-term variations observed.

As chlorite and palygorskite do not present major variations in Site
659, the smectite/kaolinite and the illite/kaolinite ratios have been
used to describe the mineralogical changes within the clay fraction
(Fig. 4). Smectite/kaolinite and the illite/kaolinite ratios present large
variations between 0.42 to 3.25 and 0.14 to 0.67, respectively (Fig. 4).
Changes in smectite/kaolinite and illite/kaolinite ratios show similar
precession-related (23 kyr) oscillations correlating the mineralogical
characteristics with the solar radiation calculated at 20°N for July
(Fig. 4). In general, the insolation curve minima are correlated with an
increase of both mineralogical ratios. At a longer time scale, the smec-
tite/kaolinite ratio, and to a lesser extent illite/kaolinite ratio, increase
significantly after 5.3 Myr.

In addition, illite crystallinity varies significantly between 0.21 and
0.42 and is also correlated with the insolation curve. In general each
minimum of the summer insolation curve is associatedwith an increase
of the illite crystallinity values.
Fig. 4. Variations in smectite/kaolinite and illite/kaolinite ratios, Illite cristallinity and terrigeneo
culated for July at latitude of 20°N using the Analyseries software (Paillard et al., 1996) is also
4.3. Major and trace elements

The elements of Si, K and Ti, which are representative of elements
derived from detrital inputs, are reported herein to investigate the geo-
chemical changes in terrigenous sediments. Owing to its conservative
behaviour in weathering profiles, Al is employed as a normalising pa-
rameter to assess relative degrees of enrichment/depletion of specific
elements and to eliminate dilution from carbonate and organic fractions
(Calvert and Pedersen, 2007). Therefore, Si/Al, K/Al and Ti/Al ratios, ob-
tained every 1 cm by using the Avaatech XRF core-scanner, have been
reported in Fig. 5. The X-ray fluorescence (XRF) core scanner provides
bulk-sediment chemistry data measured non-destructively at the split
core sediment surface. Although this method is widely accepted, little
is known about the effects of physical properties such as density, matrix
effects andwater content on XRF core scanner data. Recent studies indi-
cate that the water film developed between the sediment surface and
the Ultralene® foil, as well as the interstitial water near the sediment
surface, have a considerable influence on the XRF intensities of the
lighter elements Al and Si (Kido et al., 2006). In contrast, the heavier el-
ements K, Ti, and Fe remain relatively unaffected by variations in phys-
ical properties (Tjallingii et al., 2007). Consequently, to determine any
potential problems stemming from the effects of physical properties
on the geochemical ratios, we have also reported in Fig. 5 similar ratios
of major element contents on the carbonate-free fraction by ICP-OES
analyses. Variations in Si/Al, K/Al and Ti/Al obtained by both methods
are well correlated (r = 0.79 for Si/Al; r = 0.66 for K/Al; r = 0.56 for
Ti/Al) confirming that the XRF core-scanner results are not strongly
us fluxes (g.cm−2.ka−1) versus age (kyr) for ODP Site 659. Insolation curve (W.m−2) cal-
reported for comparison. Shaded bands denote intervals of maximum insolation.



Fig. 5. Variations in Chemical index of alteration (CIA= Al2O3/(Al2O3 + Na2O+ K2O+ CaOinorganic) × 100), Si/Al, K/Al, Fe/Al and Ti/Al versus age (kyr) for ODP Site 659. The solid line
corresponds to analysis obtained by XRF core-scanner. The red square corresponds to analysis carried out on discrete samples by ICP-OES. Insolation curve (W.m−2) calculated for July at
latitude of 20°N using the Analyseries software (Paillard et al., 1996) is also reported for comparison. Shaded bands denote intervals of maximum insolation.
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affected by changes in physical properties for the studied interval depth
of the ODP Site 659.

