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Zusammenfassung 
 

NW-Afrika, insbesondere die Sahelregion, reagiert besonders empfindlich auf 
Klimaveränderungen. Daher ist die Rekonstruktion von Klimaveränderungen in der 
Vergangenheit eine geeignete Methode um heutige Mechanismen der Klimaschwankungen zu 
verstehen. Vor der Mündung des Senegal kommt in der Mitte des Schelfs feinkörniges Material 
in einem so genannten Schlammgürtel zur Ablagerung. Die Untersuchung dieses 
Schlammgürtels bildet die Basis der vorliegenden Arbeit. Schlammgürtel gelten als natürlich 
gebildete Klimaarchive. Das in den Sedimenten gespeicherte Klimasignal wird im sehr 
dynamischen Ablagerungsraum auf dem Kontinentalschelf durch verschiedene Faktoren 
modifiziert. 

Der erste Teil dieser Arbeit untersucht die in der terrigenen Fraktion einer Sedimentfolge 
gespeicherte Klimavariabilität, und beschäftigt sich vor allem mit der Anwendung chemischer 
Elemente für die Klimarekonstruktion vor dem Senegal. Um fluviatilen und äolischen 
Sedimenteintrag unterscheiden zu können, wurden bereits etablierte sedimentologische 
Methoden angewendet, die auf Korngrößen-, Element- und Mineralzusammensetzung des 
Sedimentmaterials beruhen. Durch das Absinkverfahren wurden drei Korngrößenfraktionen 
abgetrennt, die Materialeintrag verschiedenen Ursprungs zugeordnet werden können: (1) fluviatil 
eingetragenes Material <2 µm, (2) intermediäres Material von 2-18 µm und (3) äolisch 
eingetragenes Material von 18-63 µm. Die Untersuchung der Elementzusammensetzung und 
Mineralanalyse wurden an jeder Unterfraktion durchgeführt. Mehr als 80 % des terrigenen Al- 
und Fe-Gehaltes sind in der fluviatilen Fraktion des Sediments enthalten. Daher sind hohe Al- 
und Fe-Gehalte charakteristisch für den Eintrag des Senegalflusses. Der starke Eintrag von Ton 
durch den Senegalfluss und der große Anteil von Ton am Gesamtsediment erklären den großen 
Anteil dieser Elemente. Interessanterweise konnten im Arbeitsgebiet vor Senegal Ti, K und Si 
nicht als Proxies für die eindeutige Identifikation einer Sedimentquelle genutzt werden. Das 
Al/Ca-Verhältnis erwies sich als am besten für die Rekonstruktion von Veränderungen des 
kontinentalen Flusseintrages geeignet. 

Der zweite Teil dieser Arbeit umfasst Rekonstruktionen hydrologischer Veränderungen 
während des späten Holozäns. Bei den durchgeführten Untersuchungen konnten zwei 
Trockenperioden vor 3010-2750 kal. Jahre BP und vor 1900-1000 kal. Jahre BP, sowie zwei 
humidere Perioden vor 2750-1900 kal. Jahre BP und vor 1000-700 kal. Jahre BP rekonstruiert 
werden, deren Verlauf auch in anderen Klimaarchiven vor NW-Afrika verfolgt werden kann. 
Phasen kühler Oberflächenwassertemperaturen im äquatorialen und Nordatlantik korrelieren mit 
Phasen geringen fluviatilen Eintrages im Arbeitsgebiet. Es ist bekannt, dass die Nordatlantische 
Oszillation das Klima in niedrigen Breiten moduliert. Veränderungen in der Sonnenaktivität als 
hypothetische Auslöser solcher Klimaveränderungen werden vorgestellt. 

Der dritte Teil dieser Arbeit beschäftigt sich mit der Bestimmung des Einflusses von 
Küsten- und Klimaveränderungen auf die Entwicklung des Schlammgürtels vor Senegal, d. h. 
mit dem Grad der Beeinflussung sedimentologischer Proxies durch Veränderungen im 
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Küstenregime. Um die Sedimentzusammensetzung und die Bildungsprozesse bestimmen zu 
können wurden die Korngrößenverteilung, Sedimentationsrate und Elementverteilung an vier 
Sedimentkernen untersucht. In allen untersuchten Sedimentkernen treten annähernd zeitgleich 
Intervalle auf die durch hohen terrigenen Eintrag, hohe Sedimentationsraten und geringe 
Korngrößen gekennzeichnet sind, und als Phasen starken Flusseintrages interpretiert werden. 
Trotz der hochwertigen paläoklimatischen Aussagekraft dieser drei verwendeten Proxies 
(Sedimentationsrate, Korngrößenverteilung und Elementverteilung) sind ihre Muster in den 
verschiedenen Sedimentkernen nicht immer deckungsgleich oder ungestört. Ereignisse wie 
Stürme, lokale hydrographische Veränderungen und Verschiebungen in der Lage der 
Flussmündung remobilisieren das Sediment, wodurch das paläoklimatische Signal gestört wird 
und die Genauigkeit des paläoklimatischen Archivs abnimmt. 

Der vierte Teil dieser Arbeit beinhaltet eine Datenerhebung zur Aktivierung und Bildung 
des Schlammgürtels mit dem Ziel die Geschichte dieses Ablagerungsgebietes mit seinem 
feinkörnigen Schelfmaterial zu rekonstruieren. Eine detaillierte geophysikalische Untersuchung 
des Schlammgürtels mittels des Sediment-Echolots „Parasound“ fand statt um Größe, Geometrie, 
Beschaffenheit und interne Strukturen dieses Ablagerungsraumes zu quantifizieren. 
Hochenergetische Verhältnisse, die durch Wellen in der frühen Überflutungsphase des Schelfs 
hervorgerufen wurden, haben die Ablagerung einer sehr chaotischen Einheit verursacht die sich 
entlang der Basis des Schlammgürtels erstreckt. Daran anschließend begann die 
Schlammablagerung im Norden des Schlammgürtels, verursacht durch eine frühholozäne 
Verlangsamung des Meeresspiegelanstiegs in Kombination mit einer Phase erhöhten 
Flusseintrags. In den nördlichen Teilen des Schlammgürtels lassen akustisch nicht erfassbare 
Bereiche und verstärkte Reflektion auf das Vorhandensein von Gas schließen. Das Auftreten von 
Gas zeigt vermutlich eine verborgene lagunäre oder fluviatile Senke auf dem Schelf an. Der 
Meeresspiegelhöchststand im mittleren Holozän bewirkte die Bildung einer großen Einbuchtung 
die sich bis zu 250 km landeinwärts erstreckte. Zu diesem Zeitpunkt erfolgte die Sedimentation 
direkt im Zentrum der Bucht. Die Struktur dieser Ablagerung und die Sedimentkerndaten 
belegen eine subrezente südliche Verlagerung des Ablagerungszentrums und der Flussmündung. 
Diese Verlagerungen werden durch küstenparallele Strömungen hervorgerufen, die zur Bildung 
von Strandbarrieren führen, welche die Sedimentation im nördlichen Teil des Schlammgürtels 
unterbrochen haben. 

Die neuen wissenschaftlichen Erkenntnisse dieser Arbeit sind: (1) die Ermittlung von Fe 
und Al als am besten geeignete fluviatile Proxies vor dem Senegal, was die Erkenntnis 
einschließt, dass für jede Region individuell bestimmt werden muss, welche spezifischen 
chemischen Elemente zur Rekonstruktion von Eintragsveränderungen herangezogen werden 
können, bevor man diese für Klimarekonstruktionen verwendet; (2) der Nachweis von zwei 
Trockenperioden vor 3010-2750 kal. Jahre BP und vor 1900-1000 kal. Jahre BP ebenso wie von 
zwei humideren Perioden vor 2750-1900 kal. Jahre BP und vor 1000-700 kal. Jahre BP, 
ermöglicht eine bessere und genauere Charakterisierung des spätholozänen Klimas in dieser 
Region; (3) die Erkenntnis, dass das paläoklimatische Signal durch lokale hydrologische 
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Bedingungen, Sedimentremobilisierung und Veränderungen in der Position der Flussmündung 
beeinflusst werden kann, lässt die Vermutung zu, dass verschiedene Paläoklimadatensätze 
fehlerhaft sein können; (4) die Rekonstruktion der Geschichte des Schlammgürtels, die den 
Kenntnisstand über die Entstehung und Entwicklung solcher auf dem Schelf gebildeter 
feinkörniger Meersspiegelhochstandablagerungen beinhaltet, wurde erheblich verbessert. 
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Abstract 
 

NW-Africa, in particular the Sahel region, is very sensitive to climatic changes. Hence, 
the reconstruction of past climate variability is a valuable way to understand mechanisms of 
present climatic changes. In front of the Senegal River, in a mid-shelf position, lies a fine-
grained depocenter. The investigation of this mud-belt depocenter forms the central theme of this 
thesis. Mud belts are believed to potentially be natural archives which record such variations. 
Continental shelves are very dynamic areas where the climatic signal recorded in the sediments 
may possibly be distorted by several factors. 

The first phase of this study investigated how the terrigenous fraction of a sediment 
sequence records past climate variability, specifically, which chemical elements can be 
employed to reconstruct climate variability off Senegal. We approached this problem with a 
combination of existing sedimentological techniques focusing on grain size, elemental 
distribution and mineralogy, to unravel fluvial and aeolian sediment input. Based on their grain-
size distributions, three sub-fractions corresponding to different sediment sources were isolated 
physically by settling separation: (1) fluvial material <2 µm, (2) intermediate material 2-18 µm 
and (3) aeolian material 18-63 µm. Then major chemical element contents and mineral 
identifications were performed on each sub-fraction. Al and Fe are chemical elements suited to 
record Senegal River runoff because more than 80 % of the total Al and Fe terrigenous bulk 
content is concentrated in the fluvial fraction of the sediment. The high proportion of clay in the 
bulk sediment discharged by the Senegal River explains the dominance of these two chemical 
elements. Interestingly, it was found that Ti, K, and Si can not be considered as robust proxies 
for a specific source off Senegal. Finally, the parameter Al/Ca, was found to be the most suitable 
ratio for recording variations in continental river runoff off Senegal. 

The second phase of this study was to reconstruct the hydrological changes occurring 
during the late Holocene. The records display two dry periods from 3010 to 2750 cal a BP and 
from 1900 to 1000 cal a BP, and two main humid periods from 2750 to 1900 cal a BP and from 
1000 to 700 cal a BP. The same paleoclimatic pattern is also displayed by several other records 
from NW-Africa. Cool sea-surface temperatures over the equatorial and North Atlantic have 
been found to be matching with intervals low fluviogenic input in the studied area. The North 
Atlantic Oscillation is believed to modulate the climate at lower latitudes. A hypothesis that 
variations in solar activity act as a trigger for climatic change is then introduced. 

The third phase of this study was to determine the influence of coastal and paleoclimatic 
changes on the Senegal mud-belt formation, specifically, to determine to what extent the climatic 
signal recorded by several sedimentological proxies is disrupted by the coastal changes. The 
grain-size distribution, sedimentation rate and elemental distribution of four sediment cores were 
examined in order to determine the sediment composition and formation processes. Intervals of 
high terrigenous input, high sedimentation rates and fine grain sizes which occur approximately 
synchronously in all cores are interpreted as periods of strong river discharge. These proxies 
provide, thus, a valuable archive of paleoclimatic information. Nevertheless, the three employed 
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proxies (sedimentation rate, grain size and elemental distribution) do not always display 
consistent inter-core patterns. Sediment-remobilizing events such as storms, local hydrographical 
variations and shifts in the river-mouth location are found to disrupt the paleoclimatic signal 
reducing the fidelity of the archive. 

The fourth phase of this study involved data collection on the initiation and evolution of 
the mud belt with the aim of reconstructing the history of this fine-grained shelf depocenter. A 
detailed geophysical investigation of the mud belt was carried out using the Sediment 
Echosounder Parasound to quantify the extent, geometry, nature and internal structures of the 
depocenter. Strong energetic conditions induced by the waves during the early inundation of the 
shelf are believed to be responsible for the deposition of a chaotic unit draping on the mud belt 
base. Subsequently, in the North, mud deposition started around the Early Holocene due to a 
decrease in the rate of sea-level rise which coincides with a period of strong river discharge. In 
the northern regions of the mud belt, presence of free gas in the sediment was inferred by the 
observation of acoustic blanking phenomena and enhanced reflections. The occurrence of free 
gas is believed to indicate the presence of a buried lagoonal or fluvial depression on the shelf. 
The sea-level highstand reached around the mid-Holocene resulted in the formation of a large 
embayment extending up to 250 km inland. At that time, sedimentation was taking place directly 
inside the bight. The architecture of the deposit and the core dates account for sub-recent 
southward shifts of the depocenters and the river mouth. These shifts are attributed to the effect 
the longshore current building beach barriers which have interrupted the sedimentation on the 
northern areas of the mud belt. 

The new scientific outcomes of this thesis are: (1) the identification of Fe and Al as being 
the most suitable fluvial proxies off Senegal, implying that specific chemical elements with 
which to record input variations must be determined for individual regions before climate 
reconstruction can be performed; (2) the record of two dry periods from 3010 to 2750 cal a BP 
and from 1900 to 1000 cal a BP, and two main humid periods from 2750 to 1900 cal a BP and 
from 1000 to 700 cal a BP, provide a better constrained characterization of the climate of late 
Holocene in this region; (3) the finding that the paleoclimatic signal can be distorted by local 
hydrological conditions, sediment-remobilizing events and shifts in the river-mouth location, 
leads to the conclusion that various paleoclimatic records can be erroneous; (4) the history of the 
mud belt has been reconstructed, increasing our knowledge about the initiation and evolution of 
these shelfal fine-grained highstand deposits. 
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1. Motivation, objectives and structure of the thesis 
 

The media coverage of the intense Sahel drought during the 1970s and 1980s has drawn 
the attention of the public on the ecological fragility of this region and the socio-economic 
influence of the climate on human populations. In the context of the political and public debate 
regarding a human-induced climate warming, there is a clear need for scientific answers in order 
to know what to expect and when to expect it (Skinner, 2008). Paleoclimate reconstructions use 
natural archives to provide a better understanding of the mechanisms of past climatic change, 
and to test and constrain climate models. Even if several open questions remain, increasing our 
knowledge in the climate system through the geological record is a way to anticipate future 
climate changes.   

The Western Sahel is a semi-arid region which’s climate is controlled by the African 
monsoon, and yet, monsoonal systems are very sensitive to climatic changes (Gasse 2000, 
Nicholson 2000). The Late Pleistocene and Holocene fluctuations in the strength of the African 
monsoon have been intensively studied via deep-sea and lake records (e.g., Street-Perrott and 
Perrott, 1990, Gasse and van Campo, 1994; Gasse, 2000, deMenocal, 2000). Deep-sea records do 
not usually provide high-resolution data for the most recent times, whilst lake sediments 
represent a particularly valuable natural archive in this case. However, common problems 
encountered with lake records are stratigraphic discontinuities, dating uncertainties, an 
asynchronous response of the terrestrial ecosystem to changes in the marine realm, and the 
influence of a number of local factors (Gasse and van Campo, 1994; Gasse, 2000; Weldeab, 
2005). There is, thus, an important need for uninterrupted and well-dated records of climate 
change. 

The continental shelves (the shallow seafloor region which borders the continents) and 
their waters are of high economic, politic and scientific interest (e.g., fishing, fossil fuel 
resources). Some of these shelves host siliciclastic fine-grained sedimentary bodies, defined as 
mud depocenters. Within the last decades, Holocene shelf mud-depocenters achieved increasing 
interest since they act as natural archives for records of climate change and coastal evolution 
(e.g., McCave, 1972; Grossmann et al., 2006; Hill et al., 2007; Bernardez et al., 2008). These 
deposits are generally sensitive to hydrological changes and typically provide continuous high-
resolution records. Off NW-Africa, the continental shelves are mainly composed of coarse relict 
material primarily of a biogenic origin and yet, the Senegalese shelf hosts a siliciclastic-
dominated fine-grained depocenter which lies in front of the Senegal River (McMaster and 
Lachance, 1969; Domain, 1977).  

During the research expeditions METEOR M65/1 (June 2005) and MERIAN MSM11/2 
(April 2009), this shallow deposit was investigated in order to increase our understanding of 
sedimentation on the Senegalese shelf. The objective of this work was to detect the influence of 
the climatic changes on the sediment discharge of the Senegal River. Subsequently, the 
information obtained was integrated into a broader scale in order to understand more about the 
climate system. Another fundamental objective was to document the initiation and evolution the 



 Motivation, objectives and structure of the thesis  

8 
 

mud depocenter, thus providing insights into the organization of the shelf. From this work, four 
main scientific questions arose, which are: 

 
(1) Which chemical elements are most suited to providing records of past climatic changes off 
Senegal? 
(2) Are mud depocenters valuable archives with which to reconstruct the climate of the past? 
(3) In a shelf environment, to what extent is the paleoclimatic signal disrupted by the coastal 
changes? 
(4) How did the Senegal mud depocenter evolve during the Holocene?  

 
The main investigations undertaken during this thesis focused on the Holocene time 

period. A general introduction to the Holocene is, thus, provided, developing in a broader context 
the two main aspects of this thesis which are climatic changes and evolution of mud depocenters. 
The following chapter is dedicated to those oceanographic, atmospheric and hydrologic 
characteristics of the studied area which have the potential to influence the sedimentation on the 
shelf. Then, the methods applied for the investigations are presented and described in detail. My 
three major studies (first-author contribution) are presented, whilst manuscripts with minor 
contributions (co-authorships) appear as part of the appendix. 
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2. The Holocene 
 
2.1. Global and NW-African climate changes during the Holocene 
 
2.1.1. The monsoon process, example of the NW-African monsoon  

 
The climate of NW-Africa is mainly controlled by the monsoon system. In principal, the 

monsoon is a seasonal feature caused by strong contrast of temperature between land and ocean 
(Fig.1). On land, hot air masses elevate creating low pressure conditions and, thus, steady winds 
blowing landward. The latter brings on land moist-air masses from the ocean. These air masses 
are lifted upward and cooled, which produces condensation and, thus, rainfall.  