Variations in Si/Al, K/Al and Ti/Al at ODP Site 659, exhibit similar pat-
terns, and closely match changes in clay mineralogy and the boreal
summer solar radiation (Fig. 5). Each insolation curve minimum
(maximum) is associated with an increase (a decrease) of these geo-
chemical ratios. In general, a significant increase in the amplitude of
the variations of the geochemical ratios is observed after 5.3 Myr in
agreement with the long term-changes observed in the illite/kaolinite
and smectite/kaolinite ratio records.
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The Chemical Index of Alteration (CIA = molar ratio of [Al2O3/
(Al2O3 + Na2O + K2O + CaOinorganic) × 100]) (Nesbitt and Young,
1982) was calculated on the basis of the major element compositions
(Fig. 5). For primary minerals (non altered minerals), all feldspars
have a CIA value of 50 and the mafic minerals – biotite, hornblende,
and pyroxenes – have CIA values between of 50–55, 10–30, and 0–10,
respectively. The weathering of Feldspar and mica to smectite and kao-
linite results in a net loss of K and Na in weathering profiles, whereas Al
is resistant and is enriched in weathering products (Nesbitt and Young,
1982). This induces an increase in CIA values of about 100 for kaolinite
and 70–85 for smectite. The CIA value is thought to quantify the state
of chemicalweathering of the sediments by referencing the loss of labile
elements such as Na, Ca, and K (Colin et al., 1999). For the ODP Site 659,
the CIA values range from 75.8 to 87.7 and vary significantly with the
solar radiation calculated at 20°N for July. Each of the insolation curve
maxima (minima) corresponds to an increase (a decrease) of CIA indi-
cating a significant increase of the state of chemical weathering of the
ODP Site 659 sediments (Fig. 5).

4.4. Sr and Nd isotopes

87Sr/86Sr ratios, εNd values and concentrations of Sr and Nd, mea-
sured on the ODP Site 659 carbonate-free fraction are listed in Table 1.
Samples for Sr and Nd isotope analyseswere selected in order to be rep-
resentative of maxima and minima of the mineralogical, geochemical
ratios and terrigenous flux records. εNd values present a narrow range
from−14.5 to−13.6 and 87Sr/86Sr ranges from0.7173 to 0.7186 imply-
ing a sediment that is derived from common crustal sources (Table 1).
εNd and,more particularly, 87Sr/86Sr ratio values do not display any sig-
nificant variationswith respect to the changes inmineralogical and geo-
chemical ratios previously described (Table 1).

5. Discussion

5.1. Sedimentary sources to the Cape Verde plateau

Located on top of the Cape Verde Plateau, 550 km offshore, the ODP
Site 659 is distant from the main gravitary currents as well as from the
possible reworked shelf sediments thatmight be transported during sea
level lowering (Tiedemann et al., 1989; Wynn et al., 2000). In this par-
ticular sedimentary setting, previous studies performed on the Cape
Verde Plateau have reported a dominant eolian component from the Sa-
hara and Sahel zone (Tiedemann et al., 1994). In the present-day climat-
ic context, the Sahara and Sahel areas constitute the most prominent
source of dust in theworld. Although dust particles aremainly produced
in the Bodélé depression in Chad, the dust supplying the NEATOmainly
originates from hot spots localised in the western Sahara, Mauritania,
Mali, Niger and southern Algeria (Fig. 1; Goudie and Middleton, 2001;
Skonieczny et al., 2013). The dust is mainly transported westward,
both at high altitudes (5–6 km) during boreal summer by the Saharan
Air Layer across the North Atlantic (Prospero and Nees, 1986), and at
lower altitudes (1.5–3 km) during boreal winter-spring (Chiapello
et al., 1995) by the northeast trade winds along the northwest African
margin (also called Harmattan on the continent) (Fig. 1).

The range of terrigenous fluxes calculated for the studied time inter-
val of Site 659 (between 0.14 to 2.13 g.cm−2.ka−1) are within the same
order of magnitude as present-day eolian fluxes observed around the
Cape Verde islands (1–2 g.cm−2.ka−1, Ratmeyer et al., 1999; Bory and
Newton, 2000; Bory et al., 2003) suggesting a major contribution of eo-
lian material to Site 659. Amplitudes of variations are also similar to
those already observed by Tiedemann et al. (1994) prior to 5 Myr on
Site 659. They have been attributed to past changes in the eolian dust
input to the NEATO in relation to strong arid climate cycles in the
South Sahara and Sahel Zone (Tiedemann et al., 1994). Considering
that the average terrigenous flux between 6.2 to 4.9 Myr is two times
lower than those of the late Quaternary, we can hypothesis that North
Africa during the late Miocene to early Pliocene was characterised by
relatively more humid conditions inducing less dust input to the
NEATO. Here, the cyclic fluctuations of the terrigenous fluxes observed
between 6.2 and 4.9 Myr are associated with mineralogical and geo-
chemical variations allowing us to constrain the potential source areas
of the terrigenous material, as well as the mode and strength of the
transport processes involved.