The major factor controlling the interannual rainfall variability over NW-Africa is the 
latitudinal shifts of the Intertropical Convergence Zone (ITCZ), thus the extent of the monsoon 
front (Leroux, 2001). During boreal summer (June, July, August) the ITCZ and its associated 
Tropical Rain Belt migrate northwards (19°N) while during boreal winter (December, January, 
February) toward the South (5°N) (Fig.1). Two year-round wind systems blow in the region. On 
one hand, the Sahara Air Layer (SAL) or African Easterly Jet (AEJ), predominant during the 
boreal summer, is associated with the SE summer monsoon which brings rain over NW-Africa 
(Fig.1). It is a mid-tropospheric wind system. On the other hand, the NE Trade winds, dominant 
in the winter, are shallow, dry and cool (Fig.1). The initiation of the West African Monsoon in 
the boreal summer marks a strong seasonal transition in NW-Africa. In summer, the land is 
heated more efficiently than the nearby ocean, thus the land-sea temperature contrast increases 
allowing the air masses to penetrate inland (e.g., deMenocal et al., 2000; Gasse, 2000; 
Nicholson, 2000). Sea-surface temperatures (SST) in the eastern equatorial Atlantic Ocean 
influence also the surface evaporation, so the moisture availability and, thus, modulate the 
strength of the monsoon (e.g., Weldeab et al., 2005; Chang et al., 2008).  
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2.1.2. Major climatic changes and major chronostratigraphic intervals on a global scale and in 
NW-Africa during the Holocene 
 

The Holocene represents the time span between the Younger Dryas (11500 calibrated 
years before present, cal a BP) until today. In comparison to glacial-interglacial changes, the 
Holocene climate could be considered as fairly stable. However, recent investigations have 
shown several global climatic changes along the Holocene (e.g., Chapman and Shackleton, 2000; 
deMenocal, 2000; Bond et al., 2001; Mayewski et al., 2004, Wanner et al., 2008). Most of the 
climatic changes occurring rather simultaneously in several widely distributed records are 
characterised by cold conditions at high latitudes and dry conditions at low latitudes. A typical 
example is the climate fluctuations recorded rather simultaneously by different natural archives 
like glacier fluctuations (Denton and Karlén, 1973), ice core (O’Brien et al., 1995) and sediment 
cores from the marine realm (Bond et al., 2001, deMenocal et al., 2000) in several different 
locations over the N-Atlantic. 

During the Holocene time period, several rapid climatic changes in the order of a few 
hundred years have been recorded. Mayewski et al. (2004) have listed six major global 
disruption of the climate system that are identified at 9000-8000, 6000-5000, 4200-3800, 3500-
2500, 1200-1000 and 600-150 cal a BP. These climatic changes occur during different 
chronostratigraphic intervals. These chronostratigraphic intervals refer to climatic stratigraphy of 
the Holocene (e.g., Nesje and Dahl, 1993). Three main intervals are distinguished: “Preboreal” 

Fig. 1; Section 2 
Generalized atmospheric circulation patterns during northern summer and winter. Solid arrows = surface winds, 
open arrows = the mid-level African Easterly Jet (AEJ) and the Saharan Air Layer. Shaded areas = the 
approximate source areas for dust (dark gray) and corresponding positions of seasonal dust plumes (light gray). 
The study area is marked by a red spot. Redrawn after Wagner (1998). 
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and “Boreal” from about 11500 to 9000 cal a BP, “Hypsithermal” from about 9000 to 6000 cal a 
BP, “Subboreal” and “Subatlantic” from about 6000 cal a BP to pre-industrial time. 

The climatic change operating from 9000 to 8000 cal a BP occurs whilst a large remnant 
ice sheet located in N-America had still a significant cooling influence on the climate of the 
North Atlantic and Eurasia but not on all Arctic regions (e.g., Mayewski et al., 2004, Wanner et 
al., 2008). This time interval was characterized in the Northern Hemisphere by cooling of the 
high-latitude regions as well as an intensification of atmospheric circulation, and lower 
precipitations in the low latitudes. The influence on the regions affected by the monsoon 
consisted in a decrease in moisture distribution (Mayewski et al., 2004). Although the climate of 
NW-Africa is far from uniform, this climatic change is found in many natural climate archives 
from the region. While NW-Africa was experiencing humid conditions (14800-5500 cal a BP; 
deMenocal et al., 2000), records suggest a short-lived trend towards arid conditions around 8500-
7800 cal a BP (Gasse, 2000; Gasse and Van Campo, 1994). 

Over the past 6000 cal a BP, the influence aforementioned ice sheets on the climate that 
we observed in the Early Holocene disappeared (Wanner et al., 2008). In this different 
configuration, four major global climatic disruptions were observed that are situated around 
6000-5000, 4200-3800, 3500-2500 and 1200-1000 cal a BP. They are characterised by a cooling 
at high latitudes and a drying at low latitudes. A major climatic phenomenon in the NW-African 
climate is the end of humid conditions recorded from 14800 to 5500 cal a BP (deMenocal et al., 
2000). Numerous sites over NW-Africa record a dry episode at 4500-4000 cal a BP expressing a 
global climatic reorganization of the climate system (Gasse, 2000; Marchant and Hooghiemstra, 
2004). Severe droughts are also displayed by lake records around 3000 and 1100 cal a BP 
(Gasse, 2000; Gasse and Van Campo, 1994). In principle, the cool and windy conditions at high 
latitudes induced a compression of low-latitude band of atmospheric circulation leading to an 
alteration of moisture bearing winds in the monsoon regions. Reduced evaporation from the 
nearby cooler oceans and reduced contrast land-sea temperature induced a weakening of the 
monsoon system resulting in a drying at low latitude. 

In the Northern Hemisphere at 600 cal a BP onward, rapid climatic changes are 
characterised in high-latitude regions by both extreme cooling and enhance in wind strength. 
This climatic cooling is unique in the Holocene by its amplitude with a possible exception for the 
N-Atlantic short-lived cooling at 8200 cal a BP (O’Brien et al., 1995; Mayewski et al., 2004).  In 
contrast to former types of climate changes, at 600 cal a BP onward, the cooling at high latitude 
is not coeval with a drying at low latitudes but wetter conditions (Mayewski et al., 2004), as an 
example, evidences for humid conditions are recorded in Equatorial Africa (Verschuren et al., 
2000). This recent climatic change displays a more complex mechanism than former changes, 
which is, at present, poorly understood. However, a possible anthropogenic influence can be 
suggested. 
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2.1.3. Major external and internal forcings and their influence on Holocene climate  
 
Standard stellar models assume that the energy production in the core of the Sun does not 

change by a measurable quantity within a few thousand years (Wanner et al., 2008). However, 
changes in total solar irradiance (TSI) as well as spectral irradiance are detected by satellite 
based-radiometer. These changes in TSI are in the order of 0.24 W/m2 over a cycle of around 11 
years. Technology enables us to monitor these 11-year cycles only for the past four decades. 
However, isotopic records display changes in insolation over longer time scales.  

The cosmogenic isotopes 10B, 36Cl and 14C are produced by the bombardment high-energy 
galactic cosmic ray from outside the Solar System. Even though these radio-isotopes are not 
produced directly by the Sun’s flux energetic particles, the solar wind shields these cosmic rays, 
thus modulate their production (Stuiver and Quay, 1980). During periods of low sunspot activity, 
like it is the case during low solar magnetic activity, galactic cosmic-ray flux increases, thus 14C 
production enhances. Geomagnetic and oceanic forcings, as well as long-term solar changes, are 
responsible for variability in the 14C production rate in the upper atmosphere (Stuiver and Quay, 
1980). However during the last 11 000 years, large changes in atmospheric 14C can not be 
attributed to oceanic variability or carbon fluxes in the biosphere, thus, the variations in 14C can 
be attributed to true changes in solar insolation (Reimer, 2004).  

The 11-year changes represent only 0.1 % of the total solar irradiance. They are 
considered too small to affect the climate (Beer et al., 2000). However, even if no specific 
mechanism has been firmly identified, incertitude remains whether or not large-amplitude 
changes in solar activity occurring over longer time scales had potential to affect the climate. 
Fluctuation in 10B, 36Cl recorded in ice cores and 14C variations recorded in tree rings allow us to 
trace these insolation changes and thus determine a potential effect of large-amplitude changes 
on the climate.  

Bond et al. (2001) emphasized the simultaneity of changes in SST in the N-Atlantic with 
changes in solar insolation. They also suggested a broader teleconnective response of cooler 
surface waters at high latitudes with reduced monsoon activity, thus dry conditions, at low 
latitudes in particular W-Africa. Marchant and Hooghiemstra (2004) suggest that solar variability 
may excite the ozone production and thus influence the thermal regime of the lower stratosphere. 
Haigh (1996) suggest that, for an 11-year solar cycle, an enhanced solar irradiance would 
increase lower stratospheric temperature and influence the atmospheric circulation pattern in the 
Southern Hemisphere. In summer, this phenomenon is supposed to increase the strength of the 
easterlies winds penetrating in the equatorial upper troposphere, and thus modify the latitudinal 
extend of the tropical Hadley cells. However, in the North Hemisphere, the effect of long-term 
solar changes on ozone production and meridional extent of atmospheric cells, hence position of 
the ITCZ is still poorly understood. 

In principle, gravitational forces of the other planets, in particular Saturn and Jupiter, are 
modifying the elliptical element of the Earth’s orbit and orientation of the Earth’s spin axis 
(Laskar et al., 2004). Agassiz (1840) showed the correlation between geological evidence of 
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large climatic changes and astronomical parameters. Milankovitch (1941) developed the theory 
of climate response to orbital forcing. Orbital parameters change with main periodicity around 
400 000 and 100 000 years for the orbital eccentricity, around 40 000 years for the obliquity and 
around 20 000 years for precession of the Earth axis.  

However, in the study area orbital forcing was maximal at around 11 000 cal a BP due to 
coincidence of precession and obliquity cycles. These changes in precession and obliquity cause 
a different latitudinal distribution of the insolation during the seasons (Croll, 1867). Monsoonal 
climate is sensitive to seasonal radiation forcing. Wet conditions over N-Africa during the Early 
Holocene have been attributed to an intensification of the African monsoon in response to Earth 
orbital changes (deMenocal et al., 2000). An increase in summer Earth orbital precession results 
in summer insolation-values ~4.2 % greater than modern values. Vegetation-albedo and SST-
moisture transport internal feedbacks are suggested to induce a threshold in the climate response 
to gradual increase in insolation. 

Reduction in summer insolation around the mid-Holocene induced one of the most 
drastic environmental changes of the Holocene. Desertification of subtropical Africa and Asia 
caused a weakening of the monsoons in these two regions (Wanner et al., 2008). In principal, 
land-cover reduction results in more solar energy reflected, which reduces the land-sea 
temperature contrast, thus, decreases the monsoon strength. However, this self-perpetuating role 
of desertification is not the only factor responsible for triggering drought in the Sahel (Charney, 
1975; Giannini et al., 2003). 

In the case of the Sahel drought, the effect of the insolation on the climate system could 
have been enhanced by two positive feedbacks that are vegetation and tropical Atlantic SST-
moisture transport (deMenocal et al., 2000). Changes in vegetation induce variations in surface 
albedo, evapotranspiration and soil moisture which must be taken into account in fully-coupled 
climate-model simulations. One of the latest modelling studies, Liu et al. (2007) suggested that 
the Mid-Holocene vegetation collapse was induced by a nonlinear response of the vegetation to 
local decrease in rainfall in the context of drastic variations in precipitations.  
 
2.2. River-sediment dispersal systems and evolution of mud depocenters during the Holocene 
 

Walsh and Nittrouer (2009) have proposed a classification of fine-grained river-sediment 
dispersal on continental margins based on observation of dominant mode and patterns of 
sedimentation for several dispersal systems. Main aim of this classification is being able to 
predict the sediment dispersal type based on the tidal range, the wave height, the sediment 
delivered and the shelf morphology. Five idealized end-member of dispersal systems have been 
identified. The Senegal River system has been classified by Walsh and Nittrouer (2009) in the 
estuarine-accumulation-dominated category characterized by flocculation and estuarine 
conditions. However, the latter seems more related to the marine-dispersal-dominated end-
member system since the depth of the mud deposition is, to a large extent, controlled by the 
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wave. The Senegal River dispersal system has built, detached from its point source, a mid-shelf 
mud belt.  

Mud depocenters have been listed and classified for the first time by McCave (1972). 
These sea-level highstand deposits are well sorted and contain a minimum mud content of 25 %. 
They are marked by sharp boundaries, especially in their shoreward side. These bodies are 
frequently detached from the source. Their morphology and position on the shelf is very variable, 
and depends on the sediment input, shelf morphology, hydrological conditions, sedimentary 
processes as well as sea level. Tectonic does not influence these features since they are built 
during too short time interval (see Hanebuth et al., submitted for review).  

Even though the initiation of mud depocenters depends on local environmental 
conditions, Hanebuth et al. (submitted) summarized four main stages of mud-depocenter 
evolution based on a compilation of well-dated mud depocenters. 
(1) During the early inundation around 14000 cal a BP, mud deposition starts when shallow-
marine accommodation space is created below the wave-base level. 
(2) When the rate in sea-level rise slows down around 9500 cal a BP, sea-level already rose by 
several tens of meters, thus, mud can be accumulated below the storm-wave base (Stanley and 
Warne, 1994). 
(3) At the maximum flooding around 6500 cal a BP, river estuaries are drowned enabling the 
sedimentation to take place directly inside the estuaries (Long, 2001). Then, when the 
accommodation space is filled-up, the sediment is discharged again on the shelf. 
(4) During the sub-recent situation, in the absence of sea-level variations, these depocenters are 
mainly controlled by climatic variability. 
 So far, off NW-Africa, three mud depocenters have been mapped by Domain (1977): the 
Arguin and Timiris mud wedges, off Mauritania, and the Senegal mud-belt situated in front of 
the Senegal River mouth. The two Mauritanian mud wedges appear in about 80 m water depth 
implying that mud deposition has not started before the inundation of the shelf at around 14000 
cal a BP (Hanebuth and Lantzsch, 2008). During the early Holocene, the region experienced 
heavy rainfalls leading to discharge of fine-fluvial material onto the shelf (deMenocal et al., 
2000; Zühlsdorff et al., 2008). At the same time, the Banc d’Arguin has been flooded, allowing 
the establishment of a shore-normal current exporting the fine particles out of the shelf. At 4000 
cal a BP, a high sediment accumulation is observed (Hanebuth and Lantzsch, 2008). This 
phenomenon occurs in a context of a fall in the regional sea level (Barusseau et al., 1995). This 
fall must have induced a remobilization and export of material offshore. At present, arid 
conditions are prevailing and terrigenous input to the shelf is singularly aeolian.   
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3. Oceanographic, atmospheric, hydrologic characteristics of the study area  
 
3.1. Oceanography of the Senegalese shelf 
 
  The current regime on the Senegalese shelf is characterized by high seasonality (Fig.2). 
From November to May, cool (18-19 °C) and highly saline surface waters delivered by a coastal 
component of the Canary Current are mixed with water originating from a series of upwelling 
cells. These water masses are forced to the S/SW by the NE Trade winds. The current extends 
over the whole shelf and the water column is mixed down to 50 m. The current velocity is ~50 
cm/s, although it varies the wind speed (Domain and Bouille, 1976; Monteillet, 1988). Further 
offshore from Cap Vert to Cap Blanc, a counter current flows toward the North (~15 to 20 cm/s; 
Domain and Bouille, 1976; Rebert, 1979). During summer, a component of the warm Equatorial 
Counter Current (27-28 °C) flows northward onto the shelf (Fig.2). This weak current is prone to 
large fluctuations in speed (~25 cm/s; Domain and Bouille, 1976; Rebert, 1979). 
 

 

In coastal areas, topography, water-depth, seafloor-sediment type and lateral boundaries 
of the water basin affect tides. The tidal-induced water currents create zones of erosion and 
deposition, however off Senegal the tidal currents are weak (10 to 15 cm/s; Domain and Bouille, 
1976). Tides are semi-diurnal and their mean amplitude ranges from 0.55 to 1.15 m (Faure et al., 
1980).  

Fig. 2; Section 3 
The current regime on the Senegalese shelf for each season redrawn after Rebert (1979). Coastal component of 
the Equatorial Counter Current (ccECC) and the coastal component of the Canary Current (ccCC) are displayed. 
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Two types of waves occur in the ocean: short-period waves (periodicity ~5 to 6 s.) which 
are induced by local winds and long-period waves (periodicity up to 30 s.) that have travelled 
from their generating area, generally tropical storms. Waves induce currents parallel to the coast 
(longshore currents). The sediment load transported via the latter is called littoral transit. Two 
types of swell occur off the coast of Senegal: the high energy NW swell (direction of propagation 
from 10° to 30° NW; Fig. 3) is in average characterized by a wave length of 300 m, an 
oscillation period varying from 8 to 12 s., a height of 1 m, and an average speed of 21 m/s. The 
water column is disturbed down to at least 30 m. The second, the weaker SW swell is 
characterized by an oscillation period which ranges from 5 to 8 s., a height of 0.8 m, and variable 
directions of propagation. This subordinate swell may enhance or diminish the effect of the main 
one on the littoral drift (Masse, 1968; Pinson-Mouillot, 1980). The longshore current is oriented 
toward the South and displays an average velocity of about 30 cm/s (Barusseau et al., 1998).  

Fig. 3; Section 3 
Swell occurring off the coast of Senegal during the summer (main direction of propagation: 30°) and during the 
winter (main direction of propagation: 10°), redrawn after Pinson-Mouillot (1980). Core sites are also displayed, 
from North to South: GeoB9502-4, 9503-5, 9504-3, 9505-4. Two types of mud cover based on their proportion of 
fine fraction are redrawn after Domain (1977). 
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The sedimentation on the shelf is largely controlled by the hydrological conditions. 
Shallow currents, tides and waves have the potential to affect the sediment prior and after the 
deposition. For the Senegal region, the effect of these hydrological conditions on the 
sedimentation is not known in the literature. However a discussion of these particular points is 
part of the results of this thesis (section 6). 

 
3.2. Primary sediment supply to the Senegalese shelf  
 
3.2.1. Atmospheric patterns and aeolian transport in the Senegalese region 
 

The semi-arid Sahelian and arid Saharan regions presently constitute a giant reservoir of 
dust, easily being mobilized and transported by two wind systems to the Atlantic Ocean (e.g., 
Delany et al., 1967; Prospero et al., 1981; Prospero and Lamb, 2003). As a high-altitude feature, 
the Sahara Air Layer (SAL) carries dust from approximately 3000 m to 7000 m (Fig. 1; Stuut et 
al., 2005, and references therein). Strong Earth-surface turbulence associated with the monsoonal 
front system lift the dust particles which are transported westward by the SAL. The SAL divides 
into a northern branch carrying dust across the NE-Atlantic and the Canary Islands, and a 
western branch transporting aeolian material far offshore, finally reaching the Caribbean region 
(Fig.2). As a surface feature, the NE Trade winds are a cool and dry wind system blowing 
between 0 and 1000 m altitude during boreal winter (Fig. 1).   