The clay mineral assemblage of Site 659 (smectite ~35%, kaolinite
~41%, illite ~13%) also provides evidence that the main dust source is
located in the southern Sahara–Sahel region rather than the northern
Sahara, because illite is mainly derived from the northern sector while
smectite and kaolinite are mostly from the south. To better understand
the cause of cyclic fluctuations in palygorskite proportions as well as in
smectite/kaolinite and illite/kaolinite ratios, it is necessary to document
the origins and source areas of theminerals present in the dust and soils
of North Africa. Distributions of kaolinite, illite and smectite in north-
western Africa exhibit a latitudinal distribution and are highly depen-
dent on the efficiency of weathering processes in soils (Paquet et al.,
1984). Illite dominates the clay assemblage of the northern sector of
North Africa, and its relative abundance decreases gradually southward:
illite constitutes ~ 60% of the clay mineral assemblage in northern
Algeria, 50% in the central Sahara and less than 30% in the Sahelian
zone (Paquet et al., 1984). In contrast, the kaolinite proportion exhibits
lowvalues in dusts deriving fromnorthernAlgeria and thewesternmost
part of North Africa, intermediate values in the central and southern
Sahara, and high values in Sahelian regions (Pastouret et al., 1978;
Paquet et al., 1984; Caquineau et al., 1998). Consequently, the illite/
kaolinite ratio decreases markedly from north to south throughout the
Saharan/Sahelian latitudinal band (Caquineau et al., 1998, 2002; Stuut
et al., 2005). As the illite/kaolinite ratio is not affected by the various
fractionation processes that occur during emission and long-range
dust transport, it has been proposed that illite/kaolinite ratios are an ef-
ficient proxy for determining the latitudinal position of the dust sources
(Caquineau et al., 1998). Palygorskite, a fibrous clay mineral character-
istic of the sub-arid belt of the northern hemisphere (Chamley, 1989),
can be distributed via eolian transport over long-range distances
(Coudé-Gaussen et al., 1982; Molinaroli, 1996). It is mainly present in
the northern part of West Africa, and is particularly abundant in the
Anti-Atlas region of Morocco and in Tunisian loess (Grousset et al.,
1992; Avila et al., 1997). Consequently, changes observed in the overall
illite/kaolinite ratio and palygorskite content (Fig. 4), can be used as
proxies for sedimentary provenance, indicating a latitudinal shift from
a southern, Sahelian provenance areas during periods of low insolation
to more northern, Saharan sources during periods of high summer
isolation.

Smectite can also be used to track the origin of the sediment input to
the NEATO (Stuut et al., 2005). Smectite, is indicative of wet tropical
soils (e.g. Chamley, 1989), and ismost abundant in a narrow bandwith-
in the southern Sahara and Sahelian region (~20°N) where it can reach
70% of the clay assemblage. The smectite content in the fine fraction of
northern African dust samples exhibits a high variability with ranges
from 0 to 80%. Dust samples with high amounts of smectite mainly
originate from southern Algeria, northern Mali and northern Niger
(Paquet et al., 1984; Skonieczny et al., 2011, 2013). Finally, close to
volcanic areas, smectite from deep-sea sediments could also derive
fromweathering of volcanic rocks (e.g. Chamley, 1989). Given the prox-
imity of the Canary Islands to the study site, smectite could derive from
the weathering of basalt outcrops on these islands and was then
transported to the ODP Site 659 by the Canary current (Fig. 1).

The Nd isotopic composition and, to a lesser extent, the 87Sr/86Sr
ratio can be used as reliable tracers for identifying the source of sedi-
ments deposited in the NEATO (Grousset et al., 1998; Colin et al.,
2006; Cole et al., 2009; Meyer et al., 2011). It has been shown recently
that 87Sr/86Sr of offshore sediments in north-western Africa are affected
by grain size with more radiogenic values in the fine fraction (Dasch,
1969). In contrast, εNd values are largely unaffected by grain size
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(e.g., Meyer et al., 2011) and chemical weathering processes (Colin
et al., 1999, 2006). As Sr and Nd isotope analyses have been carried
out on the bulk terrigenous fraction, they could reflect changes in parti-
cle size and mixing proportions of sediment subpopulations deriving
from different sedimentary sources. Nevertheless, the presence of any
small contribution of volcanic material in sediment from the ODP Site
659 could be marked by an unradiogenic Sr isotopic composition inde-
pendently of any grain-size effect (e.g. Grousset et al., 1998; Boulay
et al., 2005). The 87Sr/86Sr and εNd values reveal narrow ranges (εNd be-
tween −14.5 and −13.6; 87Sr/86Sr between 0.7173 and 0.7186;
Table 1) similar to Sr and Nd isotopic compositions obtained in several
previous studies of surface sediments located off Mauritania and
Senegal (87Sr/86Sr between 0.715 and 0.723; εNd between −12.2 and
−15.1) (Grousset et al., 1998; Meyer et al., 2011; Scheuvens et al.,
2013). In addition, high smectite contents in sediments from Site 659
are not associated with a significant decrease in the 87Sr/86Sr ratio
and/or an increase of the εNd values. This implies that the smectite can-
not derive from the weathering of young volcanic rocks on the Canary
Islands. In addition, the inferred clay mineralogical record reveals that
most of the higher smectite contents are associated with an increase
in the proportion of illite and palygorskite as well as an increase in the
terrigenous fluxes (assumed to be of eolian origin) suggesting similar
sedimentary sources. This is in agreement with previous studies that
have shown that volcanic material in surface sediments of the NEATO
is mainly deposited around the Canary Islands (Grousset et al., 1998;
Govin et al., 2012; Scheuvens et al., 2013). Consequently, taking into
consideration that the studied area is not affected by the input of
mafic rock material, an increase in the smectite/kaolinite ratio is likely
to reflect a modification of the sediment provenance within North
Africa. An increase in the smectite/kaolinite ratio would therefore
imply inputs of sediments deriving from northern latitudes, whereas a
decrease in the smectite/kaolinite ratios would indicate sediments de-
rivingmostly from the Sahelian regionwhere laterite soils are dominat-
ed by kaolinite (e.g. Chamley, 1989).