Although, the actual dust-source regions remain unclear, some prominent source regions 
are often suggested in the literature (Fig. 4). The Bodélé depression (Chad) is a poorly vegetated, 
very dry area (Fig. 4). The Bodélé Low Level Jet, generated mainly by the topography of the 
surrounding Tibesti Massif and the Ennedi mountains, remobilizes the soft sediments which are 
mainly composed of diatomite associated with terrigenous clays and silts deposited in Mega-
Lake Chad (e.g., Gasse, 2002; Washington et al., 2006). The second major dust source is a low 
relief area extending over eastern Mauritania, western Mali and southern Algeria (Fig. 4) 
covered by silt-rich alluvium and ancient lakebed depressions (e.g., Mc Tainsh and Walker, 
1982; Brooks and Legrand, 2000; Goudie and Middleton, 2001). 
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3.2.2. Fluvial input and hydrology of the Senegal River basin  
 

The hydrological Senegal Basin is 343 000 km2 large (Monteillet, 1988). The Senegal 
River source is located in the Fouta Djalon region. The Senegal River begins at Bafoulabé by the 
confluence of two main tributaries Bakoy and Bafing (Fig. 5). From its source to its mouth, the 
Senegal River and its two tributaries pass through Precambrian sandstone deposits (Bafing and 
Bakoy), the lower Cambrian schisto-dolomitic deposits (Bakoy) and Palaeozoic metamorphic 
rocks mainly composed of shales and quartzites (Michel, 1973). The Falémé is the Senegal 
River’s main tributary, which passes through different Precambrian deposits, first shales, then a 
volcano-sedimentary complex and granites. Finally, it intersects Palaeozoic deposits before 
merging into the Senegal River at Bakel (Michel, 1973). From Bakel to the river mouth, the 
Senegal River is bordered by Holocene fluvio-deltaic deposits composed of fine sands, silts and 
clays, surrounded by stabilized so-called red dunes (Michel et al., 1993). 

The alluvial valley is 10 to 25 km wide, and widens close by the river mouth (Michel et 
al., 1978). From July to October/November, due to the summer monsoon rains, the Senegal 
River water discharge is 1370 m3/s (average value) and the sediment suspended load is higher 
than 200 mg/l. In contrast, during the boreal arid winter season, the water discharge is 120 m3/s 

Fig.4; Section 3  
Digital elevation model (DEM), illustrating the geomorphology of the main dust 
sources in northern Africa. (A) The Bodélé Depression in Chad surrounded on 
practically all sides by mountain ranges, (B) Several basins in northwest Africa are 
well-known sources of dust (e.g., Livingstone and Warren, 1996). DEM from 
USGS, Sioux Falls, South Dakota, USA. Redrawn after Stuut et al. (2009). 
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(average value) and the sediment suspended load is frequently less than 10 mg/l (Gac and Kane, 
1986). This low flowing regime combined with a river bed situated below the sea level allow 
marine incursions until Bogué. The average water discharge at the last downstream point prior to 
the estuary (Dagana) is 641 m3/s and the annual sediment load delivered to the sea is ~2x109 kg 
(Gac and Kane, 1986). From the source in Fouta Djalon to the river mouth three different 
hydrological regimes can be distinguished (Fig. 5):  
(1) A transitional tropical humid regime (28 000 km2, 5 % of the river basin surface), 
characterized by a mean annual rainfall of more than 1250 mm and seasonal drastic variations in 
the flow.  
(2) A full tropical regime (108 000 km2, 40 % of the river basin surface), characterized by a 
mean annual rainfall from 1250 to 750 mm.  
(3) A Sahelian regime (134 000 km2, 45 % of the river basin surface), which has developed 
under an average annual rainfall of less than 750 mm.  
The river flow depends exclusively on the Fouta Djalon rains. The fine sediments discharged at 
the river mouth have a dual origin, they originate from the alluvial terraces of the lateritic soils 
edging the Senegal River and from the alluvial valley itself (Gac and Kane, 1986). 
 

Fig. 5; Section 3  
Map showing the water course of the Senegal River, its main tributaries, the 
limits of the river basin (thin dashed lines) and the three different hydrological 
regimes, after Gac and Kane (1986): transitional tropical humid regime (in 
red), full tropical regime (in white), Sahelian regime (in blue). Average isohyet 
750 and 1250 mm are also displayed (thick dashed lines). 
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3.3. History of regional sea-level fluctuations 
 

Sea-level changes can affect the morphology of the coast. Short term sea-level changes 
are caused by seasonal periodic or semi-periodic oceanographic factors like astronomical tides, 
ocean currents, runoff and regional atmospheric circulation. In contrast, long term sea-level 
changes are caused by isostatic adjustments, changes in sediment load of a continental shelf, 
sediment compaction, tectonic instability, fluctuation in volume of polar ice-cover due to global 
climatic changes. 

For the Senegalese coast, Faure et al. (1980) have proposed an early sea-level 
reconstruction which was estimated by 14C-dated fossil assemblages (Fig. 6). This reconstruction 
is assumed to document a sea-level highstand around 5500 cal a BP and a subsequent regression 
with two minor peaks above modern sea level at around 2850 and 1700 cal a BP. However, 
further to the North, Barusseau et al. (1995) have reconstructed a more reliable sea-level curve 
for the coasts of the Senegalo-Mauritanian lowlands which displays only a mid-Holocene sea-
level highstand. This late Holocene discrepancy is attributed to the low amount of data in the 
reconstruction of Faure et al. (1980), since the scarcity of data points did not allow to distinguish 
a general trend. The presence of more data points would then smooth out these little fluctuations.   

 Monteillet et al. (1981) have suggested that a marine ingression into the lower Senegal 
River valley could also appear due to a climate-related reduction of fresh-water input. This is 
supported by the shoreline geometry and the flat coastal topography of the region which could 
have favored salt-water intrusions during dry periods. The minor peaks (0.5 m above modern sea 
level) assumed by Faure et al. (1980) could have been induced by the deposition of shells by 
intrusion of salt water during high tides (mean amplitude ~1 m). These two artifacts at around 
2850 and 1700 cal a BP occurred coevally with drought conditions, thus reduced fresh-water 
discharge by the Senegal River favouring salt-water intrusions (Bouimetarhan et al, 2009; Nizou, 
section 5).  

The relative sea-level can also be affected by a local tectonic component, however little is 
known concerning the tectonic stability of the study area during the Holocene period. Faure et al. 
(1980) have estimated that since the mid-Holocene, the crustal tilting is lower than ±1 m. 
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3.4. Present-day configuration of the Senegal River mouth system 
 

Inland, a wide alluvial plain displays morpho-sedimentary structures which are 
characteristic of fluvial environments such as channel networks bounded by levees, and 
depressions where clays settle (Michel, 1973). The terminal reach of the Senegal River is 
separated from the open Atlantic Ocean by sand bodies, with the Langue de Barbarie being the 
southernmost and youngest of these sand spits (Monteillet, 1988). The sandy Senegalese coast is 
oriented N-S from Mauritania to the southernmost extension of the Langue de Barbarie, and 
from this point towards the south, the coast is NE-SW oriented. 

The continental shelf of NW-Africa is on average 40 to 60 km wide and the shelf break is 
situated at water depths of 100-200 m (Mc Master and Lachance, 1969). More precisely, in the 
studied area, off Senegal, the shelf break is situated at 100 m (Mulitza et al., 2005). Off NW-
Africa, the sandy shelf and upper slope are mainly composed of biogenic material (Mc Master 
and Lachance, 1969), however, off Senegal, Seibold and Fütterer (1982) mentioned a sediment 
feature described as a shallow-shelf sediment patchiness composed of more than 75 % of fine 

Fig. 6; Section 3 
Ages stem from the Faure et al. (1980) sea-level reconstruction. Dates were calibrated by the 
program CALIB 5.0.1. (Stuiver et al., 1998) using an atmospheric calibration (Table 1; section 
6). Dashed lines enveloping the data represent two possible end-members of sea-level 
reconstruction. 
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grained sediment. In fact, in front of the Senegal River mouth, a shallow-acoustic survey 
revealed a fine-grained sediment body forming a mud-belt depocenter (Mulitza et al., 2005). The 
formation and evolution of this Senegal mud belt is still poorly documented in the literature. 
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4. Applied methods  
 
4.1. Shallow-acoustic profiling 

 
Parasound data where retrieved during METEOR cruise M65/1 in June 2005 and during 

MERIAN cruise MSM11/2 Cruise in March/April 2009. The Parasound system is a parametric 
sediment echosounder (Grant and Schreiber, 1990). This system emits two primary signals with 
frequencies of 18 kHz and 22 kHz producing thereby a secondary (parametric) signal of 4 kHz. 
Parasound profiles were loaded in the commercial software package Kingdom Suite 8.0 in order 
to establish isopach maps.  

  
4.2. Sample preparation 
 

Our investigations focus on the terrigenous fraction of the sediment, thus, organic matter, 
carbonate and biogenic opal fractions were removed chemically in three successive steps. Two 
different methods of chemical leaching where applied whether or not mineralogical 
investigations were performed on the treated samples. 

For basic grain-size measurements, a routine chemical leaching was applied. Oxidation of 
organic matter was performed by adding 10 ml of hydrogen peroxide (H2O2 35 %) and boiling 
the sample (~1 g) until the end of the chemical reaction. Then the calcareous particles were 
dissolved by adding 10 ml of hydrochloric acid (HCl 10 %) and boiling the suspension for one 
minute. Then samples were neutralized by addition of water. Dissolution of the biogenic opal 
particles was performed by adding 6 g of sodium hydroxide (NaOH 40 mol/L) to the samples. 
Neutralization by adding water was performed until the solution reached pH 7.  

However, for mineralogical investigation purposes, special care was taken to the samples 
(~50 g). Oxidation of reactive organic matter was performed by adding 200 ml of hydrogen 
peroxide (H2O2 10 %), then the calcareous particles were dissolved by adding 200 ml of formic 
acid (HCOOH 10 %) and the biogenic opal particles were dissolved by adding 150 ml of sodium 
hydroxide (NaOH 40 mol/L) to the samples. During each procedure step, the samples were 
mixed by a magnetic shaker and heated to 50°C to prevent structural and chemical clay-mineral 
modification (Holtzapffel, 1985). In the case of the organic matter removal, the procedure was 
performed 10 times, because of the high organic matter content of the mud belt samples. 
Immediately after the calcareous particle dissolution reaction, the beakers were filled with water 
to neutralize the solution. Neutralization by adding water was performed five times until the 
solution reached pH 7. The same procedure was applied immediately at the end of biogenic opal 
dissolution. 
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4.3. Splitting method in the view of chemical and mineralogical investigations on specific 
subfractions 
 

For unconsolidated sediment, the separation between sand and silts is commonly 
performed by sieving (Tucker, 2001). The freeze-dried bulk sediment samples were wet-sieved 
and the fraction >63 µm retrieved. The Senegal mud belt is a fine-sediment body under the direct 
influence of the Senegal River, its sand fraction is very subordinate for our analysis (average 
value ~2 % of the total bulk) and mainly of biogenic origin. We therefore assume that the coarse 
terrigenous fraction is negligible.  

For clay to silts grades, a settling velocity method through a water column can be used. 
The settling separation is based on Stokes’law. 

 
T= 18 L/d2g( p- f) 
 
Parameters in our laboratory (Bremen, Germany): 
t= time (s) 
d= diameter of the particle (m) 
g= 9.81 m.s-2 (acceleration due to gravity) 
L= 0.285 m (length of the tube) 

p =2650 kg.m-3 (quartz density) 
 = viscosity of water (kg/m.s) relative to temperature 
 f = density of water (kg/m3) relative to temperature 

 
Because of its distinct chemical and mineralogical signature and in order to avoid a 

considerable over-estimate of the size of the clay particles by the Laser particle-sizer (Konert and 
Vandenberghe, 1997), the clay fraction (<2 µm), was separated from the silt fraction by 
repeating a settling procedure based on Stokes’ law using Atterberg settling tubes (Müller, 
1967). Prior to the settling procedure, the particles >63 µm were removed by wet sieving for 
greater accuracy to be achieved during further splitting of the sediment, which was performed 
using 8 cm-diameter Atterberg tubes. In small section Atterberg tubes sand particles drain 
towards the bottom the fine fraction. In order to prevent cluster formation during the settling 
procedure, 25 g of Sodium Carbonate, Anhydrous (Na2CO3) was added to 100 l of water. Even 
though we added Sodium Carbonate, Anhydrous to the water, we did not take it into account in 
the calculation. We assumed that physical characteristics of the fluid are the physical 
characteristics of water. A 50 % Magnesium Chloride (MgCl2) solution was added to the clay to 
accelerate settling by agglomeration. Excess ions were removed by centrifugation (3 runs, 10 
min, 3500 rotations per minute) afterward (Ehrmann et al., 1992). 
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4.4. Grain-size measurements 
 
Grain-size distributions were measured with a Beckman-Coulter Laser Particle Sizer LS 

200 (Fullerton, USA; Konert and Vandenberghe, 1997). The grain-size distribution obtained can 
then be characterized by statistical parameter of relevance for sedimentological studies like 
mode, mean, sorting and skewness (Tucker, 2001). 

A hierarchical cluster analysis was performed on the GSD from the individual cores with 
the aim of partitioning the samples into groups based on their similarity. The similarity between 
any given pair of samples was determined by the Aitchison distance separating them (Aitchison, 
1982; Martín-Fernández et al., 1998). This measure of similarity is suitable for GSD which are 
fundamentally a ‘closed’ data type (i.e., each sample is subject to a constant-sum-constraint). 
The sample GSD were grouped progressively using the linkage technique of Ward (1963) and 
this process is displayed graphically in the form of dendrograms. Mean GSD were calculated for 
each cluster based upon the sequence with which the individual samples had been linked. 
 
4.5. Elemental-distribution determination 
 

Elemental distribution was measured by three devices.  
Major and trace element concentrations were analyzed by XRF powder measurement 

Xepos (Spectro, Kleve, Germany). At least 1g of dry material was grounded and homogenized 
manually using an agate pestle and mortar (Wien et al., 2005). Then the powder was poured and 
compacted in a sample cup and analyzed. Samples smaller than 1 g were not analyzed. 

In order to measure more accurately major and trace element contents by Inductively 
Coupled Plasma Optical Emission Spectrometry (ICP-OES) Optima 3300RL (Perkin Elmer, 
Waltham, USA), 50 mg of the ground sample were digested with a microwave system (MLS, 
MEGAII). Using the procedure of Zabel et al. (2001), 2 ml concentrated HNO3, 2 ml HF (37 %), 
and 2 ml concentrated HCl were added to the sample into a Teflon liner. All used acids were of 
suprapure quality. Samples were heated to 200 °C under a 30*103 bar pressure. The acids were 
evaporated to near dryness, and the residue was dissolved in 1 ml of concentrated HNO3 and 
filled up to 100 ml with double-deionized water. To evaluate the quality of digestion procedure, 
samples were combusted at 550 °C and the same chemical treatment was applied again. The 
precision was 2 %. Unfortunately Si concentrations can not be measured by this procedure.   

The Avaatech X-ray Fluorescence (The Netherlands) core scanner provides bulk 
sediment element distribution data (Tjallingii et al., 2007). This non-destructive method provided 
a 1-cm resolution record of the chemical composition of the core. In order to avoid any dilution 
effect, element were only plotted as ratios of two elements (Weltje and Tjallingii, 2008). 
According that the water content of the sediment core can influence the XRF core scanner 
measurement for low atomic weight elements (Tjallingii et al., 2007). We controlled the 
variation in porosity over the cores, assuming that the variations in porosity and in water content 
were related. The choice of the elements ratios depends on the scope of each particular study. 
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4.6. Mineral determination and semi-quantification (XRD) 
 

For mineralogical analysis, dried bulk samples were intensively ground to a fine powder 
and loaded in the Philips backloading system (Vogt et al., 2002). X-ray diffraction analyses were 
performed with a Philips X’Pert Pro multipurpose diffractometer with Cu K alpha radiation and 
fixed divergence slit (1/4 °). The Philips X’Pert Pro multipurpose diffractometer is equipped 
with a Cu-tube (k α 1.541, 45 kV, 40 mA), a fixed divergence slit of 1/4°, a 16 samples changer, 
a secondary monochromator, and the X’Celerator detector system. The measurements were done 
as a continuous scan from 3 to 85° 2 θ with a calculated step size of 0.016° 2 θ (calculated time 
per step was 100 seconds). Mineral identification was done by means of the Philips software 
X’Pert HighScore™, which, also, gives a semi-quantitative estimate for each identified mineral 
on the basis of the Relative Intensity Ratio (R.I.P) values. These Relative Intensity Ratio values 
were calculated as intensity ratio of the most intense reflection of a specific mineral phase to the 
intensity of the most intense reflection of pure corundum (I/Ic) referring to the “matrix-flushing 
method” after Chung (1974). 
 
4.7. Age model 
 
 The age models for the cores are based on AMS-14C dates which were measured by the 
Leibniz Laboratory in Kiel (Germany), and the Poznań Radiocarbon Laboratory (Poland). The 
raw dates are calibrated with the program CALIB 5.0.1. (Stuiver et al., 1998). The reservoir-age 
variations off Senegal are not precisely known and are likely influenced by river runoff and/or 
local upwelling variations. Since the marine calibration curve is not able to adequately model 
these variations, a 400-years reservoir age was subtracted from the conventional 14C age and the 
atmospheric calibration curve was applied. All ages are given in calibrated years before present 
(cal a BP). In order to avoid dating problems with regard to redeposition processes, only well 
preserved carbonate shells were selected for dating. The age models of the cores are based on a 
linear interpolation between these radiocarbon dates.  
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5. Deciphering fluvial and aeolian supply in shallow-water sediments off Senegal 
(NW-Africa) (ready for submission) 
 
Authors: Jean Nizou, Till J.J. Hanebuth, Christoph Vogt, Matthias Zabel. 
 
Abstract 
 
 High-resolution climatic records of the late Holocene along the NW-African continental 
margin are scarce. In this study, we combined grain size, elemental distribution and mineralogy 
to trace dust and riverine sources at a near-shore marine site close to the Senegal River mouth 
through the late Holocene to better understand how terrigenous components record climate 
variability. Major element contents were measured and mineral identification was performed on 
three sub-fractions: (1) fluvial material <2 µm, (2) intermediate material 2-18 µm and (3) aeolian 
material 18-63 µm. Results show that more than 80 % of the total Al and Fe terrigenous bulk 
content is concentrated in the fluviogenic fraction. Ti, K, and Si can not be considered as proxies 
for a specific source off Senegal. The Al/Ca ratio recording the continental river runoff displays 
two dry periods from 3010 to 2750 cal a BP and from 1900 to 1000 cal a BP, and two main 
humid periods from 2750 to 1900 cal a BP and from 1000 to 700 cal a BP. The match between 
intervals of low river runoff, reduced river discharge inferred by integrated palynological data 
from a neighbouring core and periods of enhanced dune reactivation in Mali confirm this 
interpretation. Cool sea-surface temperatures over the equatorial and North Atlantic are coeval 
with such detected drought periods over the Sahel. The North Atlantic Oscillation is believed to 
modulate the climate at low latitudes. An influence of the variations in solar activity as a trigger 
for climate changes is suggested. 
 
Keywords: grain size; elemental distribution; mineralogy; late Holocene; NW-Africa; 
paleoclimate. 
 