Sr and Nd isotopic composition analyses have been conducted on
dusts and soil samples from possible source sediments enabling us to
identify the main source regions in northern Africa (e.g. Grousset
and Biscaye, 2005; Skonieczny et al., 2011; Scheuvens et al., 2013;
Skonieczny et al., 2013). Taking into account that our samples are not
sieved, we cannot make direct comparisons with 87Sr/86Sr ratios avail-
able in the literature for this area (generally fraction b30–40 μm). How-
ever, εNd obtained in the ODP Site 659 are within the range of eolian
particles collected during major dust events at the Mbour station
(about 80 km south of Dakar, Fig. 1; Skonieczny et al., 2011, 2013) and
off Mauritania and Senegal (Meyer et al., 2011). These sites display
εNd values between −13 and −15. This indicates that sediments
from the ODP Site 659, for the studied time period, probably derive
fromamixture of sources including areas of northwest Africa (low topo-
graphic) that cover parts of the western Sahara, Mauritania, Mali, Niger
and southern Algeria (Goudie and Middleton, 2001; Skonieczny et al.,
2013). These areas correspond to the Potential Source Area (PSA) 2
and 3 as defined in present-day nomenclature for the North African
sources (Formenti et al., 2011; Scheuvens et al., 2013).

In addition, Si/Al and K/Al ratios in the CapeVerde plateau sediments
are strongly correlated (R2 = 0.86). Si/Al and Ti/Al ratio are also well
correlated (R2= 0.82). These findings suggest that Si, Ti andK could de-
rive from the same sources of sediment. Given that wind-blown dusts
from the Sahara collected off the Cap Verde are mostly composed of
quartz, micas, feldspar and clay minerals (Wilke et al., 1984), ratios of
Si/Al and K/Al have been used to establish past changes in Saharan
dusts. Such an approach has been already used in the context of Medi-
terranean Sea sediments (e.g. Wehausen and Brumsack, 1999; Calvert
and Fontugne, 2001; Zhao et al., 2012) and can thus be adopted to inves-
tigate intensities of dust activities.

The K/Al ratio in dust and source sediments results primarily from
leaching and depletion of K during the weathering of soils. In general,
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highly weathered soils, characterised by depleted labile elements such
as Na, Ca, Si and K and by high CIA values, are located in tropical
African regions where annual rainfall is high. In contrast, moderately
weathered soils are present in the northern Sahara, characterised by
arid and hyperarid conditions. Chiapello et al. (1997) have shown that
Si/Al and K/Al ratios in dust decrease gradually from the North Sahara,
through the South Sahara to the Sahel. In addition, lower Si/Al and
K/Al ratios than those associatedwith Saharan dust have been observed
in suspendedmaterial from the Senegal and the Niger Rivers where the
catchments are composed of intensively weathered, kaolinite-rich soils
(high Al content) (Martin and Meybeck, 1979; Gaillardet et al., 1999).
Consequently, Si/Al and K/Al can be used to track eolian input to the
NEATO and are related to the latitudinal position of the sedimentary
source.

In addition, Ti is enriched in several heavy minerals present in the
Sahara dust (e.g. ilmenite, anatase, rutile, and titanomagnetite). Despite
an increase in Ti content in aerosol samples from the Bodélé depression
(Bristow et al., 2010), the distribution of Ti content does not exhibit any
regional trend and cannot be used as a source marker to discriminate
between different eolian sedimentary source areas in northern Africa
(Scheuvens et al., 2013). However, Ti/Al has been already used to
track eolian input to the ocean (e.g. Wehausen and Brumsack, 1999)
and the distribution of Ti/Al in NEATO sediments displays high values
in areas of high dust deposition deriving from the Sahara and low values
in regions dominated by the input of suspended material from the
Senegal and Niger rivers (Govin et al., 2012).

In summary, since ODP site 659 is not affected by the input of mafic
material from the volcanic islands, an increase in Si/Al, K/Al and Ti/Al
ratios, associatedwith a decrease in CIA values and an increase in terrig-
enous fluxes, imply a higher proportion of eolian dust deriving from the
arid desert of North Africa (Figs. 5 and 7).

5.2. ITCZ-modulated variations of the claymineralogy andAfricanmonsoon
activity

A spectral analysis has been performed using Analyserie software
(Paillard et al., 1996) on mineralogical and geochemical ratio records
from the ODP Site 659. The power density spectrum reported in Fig. 6
shows significant periodicities at 19, 23, 41 and 61 kyr for the illite/
kaolinite ratio and at 19, 23, 41 and 51 kyr for the smectite/kaolinite
ratio. The K/Al, Ti/Al and Si/Al ratios display periodicities at 19, 23, 54,
41 kyr and, to a lesser extent, at 100 kyr. Periodicity at 23 and 19 kyr
is attributed to the precessional changes of the Earth's orbit, and period-
icities close to 41 kyr are related to long-term changes in the ice-volume
at the studied time interval. The periodicity in the eccentricity change at
ca. 100 kyr is not well marked in the time interval studied at Site 659.
A dominance of the periodicities corresponding to orbital precession
(23 and 19 kyr) have already been observed in several detrital records
from the NEATO for the time interval between 4.5 and 2.8 Myr
(Tiedemann et al., 1994; deMenocal, 1995a,b, 2004). Changes in these
mineralogical and geochemical ratios show congruent precession-
related (23 kyr) oscillations correlating themineralogical characteristics
with the solar radiation calculated at 10°N for July (Figs. 5 and 7). The
smectite/kaolinite record is also well correlated to the summer insola-
tion curve particularly after 5.3 Myr when the amplitude of the smec-
tite/kaolinite variations increases strongly. These results suggest that
mineralogical and geochemical ratio variations are strongly related to
changes in the African monsoon.

Previous studies have suggested that the dust production rate in arid
regions is closely related to annual precipitation (Pye, 1989; Rea, 1994).
Precipitation changes inNorthAfrica are, however, generallymodulated
by the position of the ITCZ (Camberlin et al., 2001). The seasonal migra-
tion of the ITCZ is a direct response to changes in the location of maxi-
mum solar heating. As a result, there exists a northern-hemisphere
belt and southern-hemisphere belt of monsoonal climates with sum-
mer rains and winter drought, bracketing a humid equatorial zone
characterised by a double rainfall maximum annually (Gasse, 2000).
As long-term changes of the ITCZ location are modulated by the Earth's
astronomical precession (Laskar et al., 2004), there may also exist an
equatorial zone characterised by double rainfall maximum in each
precessional cycle. Therefore, aridity in North Africa, and thus dust pro-
duction in the Sahara, is predominantly controlled by changes in the lo-
cation of the ITCZ. As variations in the clay assemblage in north-western
African dust sources are highly latitudinal, migration of the ITCZ can
have a strong impact on the clay mineralogy of dusts derived from the
Sahara. This has been illustrated recently by observations made at the
Mbour station where seasonal variations in the illite/kaolinite ratio of
dust have been associated with a seasonal migration of the ITCZ
(Skonieczny et al., 2013).

During intervals of low summer insolation, the increase in terrige-
nous fluxes, combined with higher values of illite/kaolinite, Si/Al and
K/Al ratios and low CIA values, suggest a southern position for the
ITCZ, an aridification of the Saharan region, an increase in dust emission
from the Sahara and Sahel region and an intensification of eolian dust
input from the Sahara to Site 659 (Fig. 7). This time interval is also sys-
tematically associated with an increase in the illite crystallinity index
which also suggests dust emission from a region characterised bymod-
erate hydrolysis conditions. Such conditions permit the formation of
open illite (e.g. Chamley, 1989). These findings also suggest a different
source of illite derived from wind erosion of low latitude soils.