1. Introduction  
 
 Life in the semiarid Sahel region depends strongly on water availability. High-resolution 
climatic records of the late Holocene from lakes and the marine environment of the NW-African 
coasts are scarce. They are, however, crucial to a better understanding of the mechanisms 
responsible for the recent Sahel droughts during the 1970’s and 1980’s. 
 The Holocene period has long been considered a stable climatic period. However, recent 
investigations off NW-Africa have shown that it contained alternating wet and dry periods (e.g., 
deMenocal et al., 2000; Gasse, 2000; Holz et al., 2007).  
 On the continental shelf off Senegal, a fine-grained depocenter has developed in front of 
the Senegal River mouth (Seibold and Fütterer, 1982). The terrigenous material which is 
discharged from the continent is directly controlled by climatic conditions in the hinterland. 
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Hence, shelf mud belts are considered as suitable archives for coastal changes and climate 
variability (Grossman et al., 2006, Hanebuth and Henrich, 2009). Therefore, Core   9504-3 was 
retrieved from this shelfal mud depocenter (Fig. 1; Mulitza et al., 2005). 
 To date, no study has been performed to investigate specific elements within the scope of 
interpreting the XRF data for a specific region. For this study, we developed a new approach that 
combines grain size, elemental distribution, mineralogical determination and semi-quantification 
on sediment from Core 9504-3 to serve as a proxy for climatic reconstructions on a regional 
scale. Fluvial and aeolian inputs were identified and unraveled through the late Holocene to 
determine how such terrigenous components can record climate variability. These results are 
then used to reconstruct the terrigenous input and the paleoclimate of NW-Africa in relation to 
changes in sea-surface conditions over the equatorial and the North Atlantic Ocean.  
 
2. Regional settings  
 
2.1. Atmospheric patterns and aeolian transport in the Senegalese region 
 
 The studied area is situated close to the northern offshore extension of the Intertropical 
Convergence Zone (ITCZ) during boreal summer (Fig. 1). Despite its close proximity to the 
ITCZ the major factor controlling the interannual rainfall variability over NW-Africa is the 
Tropical Rain Belt (Leroux, 2001). During the boreal summer the ITCZ and the associated 
Tropical Rain Belt shift toward the North (19°N) and during the boreal winter toward the South 
(5°N) (Fig. 1C). The initiation of the West African Monsoon in the boreal summer marks a 
strong seasonal transition in NW-Africa. Cool sea-surface temperatures (SST) in summer 
increase the land-sea temperature gradient allowing the air masses to penetrate inland (e.g., 
deMenocal et al., 2000; Gasse, 2000; Nicholson, 2000). On another hand, changes in SST in the 
equatorial Atlantic Ocean influence the surface evaporation and have thus an effect on the 
strength of the monsoon (e.g., Weldeab et al., 2005; Chang et al., 2008). River runoff is directly 
driven by the climate in the Senegal River catchment area. Precipitation increases over the 
drainage basin when the ITCZ, thus the monsoon, is at its summer mode. 
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Fig. 1; Section 5 
(A) Satellite image of the NW African continental margin displaying positions of Core GeoB 9504-3 (15°52.59´N; 
16°40.50´W), Core GeoB 9503-5 (16°03.99´N; 16°39.15´W), and the main wind systems (source: 
http://www.nasa.gov/multimedia/imagegallery/).  
(B) Map showing the positioning of the core on the mud belt (blue patch) (Domain, 1977), the water course of the 
Senegal River and its main tributaries. The limits of the river basin (dashed line) and the three different 
hydrological regimes mentioned in section 2.2 (of this article) are also displayed.  
(C) Schematic map of North Africa displaying the location of the records mentioned in section 5 (of this article), 
the ITCZ position in August and January and the Senegal River water course. 
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The semi-arid Sahelian and arid Saharan regions presently constitute a giant reservoir of 
dust, easily being mobilized and transported by two year-round wind systems to the Atlantic 
Ocean (Fig. 1) (e.g., Delany et al., 1967; Prospero et al., 1981; Prospero and Lamb, 2003). As a 
high-altitude feature, the Sahara Air Layer (SAL), or African Easterly Jet (AEJ), is a mid-
tropospheric wind system carrying dust from approximately 3000 m to 7000 m (Stuut et al., 
2005, and references therein). Predominant during the boreal summer, this wind system is 
associated with the summer monsoon which brings rain over NW-Africa. Strong Earth-surface 
turbulence associated with the monsoonal front system lift the dust particles which are 
transported westward by the SAL. The SAL divides into a northern branch carrying dust towards 
the NE Atlantic and the Canary Islands, and a western branch transporting aeolian material far 
offshore. As a surface feature, the NE Trade winds are a cold and dry wind system blowing 
between 0 and 1000 m. It is the dominant atmospheric feature during boreal winter and causes 
the NW-African coastal upwelling (e.g., Van Camp et al., 1991).  
 Although, the actual dust source regions remain unclear, some prominent source regions 
are often suggested in the literature. The Bodélé depression (Chad) is a poorly vegetated, very 
dry area. The Bodélé Low Level Jet, generated mainly by the topography of the surrounding 
Tibesti Massif and the Ennedi mountains, remobilizes the soft sediments which are mainly 
composed of diatomite associated with terrigenous clays and silts deposited in Mega-Lake Chad 
(e.g., Gasse, 2002; Washington et al., 2006). The second major dust source is a low relief area 
extending over eastern Mauritania, western Mali and southern Algeria covered by silt-rich 
alluvium and ancient lakebed depressions (e.g., Mc Tainsh and Walker, 1982; Brooks and 
Legrand, 2000; Goudie and Middleton, 2001).  
 
2.2. Hydrology and sediments of the Senegal River basin  
 
 The hydrological Senegal Basin is 343 000 km2 large (Monteillet, 1988). The Senegal 
River source is located in the Fouta Djalon region. The Senegal River begins at Bafoulabé by the 
confluence of two main tributaries Bakoy and Bafing (Fig. 1B). From its source to its mouth, the 
Senegal River and its two tributaries pass through Precambrian sandstone deposits (Bafing and 
Bakoy), the lower Cambrian schisto-dolomitic deposits (Bakoy) and Palaeozoic metamorphic 
rocks mainly composed of shales and quartzites (Michel, 1973). The Falémé is the Senegal 
River’s main affluent, which passes through different Precambrian deposits, first shales, then a 
volcano-sedimentary complex and granites. Finally, it intersects Palaeozoic deposits before 
merging into the Senegal River at Bakel (Michel, 1973). From Bakel to the river mouth, the 
Senegal River is bordered by Holocene fluvio-deltaic deposits composed of fine sands, silts and 
clays, surrounded by stabilized so-called red dunes (Michel et al., 1993). 
 The alluvial valley is 10 to 25 km wide, and widens close by the river mouth (Michel and 
Durand, 1978). From July to October/November, due to the summer monsoon rains, the Senegal 
River water discharge is 1370 m3/s (average value) and the sediment suspended load higher than 
200 mg/l. In contrast, during the boreal arid winter season, the water discharge is 120 m3/s 
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(average value) and the sediment suspended load is frequently less than 10 mg/l (Gac and Kane, 
1986). This low flowing regime combined with a river bed situated below the sea level allow 
marine incursions until Bogué. The average annual water discharge at the last downstream point 
prior to the estuary (Dagana) is 641 m3/s and the annual sediment load delivered to the sea is 
~2x109 kg (Gac and Kane, 1986). From the source in Fouta Djalon to the river mouth three 
different hydrological regimes can be distinguished (Fig. 1B). (1) A transitional tropical humid 
regime (28 000 km2, 5 % of the river basin surface), characterized by a mean annual rainfall of 
more than 1250 mm and seasonal drastic variations in the flow. (2) A full tropical regime (108 
000 km2, 40 % of the river basin surface), characterized by a mean annual rainfall from 1250 to 
750 mm. (3) A Sahelian regime (134 000 km2, 45 % of the river basin surface), which has 
developed under an average annual rainfall of less than 750 mm.  
 
2.3. Oceanography of the Senegalese shelf 
 
 The hydrological system on the Senegalese shelf is poorly known. According to Pinson-
Mouillot (1980), off Senegal different types of shallow ocean currents occur depending on the 
season. From November to May, a cool and saline surface current is directed to S/SW. These 
waters derive from a component of the coastal Canary Current and a series of upwelling cells. 
The water column is fully mixed down to 50 m. The current speed fluctuates with wind speed 
(Monteillet, 1988). Under the latter, further offshore from Cap Vert to Cap Blanc, a counter 
current is active toward the north. From June to October, a component of the warm Equatorial 
Counter Current flows northward on the shelf. The speed of this current is highly variable 
(Rebert, 1979). 
 
2.4. Physiography and sedimentology of the Senegalese shelf 
 
 The continental shelf of NW-Africa is on average 40 to 60 km wide and the shelf break is 
situated at water depths of 100-200 m (Mc Master and Lachance, 1969). More precisely, in the 
studied area, off Senegal, the shelf break is situated at 100 m (Mulitza et al., 2005). Off NW-
Africa, the sandy shelf and upper slope are mainly composed of biogenic material (Mc Master 
and Lachance, 1969), however, off Senegal, Seibold and Fütterer (1982) mentioned a sediment 
feature described as a shallow-shelf sediment patchiness composed of more than 75 % of fine 
grained sediment. In fact, in front of the Senegal River mouth, a shallow-acoustic survey 
revealed a fine-grained sediment body forming a mud belt center (Mulitza et al., 2005). It 
consists of a 15-m thick layer which is seismically transparent to weakly stratified trapping fine 
sediment. The formation and evolution of this Senegal mud belt is still poorly documented in the 
literature, however shelf mud belts are currently recognize to be potentially important archives 
for coastal changes and climate variability (Grossman et al., 2006). 
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3. Material and methods  
 
3.1. Material 
 
 Core GeoB 9504-3 was retrieved from 43 m water depth during the R/V Meteor research 
cruise M65/1 in June 2005 from the mud belt in front of the mouth of the Senegal River 
(15°52.59´N; 16°40.50´W) (Fig. 1). The 559 cm-long sediment core was taken with a gravity 
corer (Mulitza et al., 2005). The dark olive green terrigenous muddy sediment is poorly 
bioturbated and contains just a few carbonate shell fragments.   
 
3.2. Methods 
 
3.2.1. Age model  
 
 The age model of Core 9504-3 is based on a linear interpolation between seven AMS-
radiocarbon dates calibrated by the program CALIB 5.0.1. (Stuiver et al., 1998; data available on 
www.pangaea.de). The reservoir-age variations off Senegal are not precisely known and are 
likely influenced by river runoff and/or local upwelling variations. Since the marine calibration 
curve is not able to adequately model these variations, a 400-years reservoir age was subtracted 
from the conventional 14C age and the atmospheric calibration curve was applied (Table 1). All 
ages are given as calibrated years before present (cal a BP). With respect to potential 
redeposition, only fresh carbonate shells were selected as dating material. The age model is 
consistent, and the radiocarbon dates indicate a continuous sedimentation from the core base 
(557 cm) at 3010 [2948-3072] cal a BP to the core top (5 cm) at 700 [678-725] cal a BP. The 
generally high sedimentation rate shows variations between 0.1 cm/a and 0.4 cm/a.  
 
3.2.2. Sampling strategy based on XRF core scanner data  
 
 The Avaatech X-ray Fluorescence (The Netherlands) core scanner provides bulk 
sediment element distribution data (Tjallingii et al., 2007). This non-destructive method provided 
a 1-cm resolution record of the chemical composition of Core 9504-3 (Fig. 2 and 3; data 
available on www.pangaea.de). Using the Al as an indicator of the terrigenous input variability, 
16 intervals were selected belonging to the most extreme contrasting intervals. Samples from a 
depth of 03, 08, 223, 228, 258, 368, 378, 388, 488, 493, and 553 cm show low Al values, thus 
low terrigenous input, and samples 333, 338, 448, 458, and 463 cm show high Al values, hence 
high terrigenous input.  
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Fig. 2; Section 5 
Flow chart of succeeding analytical steps. 
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3.2.3. Chemical leaching of the 16 test samples 
 
 The bulk sediment samples (average value ~44 g) were freeze-dried, wet-sieved and the 
fraction >63 µm retrieved (Fig. 2). The Senegal mud belt is a fine-sediment body under the direct 
influence of the Senegal River, its sand fraction is very subordinate for our analysis (average 
value ~2 % of the total bulk) and mainly of biogenic origin. We therefore assume that the coarse 
terrigenous fraction is negligible. Organic matter, carbonate and biogenic opal fractions were 
removed chemically in three successive steps (complete procedure available in the annex).  
 The clay fraction (<2 µm), because of its distinct chemical and mineralogical signature, 
was separated from the silt fraction by repeating a settling procedure based on Stokes’ law using 
Atterberg settling tubes (Müller, 1967) (Fig. 2). Prior to the settling procedure, the particles >63 
µm were removed by wet sieving. This allowed for greater accuracy to be achieved during 
further splitting of the sediment, which was performed using 8 cm-diameter Atterberg tubes 
(complete procedure available in the annex). 
 
3.2.4. Particle size and splitting 
 
 Grain-size distribution of the terrigenous silt fraction was measured with a Beckman-
Coulter Laser Particle Sizer LS 2000 (Fullerton, USA; Konert and Vandenberghe, 1997; data 
available on www.pangaea.de). The removal of the fine fraction (<2 µm) avoids a considerable 
over-estimate of the size of the clay particles. The latter are defined by the Laser Particle Sizer as 
particles of 8 µm (Konert and Vandenberghe, 1997). On the basis of these grain-size results, 
further splitting was performed through Atterberg settling and led to the isolation of two distinct 
sub-fractions 2-18 µm and 18-63 µm. The choice of an 18-µm limit was based on the silt grain-
size distribution of the 16 samples and additional data shown in the section 4.1. (of this article) 
below. The splitting efficiency was verified by a Scanning Electron Microscope on each of these 
two sub-fractions (data available on www.pangaea.de). 
 
3.2.5. Elemental distribution of each sub-fraction 
 
 Elemental distribution of each sub-fraction was measured by two devices (data available 
on www.pangaea.de; Fig. 2). Major and trace element concentrations were analyzed by XRF 
powder measurement Xepos (Spectro) (Wien et al., 2005). In parallel, the 16 bulk sediment 
samples were analyzed to compare the bulk concentration values with the single sub-fraction 
concentration values (Fig. 5B) (data available on www.pangaea.de, complete procedure available 
in the annex).  
 Additionally, major and trace element contents of the 16 samples were measured with the 
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) Optima 3300RL (Perkin 
Elmer) by applying total sediment digestion (cf. Zabel et al., 2001; data available on 
www.pangaea.de; complete procedure available in the annex). The precision was 2 %.  
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Fig. 3; Section 5 
Sedimentation rate and XRF core scanner data of Core 9504-3 plotted against depth. Black 
triangles indicate the 14C dates. Only terrigenous element ratios (Al/Si, Fe/Si, Ti/Si, K/ Si) 
are plotted. 
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Unfortunately Si concentrations can not be measured by this procedure. Thus, 
concentrations are given as (ICP-OES) averages (Cx), with exception to Si, which is given as 
(XRF powder measurement) averages from nine samples (Cx). This information allows to 
evaluate in which sub-fraction the elements are mainly concentrated. Although Co, Cr, Cu, Ni, V 
trace elements occur more specifically in phyllosilicate-rich material from the clay-size sub-
fraction, trace elements content of the three sub-fractions will not be discussed due to the fact 
that they can not be detected by the XRF core scanner.   
 The amount of material varies for each sample. A single concentration value does not 
provide sufficient information to know in which sub-fraction the element is mainly present. The 
concentration of an individual terrigenous element given in ppm in each sub-fraction was 
multiplied by the weight of the corresponding sub-fraction to obtain the absolute amount of these 
elements in the sample. The mud belt is composed of fine-grained sediment in which the sand 
fraction is negligible, hence, we assumed that the three sub-fractions of one sample are equal to 
100 % (data available on www.pangaea.de). For each sample, we calculated the relative 
abundance of an element in percentage (Px), in order to know in which sub-fraction the specific 
element is mainly present. For a single sample, this number varies according to the quantitative 
proportion of the three sub-fractions, and the concentration of the element in the sample. 
 
3.2.6. Mineral determination and semi-quantification of each sub-fraction 
 
 For mineralogical analysis, dried bulk samples were intensively ground to a fine powder 
and loaded in the Philips backloading system (Vogt et al., 2002; Fig. 2). X-ray diffraction 
analyses were performed with a Philips X’Pert Pro multipurpose diffractometer with Cu K alpha 
radiation and fixed divergence slit (1/4 °). Mineral identification was done by means of the 
Philips software X’Pert HighScore™, which, also, gives a semi-quantitative estimate for each 
identified mineral on the basis of the Relative Intensity Ratio (R.I.P) values. These Relative 
Intensity Ratio values are calculated as intensity ratio of the most intense reflection of a specific 
mineral phase to the intensity of the most intense reflection of pure corundum (I/Ic) referring to 
the “matrix-flushing method” after Chung (1974) (data available on www.pangaea.de; technical 
specifications available in the annex).  
 
4. Results  

 
4.1. Grain size  
 

Core 9504-3 terrigenous silt grain-size distributions display two main subpopulations 
separated by a lack of material at 18 µm (Fig. 4A). Five well-sorted samples have their mode 
around 30 µm whilst the rest of the samples show polymodal distributions. These polymodal 
grain-size distributions display a dominant subpopulation ranging between 5 and 10 µm and a 
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second subordinate subpopulation around 25 µm. These two subpopulations are bordered at 18 
µm by a clear lack of material (Fig. 4A).  

According to the available data on the grain size of the river sediment suspension-load 
from Gac and Kane (1986) showing that 76 % of the river suspended material is <2 µm (Fig. 
4B), the sub-fraction <2 µm was attributed to riverine input. The grain-size distributions of the 
material trapped by a ship dust sampler in June 2005 during Cruise M65/1 showing well-sorted 
peaks around 28 µm (Fig. 4C), allow to interpret the 18-63 µm sub-fraction as being 
characteristic for wind-blown sediment. The dust material retrieved in February 1998 off Senegal 
during the cruises M41/1 (Stuut et al., 2005) shows an average modal grain-size around 9 µm 
(Fig. 4C), however, 5 % of the river suspended particles have a grain size of 5 to 10 µm (Gac and 
Kane, 1986). Hence, Sarnthein et al. (1981) suggested that the fine silts (~11 µm) off NW-Africa 
originate from long-distance dust transport and, when deposited close to the coast from riverine 
sources. We can, thus, assume that the 2-18 µm sub-fraction is composed of riverine and aeolian 
material with both having a similar grain-size signature. 

Fig. 4; Section 5  
(A) Grain-size distribution (GSD) of the terrigenous silt material performed on 16 GeoB 9504-3 
samples. 
(B) Grain-size distribution of the Senegal River suspended sediment (Gac and Kane, 1986). 
(C) Grain-size distribution of the dust retrieved off Senegal, in February during the cruise M41 (Stuut et 
al., 2005), and in June during the cruise M65. 