During wet periods of summer monsoon (time intervals of high
summer insolation), the terrigenous fluxes decrease drastically imply-
ing a reduction in eolian dust (Tiedemann et al., 1994). This time inter-
val is also associated with low smectite/kaolinite and illite/kaolinite
ratios as well as low Si/Al, K/Al and Ti/Al ratios and high CIA values im-
plying a higher relative proportion of sediments derived from the Sahel
and sub-tropical regions and a decrease in detrital material derived
from the northern part of the Sahara (Fig. 7). During such periods, the
northward shift of the ITCZ accounts for a drastic reduction in eolian
input (illite and palygorskite) from the southern Sahara which is cov-
ered by vegetation (“green Sahara”) as has been demonstrated for a dif-
ferent time intervals during the Quaternary (e.g. Gasse, 2000). The
northward shift of the ITCZ would induce a northward displacement
of the eolian sources mainly to the North Sahara favouring a decrease
in the eolian dust supplying the Cape Verde plateau. The decrease in
the illite crystallinity index observed in Site 659 during times of high
summer insolation could reflect a minor contribution of illite from a
region characterised by very lowhydrolysis conditions such as those ob-
served at the present time in the northern Sahara. As kaolinite content
from Site 659 increases when the ITCZ reaches its highest latitudinal
position, we suggest that kaolinite was primarily transported to the
studied site by fluvial supply via African rivers. In fact, it has been
shown that during wet periods such as African Humid Periods, the wa-
tershed of the Senegal River was greatly extended and potential paleo-
rivers, such as the Tamanrasset river, whose mouth was located on the
Mauritanian coast and directly connectedwith the NEATO, were proba-
bly re-activated thus transferring large amounts of terrigenous particles
to the ocean (e.g., Vörösmarty et al., 2000). Further Sr and Nd isotopic
analyses will be necessary on selected grain size fractions, including
clay, to throw light on such drastic modification of the sedimentary
sources.

5.3. Relations between climate changes and the Messinian Salinity Crisis

The Messinian Salinity Crisis (MSC) is characterised by the deposi-
tion of a large volume of evaporites (1500 m) in the Mediterranean
Basin (Hsü et al., 1973) during a short time-interval (5.96–5.33 Myr:
Gautier et al., 1994; Krijgsman et al., 1999a) and implies major paleo-
geographical changes in the Mediterranean basin. Since the discovery
of this event (Hsü et al., 1973), two groups of conceptual scenarios
have been proposed to explain the deposition of these evaporites
(Butler et al., 1995; Clauzon et al., 1996; Krijgsman et al., 1999a,b;



Fig. 6. Periodograms of smectite/kaolinite, illite/kaolinite, K/Al, Fe/Al, Si/Al and Ti/Al from
ODP Site 659. The mean temporal resolution of the mineralogical and geochemical ratios
performed by spectral analyses are 4 and 0.52 kyr, respectively.
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Rouchy and Caruso, 2006). The first group of scenarios favours a syn-
chronous deposition (at 5.96 My) of the first evaporites throughout
the Mediterranean basin before the massive fall in sea level
(Krijgsman et al., 1999a,b; Rouchy and Caruso, 2006; De lange and
Krijgsman, 2010)while the second group favours a diachronous deposi-
tion of the evaporites through two phases of desiccation (Butler et al.,
1995; Clauzon et al., 1996; Riding et al., 1998; Butler et al., 1999). All
of these scenarios envisage the almost complete isolation of the Medi-
terranean Sea due tectonic activity which leads to the closure of the
gateways between the Atlantic and the Mediterranean (Krijgsman,
2002; Duggen et al., 2003). This event is associated with major paleo-
geographical changes that begin with a huge sea-level fall of the Medi-
terranean Sea (at least 1500 m; Clauzon, 1982), probably in several
steps, after 5.6 Myr (Lofi et al., 2005; Maillard et al., 2006; Gargani and
Rigollet, 2007) and ends with the catastrophic marine re-flooding at
5.33 Myr. Several studies based on numerical models, or on the organi-
sation of the Messinian deposits, have shown a fast re-flooding of the
Mediterranean Sea at least during its terminal phase at the end of the
Salinity Crisis (5.33 Ma) (e.g. Blanc, 2002; Lofi et al., 2005; Loget et al.,
2005; Garcia-Castellanos et al., 2009).

Despite recent progress regarding the chronology of theMSC, corre-
lations between major events of the crisis and climatic records still
remain poorly documented. It was proposed that theMSCwas not asso-
ciated with major climatic modification (Warny et al., 2003; Bertini,
2006) even though more humid climatic conditions have been locally
observed in the Mediterranean Sea (Griffin, 2002; Willett et al., 2006;
Gladstone et al., 2007). More recently, a compilation of pollen records
collected around the Mediterranean basin indicates that the MSC
event does not seem to be at the origin of climate modifications in the
Mediterranean region, particularly in the south-western area, where
the climate was dry and warm before, during and after the event
(Fauquette et al., 2006). At present, climatic variations during the MSC
over North Africa are not well established in spite of its potential impact
on freshwater input to the Mediterranean Sea by North African rivers.
Indeed, this fresh water discharge could explain deep valley incisions
and large delta deposits (Lofi et al., 2005; Bache et al., 2010) and part
of the evaporite accumulation in the deep basin (Gargani et al., 2008;
Topper and Meijer, 2013).