 Section 5 – Manuscript n°1 

38 
 

4.2. Elemental distribution and mineralogy  
 
 The elemental distribution and mineralogy of the sediments deposited in the mud belt are 
representative of the geology of the sources areas. The sediment is a mixture of the material 
generated by weathering of specific rock types. Due to the high lithological variety over NW-
Africa, it is impossible to unravel the exact rock sources, however this technique allows us to 
identify and decipher the two main input mechanisms of aeolian and riverine transport (Fig. 5). 
 The aeolian sub-fraction (18-63 µm) is dominated by quartz (58 % given as average 
values from the 16 samples) and feldspar (19 %) while clay minerals are rare (1-37 %). The 
noted presence of illite/mica, smectite and chlorite in some samples is interpreted as resulting 
mainly from surface coating enclosing coarse dust grains (Kuhlmann et al., 2004), and from 
clay-rich particles (data available on www.pangaea.de). The predominance of quartz and feldspar 
in the aeolian sub-fraction provides the highest average Si concentration values of the three sub-
fractions, CSi = 34x104 ppm (Fig. 5B). PSi varies from 10 to 54 %, meaning that 10 to 54 % of the 
total Si content of the terrigenous bulk sediment is located in the dust sub-fraction. The high CK 
(15x103 ppm) is mainly related to the potassium feldspars and also, to a minor extent, to 
potassium mica (illite-mica). Like PSi, PK is highly variable, from 3 to 45 %. The low CFe value 
(14x103 ppm) is due to smectite and chlorite present as coating around coarse grains. PFe displays 
small variations from 1 to 8 %. No iron oxides have been detected in our samples. However, 
even if hematite and magnetite are well-known for giving their yellow/red color to the desert 
soils (e.g., Torrent et al., 1983; Lafon et al., 2004), only very small amounts of FeOOH or MnO 
are necessary to color the material (below 1 wt %). Therefore, determination by XRD of 
magnetite or hematite is not possible from bulk samples. The lowest CTi is found in the dust sub-
fraction (39x102 ppm). This low Ti value can not be attributed to a single mineral phase. Ti, like 
Fe, is mainly carried by the wind as a clay coating embedding coarse dust grains. A control was 
performed on some coarse quartz grains by SEM, but no evidence of Ti rich inclusion was 
discovered (data available on www.pangaea.de). PTi varies from 2 to 35 %. CAl is low (26x103 
ppm) due to the small amount of clay in the dust samples. PAl varies in short interval from 1 to 14 
%. 
 The intermediate sub-fraction (2-18 µm) is rich in quartz, feldspar, mica, amphibole and 
pyroxene (70-90 %), and shows, thus, high Si values (32x104 ppm). PSi stays in the range of 20 
%. The high CK values (18x103 ppm) are explained mainly by the presence of potassium 
feldspar: microcline, orthoclase, sanidine and by potassium mica (illite). PK is also rather stable 
(from 20 to 25 %). Even if the CTi is the highest (79.5x102 ppm) in this sub-fraction, the Ti 
values are still too low to be detected by the sensitivity of XRD (below 1 wt. %). PTi shows a 
little variability, around 20 to 25 %. The original presence of Ti source could be found in runoff 
from alluvial terraces of the ferruginous lateritic soils edging the Senegal River. Al, mainly 
present in clay minerals, presents a CAl of 52x103 ppm. PAl varies between 5 and 10 %. CFe is 
49x103 ppm, meaning that the intermediate sub-fraction contains significantly less clay minerals 
(bearing Fe) than the finer riverine portion. Even if the concentration of Fe is variable inside this 
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sub-fraction, the PFe is small and varies only from 10 to 16 %, essentially due to the fact that CFe 
is very high in the fine riverine sub-fraction. Unfortunately the chemical and mineralogical 
investigations performed on this sub-fraction do not allow us to decide if the latter is mainly 
composed of material of aeolian or fluvial origin. 
 In the fine fluvial sub-fraction (<2 µm), the quartz content is very low (3 %), feldspar is 
absent in some samples (0.4 %), and clay minerals are dominant. The five main clay groups are 
present in this fine fluvial material: smectite, kaolinite, chlorite, illite and the mixed layer clays. 
Hematite and goethite originating from ferruginous lateritic soils are not detected. The 
abundance of clay minerals provides the highest CAl (12x104 ppm). PAl varies from 75 to 94 %. 
Fe is an element present in certain groups of clay minerals like smectite or chlorite which 
explains the highest CFe value (70x103 ppm). PFe is ranging between 78 and 91 %. The CTi is 
49x102 ppm. PTi varies between 41 and 80 %. CSi is the lowest (18x103 ppm) due to the very low 
quartz and feldspar contents. The PSi is highly variable from 27 to 69 %. The CK value is also the 
lowest (98x102 ppm) due to the very low potassium-feldspar content, despite the presence of 
illite-mica. The percentage of K related to the bulk is also highly variable from 33 to 75 %.  
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Fig. 5; Section 5 
(A) The relative weight of each sub-fraction is expressed in percentage for each sample. We assume that the sum 
of the three sub-fractions equals 100 % (all data available on www.pangaea.de). 
(B) Average concentrations of terrigenous elements [ppm] in each sub-fraction (Cx) measured by XRF powder 
and ICP-OES. These values are compared to bulk sediment values (XRF Powder) of these 16 samples, riverine 
elemental concentration values at the river mouth (Gac and Kane, 1986) and dust elemental concentration values 
at Dakar (Orange et al., 1986). 
(C) The relative abundance of terrigenous elements in percentage (Px) displays in which sub-fraction elements 
are mainly concentrated. We obtain this percentage by multiplying the concentration of an individual terrigenous 
element [ppm] in each sub-fraction by the weight of the corresponding sub-fraction, and then normalize to 100 %. 
Color codes for A and C indicate sub-fraction type. 
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4.3. Interpretation  
 
 For each element, except for K, Cx matches well with the elemental dust values measured 
by Orange et al. (1986) (Fig. 5B; Table 2). This fact confirms the relevance of our method. Apart 
from K which shows a reverse pattern and Fe which displays enriched values in our samples, the 
riverine elemental values from Gac and Kane (1986) lie between our fluvial sub-fraction values 
and intermediate sub-fraction values.  
 The Fe values in our samples are higher than the present-day sediment material carried by 
the river (Gac and Kane, 1986) (Table 2). No investigation concerning the mobility of the Fe in 
this area has been carried out yet. Fe is a redox-sensitive element, Fe2+ ions can be oxidized and 
fixed by formation of oxyhydroxydes, but the amount of dissolved Fe in an oxic environment is 
extremely small (Zeri and Scoullos, 1998). Thus, the latter can not significantly affect the Fe 
amount. Redeposition of Fe could take place in the context of early diagenesis, implicating 
changes in the primary input signal. However, in front of the Senegal River, the very high 
sedimentation rate makes the diagenetic alteration processes of minor importance compared to 
the tremendous amount of terrigenous input (Fig. 3). We can assume therefore, that the Fe XRF 
core scanner data is largely correct. 
 Furthermore, the initial human occupation in the middle Senegal valley (McIntosh, 2006) 
at 2750-2450 cal a BP by early agro-pastoral settlement is coeval with an increase in Fe 
deposition. The sedimentation rate (Fig. 3) during this period did, however, not increase 
remarkably, which means that the disturbance linked to agro-pastoral activity was not 
significantly affecting sediment discharge.  
 The percentage of Al and Fe related to the terrigenous bulk clearly shows that these 
elements occur preferentially in the fluvial sub-fraction (Fig. 5C). Furthermore, these elements 
display higher concentrations in the riverine sub-fraction than in the dust sub-fraction (Fig. 5B). 
We can, therefore, assume that Al and Fe are chemical components suited to record the Senegal 
River runoff. Due to the scarcity of rivers draining the continent over NW-Africa, Fe is usually 
used as dust proxy (Lafon et al., 2004; Hanebuth and Henrich, 2009). Our study, thus, displays 
an alternative local interpretation for such terrigenous material exported from land off Senegal.  
 The highest concentration of Ti occurs in the intermediate sub-fraction (Fig. 5B). Even if 
most of the samples analyzed display an enrichment of Ti in the fine fluvial sub-fraction, four of 
them present only a fluvial PTi of ~40 %, whilst the aeolian PTi is ~35 % (Fig. 5C). This strong 
variability does not allow to determine whether Ti is a proxy for fluvial or aeolian input. In the 
study of Romero et al. (2008), Ti/Ca ratio was used as a proxy for the wind strength off 
Mauritania. In this area, where rivers are very scarce, Ti is mainly transported by the dust under 
the form of a coating of clay embedding coarse grains. An increase of Ti/Ca ratio is interpreted 
as an increase in wind strength or change in sources area. This underlines the necessity to 
calibrate the elemental data for each specific region in order to be able to interpret the 
distribution of different elements through the core.  
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 The highest concentrations of Si and K are found in the two coarser sub-fractions due to 
the dominant amount of feldspar and quartz in these sub-fractions (Fig. 5B). Strong PSi and PK 
variability excludes these elements from being suited as climate proxies (Fig. 5C). Furthermore, 
Si is not a representative element for either wind or river origin, since Si is contained in most of 
the minerals.   
 Off Cap Ghir, Kuhlmann et al. (2004) have used K originating from illite-mica as a 
fluvial proxy, whilst Caquineau et al. (2002) have interpreted the same element as a dust proxy. 
Off Senegal, in a region under the influence of aeolian and fluvial sources, K can not be 
considered as a specific proxy. Furthermore, our study underlines the fact that, off Senegal, the K 
detected by quantitative and semi-quantitative geochemical investigations derives to a major 
extent from potassium-feldspar and to a minor extent from illite-mica.  
 The results produced by this approach allow to interpret specific major terrigenous 
chemical components as proxies for climatic reconstructions on a regional scale. Al, Fe have 
been identified as major terrigenous chemical elements suitable as fluvial proxies. However due 
to Fe mobility, Al might be more suitable for paleoclimatical purposes off Senegal. No major 
element, that is Al, Fe, Ti, Si, K, can be considered as a specific element of the dust off Senegal. 
According to these results, we will demonstrate how the XRF core scanner data of Core 9504-3 
can be interpreted as a paleoclimatic record displaying alternating periods of wet and dry 
conditions off Senegal during the late Holocene time interval.  
 
4.4. Paleoclimatological interpretation of the Al/Ca ratio record 
 
 We interpret the Al curve as a record of the Senegal River runoff history. A ratio of two 
elements is plotted against time in order to avoid any influence of the dilution effect (Weltje and 
Tjallingii, 2008). However, the water content of the sediment core can influence the XRF core 
scanner measurement for low atomic weight elements like Al (Tjallingii et al., 2007). We assume 
that the variations in porosity and in water content are related. The variation in porosity over the 
entire core is low (~10 %), therefore the influence of water on the measurement should not have 
been of significance (Mulitza et al., 2005). Furthermore, the plot of a ratio between two high 
atomic weight elements (Fe/Ca) which are not influenced by the water content of the core, 
displays the same pattern as the Al/Ca ratio (data available on www.pangaea.com). Then, for a 
paleoclimatic purpose, Al/Ca seems to be the most suitable ratio, because, Al is a riverine non-
mobile element off Senegal and Ca is, in contrast, a marine proxy which tends to amplify the 
signal (Fig. 6A and 7A).  
 From 3010 to 2750 cal a BP, the Al/Ca ratio was low. We interpret these low fluviogenic 
influence as reduced river discharge. Then fluviogenic input intensified remarkably and abruptly 
within 100 years, from 2750 to 2650 cal a BP. Despite variations of intensity, the Al/Ca ratio 
remained high until 1900 cal a BP. This humid phase was subdivided into two sub-intervals of 
pronounced wetness displayed by two peaks at around 2600 and 2100 cal a BP which are 
interrupted by a dryer episode. Then intensity of fluviogenic input has decreased in steps from  
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Fig. 6; Section 5 
(A) Core 9504-3 Al/Ca ratio (XRF core scanner) plotted against time.  
(B) Enhanced dune reactivations (Mali) are displayed by a combined density probability function of optical age 
(Stokes et al., 2004). High summed probability correspond to periods of enhanced dune reactivations thus dry 
conditions in Mali (Stokes et al., 2004). 
(C) Integrated palynological data from Core 9503-5 off Senegal (Bouhimetaran et al., 2009). This palynological 
record consists in fresh-water algae and plant-cuticle fluxes as well as relative abundances of “river-plume 
assemblage” of cysts produced by dinoflagellates (dinocysts) as indicator for humid conditions (Bouimetarhan et 
al., 2009). 
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2100 to 1600 cal a BP and remained consistently at a low level until 1100 cal a BP. The wet 
interval came to an end around 1900 cal a BP, then arid conditions have predominated in the 
Senegalese region. From 1100 to 1000 cal a BP our record shows an abrupt increase in 
fluviogenic sediment material indicating that a more humid phase set up rapidly within a 100-
years time interval. The record ends at 700 cal a BP. 
 
5. Discussion  
 
5.1. Climatic changes in NW-Africa  
 
 In order to evaluate the validity of our technique to record climate changes through the 
late Holocene, we compare our high-resolution record of terrigenous element distribution (Fig. 
6A) with other paleoclimatic records from NW-Africa. A palynological study performed on a 
neighboring core 9503-5 originating from the same mud belt (Bouimetarhan et al., 2009; Fig. 1, 
6C) and a record of aeolian dune reactivations in Mali (Stokes et al., 2004; Fig. 1C, 6B) are used 
as environmental archive of drought conditions in the West African Sahel region. More 
precisely, we focus on fresh-water algae and plant-cuticle fluxes as well as relative abundances 
of “river-plume assemblage” of cysts produced by dinoflagellates (dinocysts) as indicator for 
humid conditions (Bouimetarhan et al., 2009). 
 
5.1.1. Dry period from 3010 to 2750 cal a BP 
 
 Pollen and dinocyst records display a long arid period from 4000 to 2900 cal a BP 
(Bouimetarhan et al., 2009). For the 3010-2750 cal a BP time interval, the drought conditions off 
Senegal recorded by low Al/Ca ratio match with a period of enhanced aeolian dune reactivation 
in Mali (Fig. 6). The Kajemarum Oasis ostracod record of Holmes et al. (1998) from the Sahel 
zone in Northeastern Nigeria (Fig. 1C) displays a rise in salinity from 3100 to 2800 cal a BP, 
meaning a reduction in the precipitation/evaporation ratio of the lake. This observation coincides 
with the trend towards aridity following the end of the African Humid Period recorded north of 
our study area, at ODP site 658C, off Cap Blanc (Fig. 1C; deMenocal et al., 2000). 
 
5.1.2. Humid period from 2750 to 1900 cal a BP 
 
 From 2750 to 1900 cal a BP, fluviogenic input displayed a general humid phase which 
was subdivided into two sub-intervals of pronounced wetness and interrupted by a slightly dryer 
episode. Geomorphological evidence of repeated dune reactivation are absent during this entire 
phase indicating an interruption of the dry conditions (Stokes et al., 2004). Palynological data 
from Core 9503-5 provide evidence of humid conditions during two sub-intervals (Fig. 6). From 
2900 to 2500 cal a BP the increase in fresh-water algae, plant-cuticles fluxes and percentage of 
“river-plume assemblage” suggest moisture conditions and an enhanced Senegal River 



 Section 5 – Manuscript n°1 

45 
 

discharge. The same trend is recorded from 2200 to 2100 cal a BP. A relatively dryer episode 
occurs from 2500 to 2200 cal a BP, marked by a substantial decrease in fresh-water algae and 
plant-cuticles fluxes. This humid span matches precisely with the initial human occupation in the 
middle Senegal valley (McIntosh, 2006). These findings are also in accordance with the water-
level rise inferred from Lake Bosumtwi (Ghana) (e.g., Talbot and Delibrias, 1980; Talbot et al., 
1984; Gasse, 2000; Fig. 1C). This lake highstand was dated by Talbot and Delibrias (1980) 
between 1900 and 2500 cal a BP. Despite the incertitude in radiocarbon dates, Shanahan et al. 
(2006) describe the level rise as composed of two closely spaced highstands dated between 1500 
and 2500 cal a BP. A reason given for this general trend toward more humid conditions in all 
these records from different ecoregions of NW-Africa could be their location with respect to the 
ITCZ shifts (Fig. 1C).  
 Kröpelin et al. (2008) showed a gradual drying in their 6000-year long 
paleoenvironmental reconstruction from Lake Yoa in northern Chad (Fig. 1C) that has 
intensified around 2700 cal a BP. Common problems encountered with lake records (e.g., 
stratigraphic discontinuities, uncertainty on the 14C dates, asynchronous response of terrestrial 
ecosystem to marine changes, influence of local factors (Gasse and van Campo, 1994; Gasse, 
2000; Weldeab, 2005) do not apply to this uninterrupted and well-dated record (Holmes, 2008). 
The record is situated in a dry subtropical desert area, north of the actual ITCZ position. It is still 
a matter of debate whether wetter conditions of NW-Africa derive from an increase in the 
intensity of the monsoon, a prolonged stay of the ITCZ at its northernmost location, or just a 
more pronounced northward movement of the ITCZ. The fact that the trend towards wetter 
conditions from 2750 to 1900 cal a BP was not detected at Lake Yoa, north of the actual location 
of the ITCZ, could be an argument against the hypothesis of a more pronounced extension of the 
ITCZ toward the North for the late Holocene. Nevertheless, the African climate of the Sahel-
Sahara is not homogenous, and Lake Yoa is fed by groundwater flowing down from the 
surrounding mountains which may record short-term fluctuations. 
 
5.1.3. Dry period from 1900 to 1000 cal a BP 
 
 Palynological records off Senegal show the same trend toward aridity as the Al/Ca ratio 
(Fig. 6). A decrease in fresh-water algae fluxes, plant-cuticles fluxes and percentage of “river-
plume assemblage” indicates reduced river discharge and establishment of drier conditions. 
Furthermore, Bouimetarhan et al. (2009) have noticed the presence of two Mediterranean pollen 
species Pinus and Olea originated from the Atlas region and South Europe, confirming an 
intensification of the Trade winds. This arid period corresponds to a period of enhanced aeolian 
dune reactivation in Mali (Stokes et al., 2004). The hypothesis of drought conditions in the Sahel 
belt is confirmed by two other records. A severe drought is recorded in the Kajemarum Oasis 
from 1500 to 1000 cal a BP (Holmes et al., 1997; 1998; 1999), and an increase in salinity is 
recorded via diatom-inferred conductivity in lake Bougdouma (Niger) from 1700 to 1000 cal a 
BP (Gasse, 2002; Fig. 1C).  



 Section 5 – Manuscript n°1 

46 
 

5.1.4. Humid period from 1000 to 700 cal a BP 
 
 This wet phase recorded off Senegal matches with an absence of dune reactivation in 
Mali (Stokes et al., 2004; Fig. 6). Furthermore, the saline conditions prevailing from 1500 to 400 
cal a BP in the Kajemarum Oasis are interrupted around 1000 cal a BP (Holmes et al., 1997; 
1998, 1999). The Lake Bosumtwi (Ghana) displays a rise of water-level around 1000 cal a BP 
and an abrupt fall afterwards (Gasse, 2000).  
 
5.2. Tentative of linkages with global climate forcing and remote areas  
 
 As an attempt of over-regional teleconnection, we compare our fluviogenic record with a 
water-level record from Lake Abhé (Sahel zone, East Africa; Gasse, 2000; Gasse and Street, 
1978), an SST record from the Gulf of Guinea (Weldeab et al., 2005) and a record of change in 
drift ice from the North Atlantic (Bond et al., 2001; Fig. 1C and 7).  
 