The well-established chronology for ODP Site 659 allows us, for the
first time, to make a comparison between the major events of the MSC
and the evolution of North African monsoon intensity. For the ODP
Site 659, long-term changes in smectite/kaolinite, Si/Al, K/Al and Ti/Al
ratios and, to a lesser extent, illite/kaolinite ratios indicate a significant
modification around 5.3 Myr, coeval with the end of the MSC. After
5.3 Myr, the smectite/kaolinite ratios increase significantly and present
higher amplitudes of variations well correlated to the summer insola-
tion curve (Figs. 5 and 7). This increase in the smectite/kaolinite ratio
is also associated with an increase in the amplitude of variations of
Ti/Al, K/Al and Si/Al ratios. These variations suggest a modification of
the sedimentary sources for the dust. At the present time, the smectite
content in the clay fraction of northern African dust samples shows a
wide range of values. Smectite is most abundant in a narrow band in
the southern Sahara and Sahelian region (~20°N). In Tanezrouft (a re-
gion between Hoggar and Adrar des Iforhas) and Cape Blanc (between
Mauritania and Western Sahara), the proportion of the smectite can
reach 70%. Apart from some areas in southern Libya, dust sources in
the central and northern Sahara are depleted in smectite (Avila et al.,
1997). Consequently, we suggest that eolian sources containing a high
proportion of smectite (~20°N, Fig. 1) become more active after
5.3 Myr and during the intervals with a boreal summer insolation
minimum.

Such results imply a long-term southward migration of the ITCZ
after 5.3 Myr. Before 5.3 Myr, we suggest that the ITCZ seasonal migra-
tion is north of 20°N. Such a northward migration of the ITCZ does not
permit strong inputs to site 659 of dust derived from the present-day
narrow, smectite-rich band (~20°N). After 5.3 Myr, the ITCZ migrates
southward inducing a decrease in the vegetation cover of the southern
Sahara and Sahelian region. It also results in arid conditions in the region
characterised by smectite-rich soils (mainly the Bodélé depression in
northern Chad) and in an area covering eastern Mauritania, western
Mali and southern Algeria which, in turn, induces the emission and
transport of particularly smectite-rich dust to Site 659. The high relative
content of illite and palygorskite during this time interval suggests that
the Sahara source was still active. In contrast, the decrease in kaolinite
content after 5.3 Myr suggests a reduction in monsoon rainfall and an
associated decrease in runoff of kaolinite from tropical soil and in its
transport by rivers to the study site.

The northward position of the ITCZ observed in the clay record of the
ODP Site 659 before 5.3 Myr is in agreement with recent observations
on the genesis of numerous incised valleys in the Abu Madi Valley



Fig. 7. Variations in Chemical index of alteration (CIA= Al2O3/(Al2O3 + Na2O+ K2O+ CaOinorganic) × 100), Si/Al, smectite/kaolinite ratio and illite/kaolinite ratio versus age (kyr) for
ODP Site 659. Insolation curve (W.m−2) calculated for July at latitude of 20°N using the Analyseries software (Paillard et al., 1996) is also reported for comparison. Shaded bands denote
intervals of maximum insolation.
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during the MSC suggesting heavy rainfall in the northern part of North
Africa (Gargani et al., 2010). In addition, the dust flux record of the Ara-
bian SeaODP Sites 721/722 indicates a significant decrease in dust input
to the Arabian Sea between 5.9 and 5.3 Myr suggesting humid condi-
tions in north-eastern Africa and Arabia during the MSC (Griffin, 1999,
2002; Paillou et al., 2009).

Gladstone et al. (2007) have performed several sensitivity experi-
ments using an Atmospheric General Circulation Model (AGCM). The
model conditions were forced by using Late Miocene global paleogeog-
raphy, a higher CO2 concentration and a different SST distribution for
the late Miocene. Results indicate a strong northward shift in the ITCZ
caused by a reduced latitudinal gradient in global sea surface tempera-
tures. This provides a large positive net precipitation–evaporation bal-
ance over North Africa which is very pronounced to a latitude of 25°N,
in agreement with results obtained on the ODP Site 659 before and dur-
ing theMSC. Furthermore, the global climate at the endof theMSC is not
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associated with high latitude cooling. Vidal et al. (2002) indicate that
the second phase of evaporite deposition must have occurred during a
period of global warming and that the end of theMSC was not associat-
ed with a glacial cooling. δ18O records obtained from benthic foraminif-
era from the ODP Site 659 confirm this scenario at the end of the MSC.
Two main δ18O excursions, marked by the highest values, correspond
to the major glacial stages TG22 and TG12 dated respectively at 5.84
and 5.55 Myr in agreement with the results of the previous studies
(Shackleton et al., 1995; Shackleton and Crowhurst, 1997; Hodell
et al., 2001). These cold events are associated with an increase in the
smectite/kaolinite ratios in the ODP Site 659 and are indicative of a sig-
nificant southward migration of the ITCZ during the MSC. In addition,
the global warming period observed after 5.56 Myr is not associated
to any modification of the mineralogical ratios on the ODP Site 659.