5.2.1. Link between eastern equatorial Atlantic sea-surface temperatures and monsoonal 
precipitation over northern Africa 
 
 The lake Abhé (East Africa) is fed by precipitation on the Ethiopian highland (Fig. 1C 
and 7). Humid air masses coming from the Atlantic and the Indian Oceans flood in when the 
ITCZ reaches its northernmost location (Gasse and van Campo, 1994). Despite the significant 
influence of the Indian monsoon, the lake-level fluctuations coincide with our marine site record. 
Periods of dryness over the Senegal and the highlands of Ethiopia are coeval with low SST 
recorded before 2750 cal a BP and from 1700 to 1000 cal a BP (Weldeab et al., 2005). With 
respect to discrepancies between different lake records, Weldeab et al. (2005) suggested that low 
(high) SST in the eastern equatorial Atlantic are linked with reduced (enhanced) monsoonal 
precipitation over northern Africa at a millennial scale. Cool SST lead to a reduction of moisture 
availability thus decreasing the potential for moist air masses to enter into the continent. 
Weldeab et al. (2005) related the wetter periods over N Africa with a prolonged stay of the ITCZ 
at its northern location.  
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Fig. 7; Section 5 
(A) Core 9504-3 Al/Ca ratio (XRF core scanner) plotted against time. 
(B) Water-level record from Lake Abhé (Sahel zone, East Africa) (Gasse, 2000; Gasse and 
Street, 1978). 
(C) SST record from the gulf of Guinea (Weldeab et al., 2005). 
(D) Stack of four records recording change in drift ice in the North Atlantic from Bond et al. 
(2001). The stack is based on three petrologic tracers, hematite-stained grains, Icelandic 
glass and detrital carbonate from Cores MC52-VM29-191 (54°16'N, 16°47'W) and MC21-
GGC22 (44°18'N, 46°16'W) recording the change in drift ice in the North Atlantic expressed 
as percentage (Bond et al., 2001). 
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5.2.2. Cold North Atlantic sea-surface temperatures and arid conditions in the West African 
Sahel 
  

An increase in drift ice is interpreted as an intensified advection of cooler surface waters 
in the North Atlantic (Bond et al., 2001). Along our late Holocene record, and with respect to the 
radiocarbon dating incertitude, cold conditions over the North Atlantic coincide with dry 
conditions over the Senegal (Fig. 7). Despite the shortness of our record, a linkage between high 
(54°N) and low latitudes (16°N) can however be suggested via the North Atlantic. Bond et al.  
(2001) suggested that cooler surface waters at high latitudes are coeval with reduced monsoon 
activity thus dry conditions at low latitudes during the whole Holocene.      
 Our record displays two main peaks in fluviogenic input at around 2600 and 2100 cal a 
BP, these are coeval with exceptional climate conditions over Europe. In the Netherlands, cool 
conditions have established around 2650 cal a BP, this climate change is coeval with the 
transition from Bronze to Iron Age cultures (Van Geel et al., 1996). Reale and Dirmeyer (2000) 
suggested that moisture conditions recorded by archeological and historical data during the 
Roman Classical Period at 2000 cal a BP in Europe are coeval with a northward shifting of the 
ITCZ leading to wetter conditions over NW-Africa. Despite the numerous historical data 
available, this period is still poorly documented in the scientific literature, and the atmospheric 
coupling mechanism between Europe and NW-Africa remains unclear.  

An influence of the North Atlantic Oscillation (NAO) can not be ignored. The NAO is a 
climatic phenomenon centered over the North Atlantic (Marshall et al., 2001). It is a fluctuation 
by the difference of sea-level pressure between the Icelandic Low and the Azores High. A high 
pressure gradient between these two regions leads to cool conditions in summer, and wet mild 
winters in Central Europe due to an activation of the westerlies. In contrast, a low pressure 
difference leads to a suppression of the westerlies winds, thus cold dry winters and stormy 
conditions around the Mediterranean Sea. Marchant and Hooghiemstra (2004) invoke a possible 
influence of the NAO on NW-African climatic changes that operated around 4000 cal a BP. 
They assumed that drier than normal conditions in NW-Africa appear coincident with periods of 
high NAO index years characterized by cool conditions in summer and mild and wet winters in 
Europe (Hurrell, 1995). 
 
5.2.3. Variation in solar activity as a trigger for climatic changes 
 
 In our record, the two main peaks in fluviogenic input occurring around 2600 and 2100 
cal a BP coincide roughly with two solar minima recorded as peaks in 14C at 2700 and 2300 cal 
a BP (Stuiver et al., 1998; Fig. 8). Van Geel et al. (1996) emphasized the link between a strong 
decrease in solar activity recorded between 2750 and 2450 cal a BP and the sudden climate 
change from warm and continental to oceanic conditions over northwest Europe at 2650 cal a BP 
(Fig. 8). They also suggested that this solar variation could have driven a global climatic change 
(Van Geel et al., 1996 and references therein). The second humid phase of our record is situated 
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around 1000 cal a BP. At 940-900 cal a BP low solar activity is recorded as a peak in 14C 
(Stuiver et al., 1998). The Oort sunspot minimum (Fig. 8) appears at the same time as the 
initiation of a humid period in some parts of Africa (Alexandre et al., 1997, Vincens et al., 1998; 
Faust et al., 2004; Stokes et al., 2004) and S-Europe (Gil García et al., 2007).  
 Stuiver and Quay (1980) suggested that long-term solar changes are, like geomagnetic 
and oceanic forcing, responsible for variability in the 14C production rate in the upper 
atmosphere. They also point out that when sunspots are absent, like it is the case during low solar 
activity, galactic cosmic-ray flux increases, thus 14C production enhances. Marchant and 
Hooghiemstra (2004) suggested that solar variability may excite the ozone production and thus 
influence the thermal regime of the lower stratosphere. For an 11-year solar cycle, an enhanced 
solar irradiance would lead to an increase in lower stratospheric temperature and influence the 
atmospheric circulation pattern in the Southern Hemisphere (Haigh, 1996). In summer, this 
phenomenon is supposed to increase the strength of the easterlies winds penetrating in the 
equatorial upper troposphere, and thus modify the latitudinal extend of the tropical Hadley cells. 
However, in the North Hemisphere, the effect of long-term solar changes on ozone production 
and meridional extent of atmospheric cells, hence position of the ITCZ is still poorly understood 
(Beer et al, 2000).  
 The relation between changes in solar activity and climatic changes at high and low 
latitudes, around 2650 and 1000 cal a BP, is in accordance with the findings of Chapman and 
Shackleton (2000) concerning the relationship between 14C fluctuations and oceanic 
circulation. Finally, for the late Holocene time interval, solar minima seem to result in humid 
conditions over the Senegalese region. 
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Fig. 8; Section 5 
(A) Al/Ca ratio from the XRF core scanner  
(B) Stack of four records recording changes in drift ice in the North Atlantic from Bond et al. (2001) 
(C) Record of atmospheric 14C from Stuiver et al. (1998). 
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6. Conclusions 
 
 The main aim of this paper is to establish an approach by combining commonly 
independently used methods such as grain-size distribution, elemental distribution and grain 
mineralogy to interpret specific terrigenous components as proxies for climatic reconstructions 
on a regional scale. The results show that Al and Fe are dominant in the riverine fraction. 
Although, often considered as dust proxies for NW-Africa, due to the scarcity of river drainage, 
these two terrigenous elements can be considered as fluviogenic proxies off Senegal. K, Si and 
Ti can not be considered as proxies for a specific source. This method allowed us to interpret 
XRF core scanner data as a paleoclimatic record for a specific region, off Senegal.  
 Our high-resolution record from a mud depocenter off the Senegal River mouth displays 
two dry periods from 3010 to 2750 cal a BP and from 1900 to 1000 cal a BP, and two main 
humid periods from 2750 to 1900 cal a BP and from 1000 to 700 cal a BP.   
 At regional scale, our late Holocene sedimentological-geochemical record matches 
palynological data from the Senegal mud belt and terrestrial records from the NW-African ITCZ 
shifting zone. Our record shows also good agreements with level fluctuations in Abhé Lake 
(Sahel zone, East Africa) and SST from the equatorial Atlantic. SST in the equatorial Atlantic 
influence the evaporation over the ocean and thus the quantitative availability of moist air 
flooding in towards the continent. These climatic fluctuations over N-Africa coincide with an 
increase in ice rafting recording cold sea-surface conditions in the North Atlantic. NAO 
phenomena may further modulate the climate at low latitude. Even though the relationship 
between changes in solar activity and climatic changes is still controversial, we can however 
notice simultaneity of shifts toward wetter conditions in the Sahel zone and low solar activity. 
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Annex  
 

Chemical leaching of the 16 test samples 
 
Oxidation of reactive organic matter was performed by adding 200 ml of hydrogen 

peroxide (H2O2 10 %), then the calcareous particles were dissolved by adding 200 ml of formic 
acid (CH2O2 10 %) and the biogenic opal particles were dissolved by adding 150 ml of sodium 
hydroxide (NaOH 40 mol/L) to the samples. During each procedure step, the samples were 
mixed by a magnetic shaker and heated to 50°C to prevent structural and chemical clay-mineral 
modification (Holtzapffel, 1985). In the case of the organic matter removal, the procedure was 
performed 10 times, because of the high organic matter content of the mud belt samples. 
Immediately after the calcareous particle dissolution reaction, the beakers were filled with water 
to neutralize the solution. Neutralization by adding water was performed five times until the 
solution reached pH 7. The same procedure was applied immediately at the end of biogenic opal 
dissolution. 

 
Atterberg settling separation 

 
In order to prevent cluster formation during the settling procedure, 25 g of Sodium 

Carbonate, Anhydrous (Na2CO3) was added to 100 l of water. 
A 50 % Magnesium Chloride (MgCl2) solution was added to the clay to accelerate 

settling by agglomeration. Excess ions were removed by centrifugation (3 runs, 10 min, 3500 
rotations per minute) afterward (Ehrmann et al., 1992). 

 
Sample preparation for elemental distribution measurement (XRF powder measurement)  

 
At least 1g of dry material was ground and homogenized manually using an agate pestle 

and mortar (Wien et al., 2005). Then the powder was poured and compacted in a sample cup and 
analyzed. Samples smaller than 1 g were not analyzed. 

 
Sample preparation for elemental distribution measurement (ICP-OES) 

 
In order to measure more accurately major and trace element contents by Inductively 

Coupled Plasma Optical Emission Spectrometry (ICP-OES) Optima 3300RL (Perkin Elmer), 50 
mg of the ground sample were digested with a microwave system (MLS, MEGAII). Using the 
procedure of Zabel et al. (2001), 2 ml concentrated HNO3, 2 ml HF (37 %), and 2 ml 
concentrated HCl were added to the sample into a Teflon liner. All used acids were of suprapure 
quality. Samples were heated to 200 °C under a 30*103 bar pressure. The acids were evaporated 
to near dryness, and the residue was dissolved in 1 ml of concentrated HNO3 and filled up to 100 
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ml with double-deionized water. To evaluate the quality of digestion procedure, samples were 
combusted at 550 °C and the same chemical treatment was applied again. 

 
Mineral determination and semi-quantification (XRD) 

 
X-ray diffraction analyses were performed with a Philips X’Pert Pro multipurpose 

diffractometer equipped with a Cu-tube (k α 1.541, 45 kV, 40 mA), a fixed divergence slit of 
1/4°, a 16 samples changer, a secondary monochromator, and the X’Celerator detector system. 
The measurements were done as a continuous scan from 3 to 85° 2 θ with a calculated step size 
of 0.016° 2 θ (calculated time per step was 100 seconds). 

 
Sample preparation for grain-size distribution measurement (LASER) 

 
Oxidation of organic matter was performed by adding 10 ml of hydrogen peroxide (H2O2 

35 %) and boiling the sample until the end of the chemical reaction. Then the calcareous 
particles were dissolved by adding 10 ml of hydrochloric acid (HCl 10 %) and boiling the 
solution for one minute. The solution was then neutralized by adding water. Dissolution of the 
biogenic opal particles was performed by adding 6 g of sodium hydroxide (NaOH 40 mol/L) to 
the samples. Neutralization by adding water was performed until the solution reached pH 7. 
 
Reasons behind the removal of the fraction >63 µm 
 

The fraction >63 µm was retrieved due to the fact that the Senegal mud belt is a fine 
sediment body under the direct influence of the Senegal River. Its sand fraction makes up only 
~2 % of the bulk and is mainly composed of biogenic origin material. Furthermore, many studies 
involving grain size analysis off NW-Africa (e.g., Holz et al., 2004, Tjallingii et al., 2008) are 
situated in areas which are located much further north in fully dust-dominated environments 
where dust sizes are notably coarser. 

The methodological reason behind the removal of the coarse fraction is that it provides a 
better accuracy of the splitting when using 8 cm-diameter Atterberg tubes. In small section 
Atterberg tubes sand particles drain towards the bottom the fine fraction.  

 
Reasons for a splitting at 2 µm 
 

The fraction <2 µm considered as fluvial sub-fraction was separated from the silt because 
of its very distinct chemical and mineralogical signature. The available data on the grain-size of 
the river sediment suspension-load from Gac and Kane (1986) shows that 76 % of the suspended 
fluvial material at the Senegal River mouth display a grain-size distribution <2 µm. A large 
amount of studies involving grain-size investigations off NW-Africa were performed on the 
continental slope off Mauritania (e.g., Holz et al., 2004, Tjallingii et al., 2008). The potential 
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fluvial material has been supplied by different river sources (towards the slope) off Mauritania 
and (towards the shelf) off Senegal. Therefore the materials do not have necessarily similar 
grain-sizes. For example, Sarnthein et al. (1981) have suggested that the fine silts (~11 µm) off 
NW-Africa originate from long-distance dust transport and, only when deposited close to the 
coast, possibly from riverine sources. Furthermore, the dust material retrieved in February off 
Senegal during the cruises M41/1 (Stuut et al., 2005; Fig. 4B) shows an average modal grain-size 
around 9 µm. 

The second reason, more methodological, behind this splitting at 2 µm is due to the platy 
shape of the clay particles. The latter are defined by the Laser Particle Sizer as particles of 8 µm 
(Konert and Vandenberghe, 1997). The removal of the fine fraction (<2 µm) avoid a 
considerable over-estimate of the size of the clay particles (Konert and Vandenberghe, 1997). 

 
Reasons for a splitting at 18 µm 

 
Core 9504-3 terrigenous silt grain-size distributions display two main subpopulations 

separated by a clear lack of material at 18 µm. These two silt subpopulations have their mode 
ranging between 5 and 10 µm and between 28 and 38 µm (Fig. 4A). In order to isolate these two 
subpopulations, it is logical to split the sediment at 18 µm.  

Studies involving grain-size analysis off NW-Africa (e.g., Holz et al., 2004, Tjallingii et 
al., 2008) indicate that the separation between grain-size distributions of fluvial and aeolian 
sediments is at 8 µm. However, these studies are situated off Mauritania, in a dust-dominated 
environment. Off Senegal, dust particles display finer grain sizes with modes at about 9 µm (Fig. 
4C).  

Finally, a splitting at 8 µm would have cut the fine-silt subpopulation peak as well as the 
winter dust peak in their middle (Fig. 4A and 4C).  In order to avoid this, a splitting at 18 µm is 
required.  

In order to strengthen our argumentation in favor of the splitting at 2 and 18 µm, the mass 
accumulation rates was calculated for each sub-fraction in two extreme intervals (Al/Ca end-
members), one representative for dry conditions and another for humid conditions (Fig. 9A). The 
mass accumulation rate (MAR) takes the physical properties of the sediment into account and 
displays the weight of sediment deposited on a surface over a period of time. In the absence of 
density measurements along Core 9504-3, the dry bulk density was inferred from the 
neighboring Core 9503-5 (Fig. 1), and based on the grain-size distribution similarities between 
the two cores (Nizou, section 6). During wet conditions, the sediment deposited is clearly 
dominated by the fluvial sub-fraction (MAR<2 µm: 14.3x10-2 g.cm-2.a-1), whilst the aeolian sub-
fraction represents, in comparison, a very subordinate proportion (MAR18-63 µm: 0.3x10-2 g.cm-2.a-

1). However during dry conditions, the proportion of sediment which belongs to the fluvial sub-
fraction is strongly reduced (MAR<2 µm: 4x10-2 g.cm-2.a-1), whilst the proportion of aeolian sub-
fraction drastically increases (MAR18-63 µm: 3.2x10-2 g.cm-2.a-1). The MARs of the intermediate 
sub-fraction (2-18 µm) stay in the same range: 1.8 x10-2 g.cm-2.a-1 during humid conditions and 
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1.2x10-2 g.cm-2.a-1 during dry conditions (Fig. 9). Even though the samples originate from a mud 
depocenter, and thus their grain-size distribution display a high proportion of clay-size particles 
(Fig. 5A), the MARs based on a splitting at 2 and 18 µm clearly display changes in river runoff.

Fig. 9; Section 5 
(A) Al/Ca ratio of Core 9504-3 (XRF core scanner). 
(B) Mass Accumulation Rate of two samples belonging to the most contrasting facies (223 and 333 cm). 
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Usefulness of a log-ratio calibration for the XRF core scanner data 
 

For XRF core scanner data, due to the dilution effect, the use of a ratio is preferable to 
element intensities (Fig. 3, 6, 7 and 8; Weltje and Tjallingii, 2008). However, the XRF core 
scanner data are not calibrated with the new calibration formula from (Weltje and Tjallingii, 
2008). This calibration is useful to convert core scanner distribution data into true element 
concentrations in the absence of real measured concentrations (mg/kg). However, we have 
measured true elemental distributions (mg/kg) by XRF powder measurement and ICP-OES in 
our study (Fig. 5)  and an artificial conversion of our scanner data does not make sense (data 
available on www.pangaea.de).  

 
Usefulness of ratios to present real elemental distribution concentrations 

 
Focused is made on the way we can asses in which sub-fraction a specific element is 

mainly present as a proportion of the whole (Fig.5C). The weight proportion of the three sub-
fractions is expressed as a percentage (Fig. 5A; data available on www.pangaea.de). The 
elemental distribution of single element is expressed as a concentration (mg/kg) in the different 
sub-fractions (data available on www.pangaea.de). As the concentrations are used to calculate 
the abundance relative to the total terrigenous bulk (Fig. 5), thus, the use of ratios in this case 
would not provide additional benefit.  
 
Reasons behind the use of Al/Ca ratio off Senegal to record fluvial input rather than frequently- 
used ratio in the literature 
 

In the study of Romero et al. (2008), the Ti/Ca ratio was used as a proxy for wind 
strength. In fact, this work was carried out on the continental slope off Mauritania, where river 
influence is considered of being absent. Ti is, thus, exclusively transported by dust under as grain 
coating. An increase in the Ti/Ca ratio is thus interpreted as increase in wind strength or as 
change in sources area. This interpretation underlines the necessity to “calibrate” the XRF core 
scanner for each specific region in order to interpret the distribution of elements correctly.  