More recently, Murphy et al. (2009) and Schneck et al. (2010) have
investigated climate sensitivity to the lowering of the Mediterranean
surface and to the surface transition from sea to land. They found that
there were significant climate changes over North Africa in response
to these modifications. In winter, the lowering of the sea level of the
Mediterranean Sea lead to a strengthening of wind velocity flowing
southward along North West Africa (Murphy et al., 2009). Such
a wind pattern could be responsible for the presence of eolian dust,
characterised by illite and palygorskite, from North West Africa
(Morocco, North-West Sahara). In contrast, summer is characterised
by an intensification of rainfall over North Africa responsible for the
net positive precipitation–rainfall balance anomaly over North East
Africa. Suchmodification could be responsible for an increase in vegeta-
tion cover and for a reduction in smectite transported by wind from the
southern Sahara and Sahelian region (~20°N) to the NEATO.

The northern position of the ITCZ before the re-flooding of the
Mediterranean Sea may be responsible for increased Late Miocene
river discharge from North Africa into the Mediterranean basin. This
fresh water discharge must be taken into account when considering
the freshwater budget during the MSC and may explain part of the
evaporite accumulation in the deep basin (Gargani et al., 2008).We pro-
pose that the re-flooding of theMediterranean Sea at the end of theMSC
could be responsible for a reorganisation of the regional atmospheric
circulation with a displacement of the low-pressure cells over North
Africa, a southward shift of the ITCZ, and greater aridity in the Sahara re-
gion. Further climatic records covering North Africa during the MSC
need to be investigated to better constrain the migration of the ITCZ
and to determine the exact timing and amplitude of the ITCZ migration
during this period.

6. Conclusion

An orbital time scale has been established for ODP Site 659 located
on the Cap Verde plateau between 6.2 to 4.9 Myr. Terrigenous fluxes
combined with clay mineralogy (smectite/kaolinite, illite/kaolinite),
major elements (Si/Al, K/Al and Ti/Al) and Sr and Nd isotopic composi-
tion of the detrital sediment allow us to establish a strong relationship
between detrital input to the Cap Verde plateau and the position of
the seasonal migration of the ITCZ (African monsoon rainfall distribu-
tion over North Africa).

At a millennial time scale, periods of low summer insolation are
characterised by greater aridity in the Saharan regions induced by a
southern position of the ITCZ. This, in turn, is responsible for the input
of dust characterised by high illite and smectite contents, low CIA and
high Si/Al, K/Al and Ti/Al ratios. Periods of high summer insolation are as-
sociated with a northern shift of the ITCZ inducing a drastic reduction in
the eolian input and an intensification of sediment derived mainly from
the Senegal River and potential paleo-rivers, such as the Tamanrasset
river, which are characterised by high chemical weathering states
(high content of kaolinite, high CIA and low K/Al).

At longer time scales, smectite/kaolinite, Si/Al, K/Al and Ti/Al
ratios and, to a lesser extent, illite/kaolinite ratios display significant
modification suggestive of a change in sedimentary source around 5.3
Myr, coevalwith the endof theMSC. After 5.3Myr, the smectite/kaolinite
ratios increase significantly and present higher amplitudes of variation
also associated with an increase in the amplitudes of variation of Ti/Al
K/Al and Si/Al ratios. As smectite is most abundant in soils and dusts de-
riving from the southern Sahara and Sahelian region (~20°N band of lat-
itude), such mineralogical changes suggest a northward shift of the ITCZ
before and during the MSC and a long-term southward migration of the
ITCZ after the re-flooding of theMediterranean Sea (~5.3 Myr). These re-
sults indicate, for the first time, that significant changes in the paleo-
geography of the Mediterranean Sea at the end of the MSC induced a
re-organisation of the atmospheric circulation and drier conditions
over North Africa. This is in agreement with recent modelling experi-
ments that indicate the existence of humid climatic conditions over
North Africa when the paleogeography of the Mediterranean Sea was
modified with the replacement of the sea by land surface (Murphy
et al., 2009; Schneck et al., 2010).
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