Mulitza et al, 2008 uses a Fe/K ratio off Senegal. Although off Senegal, the high 
sedimentation rate makes the diagenetic alteration processes of minor importance compared to 
the tremendous amount of terrigenous input delivered by the Senegal River, Fe is a redox-
sensitive element. Since no investigation concerning the mobility of the Fe in this area has been 
carried out, we prefer the use of Al than Fe. 

Some authors interpret XRF core scanner data of K as originating from illite-mica (e.g., 
Kuhlmann et al. (2004) off Morocco). Our study underlines that, off Senegal, the K content 
detected by quantitative and semi-quantitative geochemical investigations derives to a major 
extent from potassium-feldspar and to a minor extent from illite-mica minerals.   
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PANGAEA data base 
 

All data are available on Pangaea database, the age model and the 1-cm resolution record 
of the chemical composition of Core GeoB 9504-3 (XRF core scanner), but also the grain-size 
distribution of the terrigenous silt fraction (Laser), the elemental distributions (XRF powder) 
measured on 16 bulk samples. The weights, element distributions (ICP-OES and XRF powder) 
and mineralogy (XRD) of the three terrigenous sub-fractions (<2 µm; 2-18 µm; 18-63 µm) are 
also displayed on www.pangaea.de, like the controls performed by SEM pictures.  

 
 
Table 1; Section 5 
Radiocarbon measurements and age calibrations. All AMS-radiocarbon dates were calibrated by the program CALIB 
5.0.1. (Stuiver et al., 1998). A 400-years reservoir age was subtracted from the conventional 14C age and the 
atmospheric calibration curve was applied. In order to avoid any age reversal due to redeposition, only fresh 
monospecific carbonated shells were selected as dating material. 
Lab No. Sample 

Description 
Core No. 
(GeoB) 

Depth in 
core 
[cm] 

14C age 
[conv.  a BP] 

1 σ-
calibrated 
[cal a BP] 

δ13C (‰) ‡ Intercept 
[cal a BP] 

KIA 30522 HB-890 9504-3 5 1175±40 678-725 1.24 ± 0.34 700 

KIA 33727 HB-2075 9504-3 173 1605±45 1063-1178 -0.12 ± 0.60 1120 

KIA 33728 HB-2076 9504-3 238 2240±45 1716-1823 0.21 ± 0.49 1770 

KIA 33729 HB-2077 9504-3 298 2400±45 1897-1993 3.32 ± 0.69 1945 

KIA 33730 HB-2078 9504-3 373 2640±30 2163-2330 0.98 ± 0.45 2245 

KIA 33731 HB-2079 9504-3 498 3060±30 2749-2780 0.47 ± 0.54 2765 

KIA 30512 HB-889 9504-3 557 3275±40 2948-3072 0.37 ± 0.33 3010 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 Section 5 – Manuscript n°1 

58 
 

Table 2; Section 5 
The geochemistry of the atmospheric dust particles collected from Dakar (Orange et al., 1986) and the fluvial 
suspended particles collected at the Senegal River mouth (Gac and Kane, 1986) have been converted from oxides 
[wt. %] to single element concentrations [ppm]. 
Elements 
 

Geochemistry of the 
atmospheric dust 
particles in % oxides  
 

Geochemistry of the 
atmospheric dust 
particles as single 
element in ppm  

Geochemistry of the 
fluvial suspended 
particles in % 
oxides  

Geochemistry of the 
fluvial suspended 
particles as single 
element in ppm  

Si 72.51 338 930 50.2 234 648 
Al 10.57 27 970 24 63 509 
Fe 3.65 12 764 9.7 33 921 
Ti 0.72 4315 0.9 5394 
K 2.30 9547 1.7 7056 
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6. The Senegal River mud belt: a high-resolution archive of paleoclimatic 
change and coastal evolution (in review at Marine Geology) 
 
Authors: Jean Nizou, Till J.J. Hanebuth, David Heslop, Luisa Palamenghi, Tilmann Schwenk, 
Jan-Berend Stuut, Rüdiger Henrich. 
 
Abstract  
 

Mud belt depocenters are potentially archives for climatic changes. In front of the 
Senegal River mouth, a fine-grained sediment depocenter extends towards the North and the 
South in mid-shelf position. Four sediment cores were retrieved in order to determine the 
sediment composition and formation processes. The main aim of this study was to identify how 
paleoclimatic signals and coastal changes have controlled the formation of this mud depocenter. 
A general paleoclimatic pattern in terms of fluvial input appears to have been recorded in the 
depocenter archive. Intervals characterized by high terrigenous input, high sedimentation rates 
and fine grain sizes occur roughly at the same time in all cores and are interpreted as 
corresponding to strong river discharge related to wet conditions in the hinterland. From 2750 to 
1900 and from 1000 to 700 cal a BP wetter conditions are recorded off Senegal, an observation 
which is supported by other records from NW-Africa. Nevertheless, the three employed proxies 
(sedimentation rate, grain size and elemental distribution) do not always display consistent inter-
core patterns. Major differences between the cores are attributed to sediment-remobilizing events 
such as storms, local hydrographical variations due to the configuration of the coastline and 
shifts in the river mouth location. During the Early Holocene, the combination of strong river 
discharge and a deceleration in the rate of sea-level rise could have been the trigger for the 
initiation of mud deposition on the shelf. During the mid-Holocene, the sea-level highstand has 
led to the formation of a large embayment extending up to 250 km inland enabling the 
sedimentation to take place directly inside the bight. Finally, during the late Holocene, weak 
river discharge has allowed the longshore current to build beach barriers which have shifted the 
river mouth toward the south, thus stopping the sedimentation on the northern areas of the mud 
belt.  
 
Keywords: mud belt, shelf sedimentation, Holocene climatic changes, NW-Africa. 
 
1. Introduction  
 

A future sea-level rise induced by a global warming could have severe effects on coastal 
lowlands. Examples of past coastal responses to rapid sea-level changes could help to better 
understand such future scenario in densely populated coastal regions.  

Fine-grained sediment bodies on continental shelves are considered as potential archives 
of past environmental changes, such as coastal morphodynamics, sea-level fluctuations, or 
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variations in terrigenous sediment input (Grossman et al., 2006; Hanebuth and Lantzsch, 2008). 
Terrigenous sediment supply to the Senegalese continental shelf is controlled by both fluvial and 
aeolian primary inputs (Michel, 1973; Gac and Kane, 1986; Orange and Gac, 1990; Nizou, 
section 5). Numerous secondary factors have a potential effect on final sediment deposition such 
as sea level, oceanography, and location of the river mouth. 

 Elemental distribution, sedimentation rates, and grain-size analysis yielded from four 
sediment cores retrieved from the mud belt adjacent to the Senegal River are used here to 
quantify the extent to which coastal and paleoclimatic changes have been recorded in this shelf 
deposit during the Holocene time interval. A link between this shelf deposit, the local coastal 
dynamic and the evolution of the Senegal River flood plain is established and a paleogeographic 
reconstruction is proposed. 

 
2. Regional settings 
 
2.1. Primary sediment supply to the Senegalese shelf 

 
Off Senegal, primary sediment input is derived from two sources: fluvial material from 

the Senegal River and dust particles from the arid Saharan and semi-arid Sahelian belts. The 
Senegal River alluvial valley covers an area of 0.343x106 km2 (Fig. 1A). The average water 
discharge over the year at the last downstream point prior to the estuary (Dagana) is 641 m3/s, 
however this value is highly seasonal due to the monsoonal conditions. The annual sediment load 
delivered to the coast is around 2x106 tonnes (Gac and Kane, 1986). The generally low flow 
regime combined with a river bed which is situated in some areas below sea level allowed ocean 
waters to intrude up to Bogué before the construction of the Diama dam (Fig. 1A).  

The aeolian component of sediment supply is also significant. Two wind systems blow 
dust particles and deposit them off Senegal (e.g., Sarnthein et al.; 1981, Stuut et al., 2005). 
During the rather cool and dry boreal winter (22 °C and 0 mm precipitation in January; average 
values), the NE Trade winds are the dominant atmospheric feature. In contrast, during summer 
(27 °C and 254 mm precipitation in August; average values), strong Earth-surface turbulence 
associated with the monsoonal front system lifts the dust from a height of 3000 to 7000 m and 
the material is transported westward by the Sahara Air Layer (see Stuut et al., 2005 for a review). 
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Fig. 1; Section 6 
(A) Map showing the water course of the Senegal River and its main tributaries. 
(B) Bathymetric map of the studied area displaying core locations and two types of mud cover based on 
their proportion of fine fraction (redrawn after Domain, 1977). 



 Section 6 – Manuscript n°2 

62 
 

2.2. Oceanography of the Senegalese shelf 
 

The current regime on the Senegalese shelf is highly seasonal. In the winter months from 
November to May (Fig. 2B), cool (18-19 °C) and saline (35.5 ‰) surface waters deriving from a 
component of the coastal Canary Current and from a series of upwelling cells are forced to the 
S/SW by the NE Trade winds (Domain and Bouille, 1976; Rebert, 1979; ~50 cm/s). This current 
extends over the whole shelf and the water column is mixed down to 50 m. Further offshore from 
Cap Verde to Cap Blanc, a counter current flows towards the north (Domain and Bouille, 1976; 
Rebert, 1979; ~15 to 20 cm/s). During the summer (Fig. 2A), a component of the warm 
Equatorial Counter Current (27-28 °C; 37.5 ‰) flows northward onto the shelf. This surface 
current is weak and prone to large fluctuations in speed (Domain and Bouille, 1976; Rebert, 
1979; ~25 cm/s). The effect of the current regime on shelf sedimentation is, however, poorly 
understood. 

 
The tides in this region are semi-diurnal with a mean amplitude ranging from 0.55 to 1.15 

m (Faure et al., 1980). The tidal-induced water currents are weak and, thus, do not notably affect 
the sediment transport on the continental mid-shelf (Domain and Bouille, 1976; ~10 to 15 cm/s). 

Off the Senegalese coast, two types of swell occur. A high-energy NW swell with a 
direction of propagation that fluctuates from 10° to 30° N disturbing the water column down to 
30 m (wave length of 300 m, oscillation period varying from 8 to 12 s, height of 1 m, and speed 
of 21 m/s; Pinson-Mouillot, 1980). A weaker SW swell displays less variability in propagation 

Fig. 2; Section 6 
The current regime on the Senegalese shelf for each season redrawn after Rebert (1979). Coastal component of 
the Equatorial Counter Current (ccECC) and the coastal component of the Canary Current (ccCC) are displayed. 
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direction (oscillation period ranges from 5 to 8 s, height of 0.8 m). This subordinate swell may 
enhance or diminish the effect of the primary swell on the littoral drift (Masse, 1968; Pinson-
Mouillot, 1980). The strong littoral drift is oriented toward the south (Barusseau et al., 1998; ~30 
cm/s). The resulting littoral sand transit occurs down to 2.5 m water depth (Monteillet, 1988). 
The wave regime leads to the development of sand spits, beach barriers and wide sand beaches 
along the coasts. 
 
2.3. Present-day configuration of the offshore and onshore Senegal River mouth system 
 
 The continental shelves off NW-Africa are on average 40 to 60 km wide (McMaster and 
Lachance, 1969), off Senegal, the shelf break is at ~100 m water depth. Major parts of this shelf 
are dominated by bioclastic sands, however, Domain (1977) and Seibold and Fütterer (1982) 
have observed a defined area that is characterized by more than 75 % of fine-grained sediments 
(Fig. 1B). 

Inland, a wide alluvial plain displays morpho-sedimentary structures which are 
characteristic of fluvial environments such as channel networks bounded by levees, and 
depressions where clays settle (Michel, 1973). The terminal reach of the Senegal River is 
separated from the open Atlantic Ocean by sand bodies, with the Langue de Barbarie being the 
southernmost and youngest of these sand spits (Monteillet, 1988). The sandy Senegalese coast is 
oriented N-S from Mauritania to the southernmost extension of the Langue de Barbarie, and 
from this point towards the south, the coast is NE-SW oriented (Fig. 1). 
 
2.4. History of regional sea-level fluctuations 
 

For the Senegalese coast, Faure et al. (1980) has proposed a sea-level reconstruction 
which was estimated by 14C-dated fossil assemblages (Fig. 3; Table 1). This reconstruction is 
assumed to document a sea-level highstand around 5500 cal a BP and a subsequent regression 
with two minor peaks above modern sea level at around 2850 and 1700 cal a BP. However, 
further to the north, Barusseau et al. (1995) have proposed a sea-level curve for the coasts of the 
Senegalo-Mauritanian lowlands which displays only a single mid-Holocene sea-level highstand 
which seems more reliable.    

 Monteillet et al. (1981) have suggested that a marine ingression into the lower Senegal 
River valley could also appear due to a climate-related reduction of fresh-water input. This is 
supported by the shoreline geometry and the flat coastal topography of the region which could 
have favored salt-water intrusions and allow deposition of shells during dry periods especially 
during high tides. The peaks (50 cm above modern sea level) assumed by Faure et al. (1980) at 
around 2850 and 1700 cal a BP should have occurred coevally with drought conditions, thus 
reduced fresh-water discharge by the Senegal River (Bouimetarhan et al, 2009; Nizou et al, 
section 5). Salt-water intrusions favored by high tides and low river discharge have deposited 
shells inland, leading to these two peaks.  
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3. Material and methods  
 
3.1. Material 
 
 The four sediment gravity cores GeoB 9502-4 (16°16.90´N; 16°40.20´W; 557 cm long), 
9503-5 (16°03.99´N; 16°39.15´W; 792 cm long), 9504-3 (15°52.59´N; 16°40.50´W; 560 cm 
long) and 9505-4 (15°41.00´N; 16°43.88´W; 530 cm long) studied here were retrieved from the 
Senegal mud belt during the RV METEOR cruise M65/1 in June 2005, from water depths of 63, 
50, 43 and 36 m, respectively (Fig. 1B; Table 2). In addition, four 50-cm long multi-cores were 
taken at the same stations. Lithology and sediment texture of the four gravity cores are rather 
comparable. The visual description reveals that they are composed of dark olive green sediment, 
only slightly bioturbated and containing small numbers of carbonate shell fragments (Mulitza et 
al., 2005).  
 
 

Fig. 3; Section 6 
Ages stem from the Faure et al. (1980) sea-level reconstruction. Dates were calibrated by the 
program CALIB 5.0.1. (Stuiver et al., 1998) using an atmospheric calibration (Table 1; section 
6). Dashed lines enveloping the data represent two possible end-members of sea-level 
reconstruction. 
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3.2. Methods 
 
 The age models for the four cores are based on 25 AMS-14C dates which were measured 
by the Leibniz Laboratory in Kiel (Germany), and the Poznań Radiocarbon Laboratory (Poland). 
The raw dates are calibrated using CALIB 5.0.1. (Stuiver et al., 1998). A 400-years marine 
reservoir age was subtracted from the conventional 14C age and the atmospheric calibration curve 
was applied (Table 3). All ages are given in calibrated years before present (cal a BP). In order to 
avoid dating problems with regard to redeposition processes, only well preserved carbonate 
shells were selected for dating. The age models of the four cores are based on a linear 
interpolation between calibrated radiocarbon ages.  
 To enable a direct comparison with this study, the 14C dates used for the sea-level 
reconstruction by Faure et al. (1980) were calibrated (Fig. 2; Table 1). The material used by 
Faure et al. (1980) were bivalves (Arca senilis) which are common in shallow lagoons and 
estuaries, as well as gastropods (Tympanotunus fuscatus) and mangrove peats from the inter-tidal 
zone. The vicinity to the Senegal River would, however, suggests a possibly strongly reduced 
reservoir age. Therefore, we used an atmospheric calibration without reservoir correction.  

Sedimentation rate was calculated by linear interpolation between calibrated radiocarbon 
ages (data available on www.pangaea.de). 

The Avaatech X-ray Fluorescence XRF (The Netherlands) core scanner provides semi-
quantitative bulk-sediment element-distribution data by non-destructive measurement at 1-cm 
resolution (data available on www.pangaea.de). We use a ratio of two selected elements to avoid 
dilution effects, with Fe/Ca being particularly valuable for stratigraphic purposes as Fe is 
considered to be of terrigenous origin and Ca of marine origin (Nizou, section 5). 

The grain-size distribution (GSD) of the terrigenous fraction was measured with a 
Beckman-Coulter Laser Particle Sizer LS 200 (Fullerton, USA) and grain-size mode was 
automatically computed (data available on www.pangaea.de). One gram of sediment was 
retrieved every 5 cm from Core 9503-5 and every 10 cm from the three other cores. Organic 
matter, carbonate and biogenic opal were removed by chemical treatment. Then, the remaining 
lithogenic fraction of the sediment was analyzed. 

Hierarchical cluster analysis was performed on the GSD from the individual cores with 
the aim of partitioning the samples into groups based on their similarity. The similarity between 
any given pair of samples was determined by the Aitchison distance separating them (Aitchison, 
1982; Martín-Fernández et al., 1998). This measure of similarity is suitable for GSD which are 
fundamentally a ‘closed’ data type (i.e., each sample is subject to a constant-sum-constraint). 
The sample GSD were grouped progressively using the linkage technique of Ward (1963) and 
this process is displayed graphically in the form of dendrograms. Mean GSD were calculated for 
each cluster based upon the sequence with which the individual samples had been linked.  
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4. Results  
 
4.1. 14C dating and elemental stratigraphy based on Fe/Ca ratio  

 
A total of 21 radiocarbon dates ranging from 4075 [3999-4150] cal a BP to present were 

measured on the sediment core records (Table 3; Fig. 4). From North to South the core tops are 
dated at 525 [513-532], 1225 [1179-1266] and 700 [678-725] cal a BP, while the southernmost 
core, just South of the modern position of the river mouth, records modern sediment (Fig. 4). 
However, a discrepancy is observed between two core tops (9503-5 and 9504-3) and their two 
associated surface-preserving multi-cores (9503-3 and 9504-4) that both record a modern 
sediment surface. This discrepancy can be due to the different coring techniques, which allows 
us to envisage a loss of the first centimeters of soft sediment during the gravity coring.  

The elemental stratigraphy is established based on the variations in the XRF core 
scanner-derived Fe/Ca ratio as a function of age (Fig. 4). The Fe/Ca ratio fluctuations are not 
absolute concentration variations but relative changes to each other. 

Core 9502-4 displays two intervals of high Fe/Ca values from 3400 to 2800 and from 
2500 to 1900 cal a BP (Fig. 4A). Then from 1900 cal a BP onward values remain low and stable 
until the end of the sedimentary record at 525 cal a BP. Core 9503-5 shows a rather low and 
stable Fe/Ca ratio from 4100 to 2600 cal a BP (Fig. 4B). From 2600 to 1900 cal a BP values are 
high and variable. Then, until the end of the record, values remain low. The Fe/Ca ratio of Core 
9504-3 displays two periods of low values from 3010 to 2750 and from 1900 to 1000 cal a BP, 
and two main periods of high values from 2750 to 1900 and from 1000 to 700 cal a BP (Fig. 4C). 
More precisely, the interval from 2750 to 1900 cal a BP is composed of two peaks at around 
2600 and 2100 cal a BP. From 3800 to 3400 cal a BP values of Fe/Ca for Core 9505-4 are low 
(Fig. 4D). Higher values are recorded from 3400 to 2600 cal a BP. Then values are low until the 
occurrence of a peak at 750 cal a BP. Finally, values are decreasing towards present times. 
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Fig. 4; Section 6 
Fe/Ca ratio from the XRF core scanner of the four cores plotted against age. Black arrows 
indicate the 14C radiocarbon dates. 
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4.2. Sedimentation rates  
 

The gravity core tops display different ages, which means that their sedimentation 
accumulation has ended at different times. 

The record of Core 9502-3 ends at 525 cal a BP and displays a rather low (20 cm/100 a) 
and stable sedimentation rate (SR) (Fig. 5A). In contrast, Core 9503-5 which sedimentation 
record ends at 1225 cal a BP, displays a highly variable SR (from 10 to 160 cm/100 a) (Fig. 5B). 
Four main changes in SR can be distinguished. From 4075 to 2685 cal a BP the SR was low and 
stable (10 cm/100 a). From 2685 to 1855 cal a BP the SR was generally high associated with 
strong variations, then became rather low from 1855 to 1350 cal a BP, until a final increase at 
1350 cal a BP. The dating made on Multi-core 9503-3 indicates a very low SR from 1855 cal a 
BP until present (2 cm/100 a). The sedimentation record of Core 9504-3 ends at 700 cal a BP and 
displays three main SR changes (Fig. 5C). From 3010 to 1770 cal a BP a high SR (30 cm/100 a) 
prevails, then until 1120 cal a BP the SR decreases (10 cm/100 a), and rises again (40 cm/100 a) 
until the end of the record. Multi-core 9504-4 indicates a very low SR from 575 cal a BP until 
present (8 cm/100 a). Core 9505-4 shows two major intervals of different SR levels: a low SR 
from 3480 to 1285 cal a BP and an elevated SR until present (Fig. 5D). The fact that multi-cores 
record very low sedimentation rates supports the hypothesis that only a few centimeters of 
sediment are missing. 
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Fig. 5; Section 6 
Sedimentation rate (dashed line) and grain-size mode (black curve) of the four cores plotted 
against age 
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4.3. Grain-size distribution 
 
4.3.1. Mode grain-size distribution values down-core 
 

With the exception of the notably coarser Core 9505-4, the cores display primarily grain-
size modes which vary from 5 to 45 µm.  

The Core 9502-4 grain-size mode shows two phases, a fine mode (5 µm) from 3250 to 
1750 cal a BP and coarser mode (35 µm) from 1750 cal a BP onward (Fig. 5A). From 4195 cal a 
BP onward, Core 9503-5 is characterized by a grain-size mode of 8 µm which decreases to 5 µm 
at 2600 cal a BP and remains stable until 2200 cal a BP. Then it fluctuates and increases until the 
end of the record (Fig. 5B). Core 9504-3 shows a fine grain-size mode (5 µm) prior to 2000 cal a 
BP which then increases drastically to 45 µm (Fig. 5C). From 1100 cal a BP onward the grain-
size mode decreases down to 32 µm. The exceptionally coarse-grained Core 9505-4 displays 
three main grain-size mode phases. From 4000 to 3250 cal a BP it shows very coarse grain-size 
modes (up to 250 µm), from 3250 to 2000 cal a BP the mode decreases to 80 µm, then values 
remain around 50 µm (Fig. 5D).  

 
4.3.2. Hierarchical cluster analysis of the raw grain-size distribution data 
 

In order to allow a direct comparison between the four cores, the cutoff linkage distance 
at which the different clusters were defined in the dendrograms was set manually (Fig. 6). The 
cluster analysis results are considered to be robust given the realistic form and mode locations of 
the cluster mean GSD.  

Each of the northernmost cores is represented using a three cluster model, with modes in 
the cluster mean GSD at ~6, ~8 and ~30 µm (Fig. 6A,B,C). The grain-size composition of the 
southernmost core, GeoB 9505-4, is, in contrast, represented using 5 clusters (Fig. 6D). In the 
two finest clusters, the peaks at ~6 and ~8 µm are again observed, however the magnitude of the 
30 µm-peak is considerably reduced and the main average mode appears to shift towards 50 µm. 
Cluster 4 is composed of samples from 510 to 400 cm and displays a polymodal GSD with a 
main contribution to the 80 µm-mode. Cluster 5 is composed of only three samples from the core 
base and displays a polymodal GSD with a prominent contribution at 220 µm.  
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Fig. 6; Section 6  
Measured grain-size distribution data, mean grain-size distribution from the hierarchical cluster analysis and the 
associated dendrograms are shown for each core from left to right. The cutoff linkage distances in the 
dendrograms at which the different clusters were defined are shown by the dashed horizontal lines. For the 
hierarchical cluster analysis and the associated dendrograms different colors denote the individual clusters and 
their mean grain-size distribution. The left-to-right sequence of samples in the individual dengrograms is based on 
the sequence with which they were linked and is thus arbitrary. 
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4.4. Interpretation 
 
The suspended material transported by the Senegal River is essentially composed of fine-

grained material (Gac and Kane, 1986; Fig. 7A). The mode at 6 µm is thus attributed to riverine 
input, however, it is important to note that when measured with Laser-based methods size of the 
clay particle is likely to be over-estimated (Konert and Vandenberghe, 1997). The GSD of the 
material collected by a shipboard dust sampler on cruise M 65/1 in June, during a period with a 
dominant Sahara Air Layer, displays an average mode of 28 µm (Fig. 7B). This allows the 30 
µm-peak observed in the cores to be attributed to the aeolian component of the sediment. The 
dust material retrieved during cruise M41/1 in February 1998, a time when the NE Trade Winds 
were dominant, shows, in contrast, an average modal grain size of 9 µm (Stuut et al., 2005; Fig. 
7B). However, 5 % of the river suspended particles also have a grain size in the range of 5 to 10 
µm (Gac and Kane, 1986; Fig. 7A). We can thus assume that the 8 µm-mode is composed of a 
mixture of riverine and aeolian material, which both have a similar grain-size signature. 

Fluvial and aeolian sediments deposited off the Senegalese shelf show different elemental 
signatures. The riverine material deposited in the mud belt is especially characterized by a high 
content in Fe derived from the dominance of clay minerals (smectite, kaolinite, chlorite, illite and 
mixed-layer clays; Nizou, section 5). Since the cores are situated in front of the river mouth, the 
sedimentation rate should mainly depend on the river discharge. The terrigenous sediment which 
is discharged from the continent is thought to be controlled directly by climatic conditions in the 
hinterland (Nizou, section 5). Thus, if we observe that the deposition of primary input material is 
not overprinted by secondary sedimentary processes or shifts in the river mouth location, then 
GSD, elemental distribution and sedimentation rate combined can be inferred as a paleoclimatic 
record. On the other hand, if the paleoclimatic history is known, changes in the sedimentary 
regime over time can be determined. 

 

Fig. 7; Section 6 
(A) Grain-size distribution of the Senegal River suspended sediment (Gac and Kane, 1986). 
(B) Grain-size distribution of the dust retrieved off Senegal, in February during the cruise M41 (Stuut 
et al., 2005), and in June during the cruise M65. 
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5. Discussion  
 

5.1. Paleoclimatic component  
 

A period of high sedimentation rate matching with high Fe/Ca ratios and small grain-size 
mode is observed simultaneously in the three northernmost cores from 2750 to 1900 cal a BP 
indicative of increased riverine input (Fig. 4 and 5). This climatic change towards wetter 
conditions off Senegal is also documented through several other records over NW-Africa. For 
example, Stokes et al., (2004) described an absence of geomorphological evidence for dune 
activation during this phase, which indicates more humid conditions. These findings are also in 
accordance with a rise in water level inferred from Lake Bosumtwi (Ghana) (e.g., Talbot and 
Delibrias, 1980; Talbot et al., 1984; Gasse et al., 2000) and the initial human occupation in the 
middle Senegal valley (McIntosh, 2006). Grain-size and elemental-distribution data from the 
continental shelf off Mauritania also, display a humid period from 2600 to 1900 cal a BP 
(Hanebuth and Lantzsch, 2008). A humid episode is also recorded by fluvio-lacustrine deposition 
and aeolian sediment stabilization at about 3000 to 2000 cal a BP (Swezey, 2001). 

A similar situation is shown in the two southernmost cores from 1000 to 700 cal a BP. 
The timing of this wet phase matches with a strongly reduced activation of dunes in Mali (Stokes 
et al., 2004), a water-level rise in Lake Bosumtwi (Gasse et al., 2000) and the initiation of a 
humid period in some lake records in Equatorial Africa (Alexandre et al., 1997, Vincens et al., 
1998).  

Core 9502-4 displays an interval of high Fe/Ca ratio dated by extrapolation around 3000 
cal a BP (Fig. 4A). However, the lack of 14C ages around this interval, does not allow us to date 
this interval precisely. It could be considered either as a component of the wet interval observed 
from 2750 to 1900 cal a BP, or as an older event. The high Fe/Ca values at the base of Core 
9505-4 also suffer from a lack of reliable dating (Fig. 4D).  
 
5.2. Effect of the oceanography on the grain size 
 

The southernmost core (GeoB 9505-4) shows average grain-size modes at ~80 and ~220 
µm (Fig. 6D). The modes correspond to the two coarsest hierarchical clusters (4 and 5) that are 
populated by samples exclusively from the base of the core. From 530 to 510 cm the sedimentary 
facies is a mixture of grain sizes with various broken shell fragments from different mollusk 
species. This facies has the characteristics of a typical relict-shelf environment.  

Alternatively, the exceptional sedimentary character of this core segment could be the 
result of a storm. The coarse-grained storm deposit is overlain by a 110 cm-thick fining up 
sequence from 510 to 400 cm, which may indicate a return towards normal hydrodynamic 
conditions. In terms of sources, we can hypothesize that these sands are relict sediments from the 
inner or outer shelf reworked during this exceptional event. However due to the fact that such a 
storm bed is not observed in any of the other cores, this alternative scenario is less probable. 



 Section 6 – Manuscript n°2 

74 
 

The 50 µm mode can not be related to wind input since the dust off Senegal display finer 
grain-sizes (Orange and Gac, 1990; Stuut et al., 2005). Due to their proximity, we assume that 
the three neighboring cores should have received material with similar GSDs. We can exclude 
that this unusually coarse material originates simply from an enhancement of the wind regime, 
because such a mechanism would also produce a coarsening in the three other cores. This leads 
to the hypothesis that the coarse silts are not the result of a primary input.  

Core 9505-4 was retrieved in shallower water depth than the three other cores (36 m 
water depth), furthermore this core is close to the region where the proportion of fine material 
becomes smaller (Domain, 1977; Fig. 1B). The wave regime generally observed on the northern 
Senegalese shelf makes the reworking of sediment possible at a water depth of 36 m (Jean-Paul 
Barusseau, personal communication). Local outbreaks/outwashes of material from local dunes 
and beach ridges could also be responsible for these coarser grain-sizes. 

Another explanation for the presence of these coarse silts could be the westward turning 
direction of the coast. A modification of the angle with which the swell hit the coast induces a 
change in the intensity of the littoral transit (Pinson-Mouillot, 1980). The 50 µm coarse silts 
could then be reworked material transported from off Mauritania. The northern part of the Golfe 
d’Arguin (Mauritania) is a dust-dominated environment where modal silt grain sizes range 
between 45 and 50 µm (Michel et al., 2009). Even though the strong longshore drift is known to 
transport particles from Mauritania to Senegal (Barusseau et al., 1998), a direct contribution of 
this current to the sedimentation at this core site can be excluded due to the fact that the littoral 
transit occurs at shallower water depths (~2.5 m; Pinson-Mouillot, 1980). However, Pinson-
Mouillot (1980) observed convection cells exporting part of the sediment transported by the 
longshore current offshore. These reworked coarse silts could then be deposited at the core site.  
 
5.3. Paleogeography 
 

Mud belt evolution, coastal dynamics and hydrological-sedimentary changes in the 
alluvial valley should be directly linked to each other, and controlled by sea-level and climate 
variations (Fig. 8). 
 Humid conditions (deMenocal et al., 2000) led to an increase in transport of fine fluvial 
material from the hinterland to the shelf. A deceleration in the rate of the sea-level rise recorded 
between 8500 and 6500 cal a BP could have created favorable hydrological conditions for mud 
deposition (Stanley and Warne, 1994). This conjunction of eustatic and climatic factors may 
have lead to the initiation of the mud belt (Fig. 8A).  

During the mid-Holocene sea-level highstand (Fig. 3), the alluvial valley and the 
surrounding inter-dune subaerial depressions were flooded up to 250 km inland, leading to the 
formation of an elongated embayment (Michel and Durant, 1978; Fig. 8B). The Senegal River 
mouth was located near Bogué at that time. The estuarine conditions prevailing in the 
embayment must have led to sedimentation taking place directly inside the bight (Long, 2001). 
The southward directed littoral sand transit induced by the longshore currents must have led to 
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different deposits than in the modern situation. In fact, the rather deep embayment morphology 
and the strong river discharge must have acted as a sort of barrier on the littoral transport of 
sands toward the south. 

From 4000 cal a BP onward, a weakened river discharge (Fig. 4B and 5B; Bouimetarhan 
et al., 2009) have favored the building of beach barriers near the present coastline by the wave-
induced longshore currents (Fig. 8C; Michel and Durant, 1978). Even though beach barrier 
construction is coeval with late Holocene lowering of the sea level (Fig. 3), Barusseau et al. 
(2007) off Mauritania, have demonstrated that such sea-level variations can not explain the 
formation of beach-barrier systems. The elongated embayment was then closed against the ocean 
and became progressively a protected lagoon. By this process, the deposits filling this lagoon 
must have formed the modern coastal lowland area. 

Present-day sea level is reached around 3000 cal a BP and it has since remained stable 
(Fig. 3). At 2750 cal a BP, more humid conditions were established (Fig. 4 and 5) and led to an 
increase in the Senegal River runoff which built up a network of high levees. In-between these 
levees, depressions were filled with clay material originating from seasonal flooding (Michel and 
Durant, 1978). Due to the higher runoff, the fine alluvial material which was formerly deposited 
inside the lagoon has in parts been reworked, exported and finally deposited on the shelf. 

From 1900 cal a BP onward, dryer conditions were established (Fig. 4 and 5). The 
Senegal River built up a meandering system. At this time, the former inter-levee depressions 
evolved into sebkha environments (Michel and Durant, 1978). Additionally, littoral dunes 
progression and littoral drift have constructed beach barriers and sand spits which have forced 
the Senegal River mouth towards the South (Michel and Durant, 1978). 

The recent cessation of the sedimentation in the northernmost areas of the shelf mud belt 
(Fig. 4, 5 and 8D) indicates either that the current regime flowing toward the north in summer 
does not contribute in a sufficient amount to the deposition on the mud belt, or that the winter 
current is able to remobilize sediments which were originally deposited during the summer 
season. Unfortunately, the resolution of our data does not allow us to reach a firm decision on 
this matter. Nevertheless, the component of the warm Equatorial Counter Current is known to be 
rather weak (~25 m/s; Domain and Bouille, 1976; Rebert, 1979). Since the sediment discharged 
from the river is not transported toward the north in a significant amount by the current 
conditions, the present-day extension of the mud belt, North of the actual river-mouth location, 
can preferably be explained by an ancient river mouth which was located further to the North 
(Faure et al., 1980; Chamley and Diester-Haass, 1982). The recent shift towards the south is 
indeed confirmed by the very low sedimentation rates recorded by the two multi-cores (Table 3). 
The fact that the sedimentation at the northernmost areas has continued until 525 cal a BP, while 
it was interrupted at 1225 and 700 cal a BP on southern areas implies that the Senegal River must 
have had several active outlets over a certain time interval. Such a scenario would fit well with 
the conditions of a progressively built-up sand barrier system which closed the lagoonal bight of 
the Senegal River. 
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Fig. 8; Section 6 
Schematic paleogeography of the onshore and offshore Senegal River mouth system over the 
whole Holocene (modified after Michel, 1973). 
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6. Conclusions 
 

Elemental distributions, sedimentation rates and grain-size investigations performed on 
cores retrieved from the Senegal mud belt allowed us to identify coastal and paleoclimatic 
changes. The fact that several cores were retrieved from the same sediment body gave us the 
ability, not only to emphasize a general paleoclimatic signal, but also to understand the coastal 
dynamics. Off the Senegalese shelf, terrigenous input is dominated by fine Fe-rich fluvial 
material. Thus, when the intensity of this fluvial input rises in several cores within the same 
period of time, we interpret this phenomenon as an increase in river discharge. Two periods of 
higher river discharge, from 2750 to 1900 and from 1000 to 700 cal a BP, are displayed in the 
cores. These wet periods recorded off Senegal are coeval with climatic changes towards wetter 
conditions in other parts of NW-Africa. However, the periods of wetness are not recorded in the 
same way, the intensity of the three proxies varies from one core to another. Difference in grain 
size from the southernmost core is not due to primary input but to stronger local hydrological 
conditions.  

The slowdown of the post glacial sea-level rise seems to have allowed the initiation of the 
mud belt deposition during the Early Holocene. The mid-Holocene sea-level highstand led to the 
formation of a large embayment extending up to 250 km inland. Then during the late Holocene, 
weak river discharge has allowed the longshore current to build a beach barrier system which 
forced a shift of the river mouth toward the south.  

Hence, shelf mud belts can be considered as suitable archives for both coastal changes 
and climate variability. More detailed geophysical investigations are, however, needed to 
understand more accurately the evolution of the Senegalese mud belt. 
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Table 1; Section 6 
Recalibration of the dates used for the sea-level reconstruction by Faure et al. (1980). All radiocarbon dates were 
calibrated by the program CALIB 5.0.1. (Stuiver et al., 1998). 
Lab No. Material Paleo sea-level 

[m] 

14C age 
[conv.  a BP] 

1 σ-calibrated 
[cal a BP] 

Intercept       
[cal a BP] 

(Rk 3D) Shells -0.5±0.7 6970±90 7705-7922 7815 
I-2928 A.senilis -0.5±1 6740±130 7476-7695 7585 
Gif-4260 A.senilis -1±1 6540±130 7325-7566 7445 
(Rk 5) A.senilis 0±1 6520±100 7324-7553 7440 
Gif -4261 A.senilis -0.5±1 6360±130 7166-7424 7295 
Ly-1930 Peat 0±0.5 6060±150 6748-7156 6950 
(R 3) Peat -0.5±0.7 5895±250 6413-7003 6710 
(Rk 3B) A.senilis 0.1±0.7 5700±90 6405-6629 6515 
Ly-1345 A.senilis -0.7±1 5670±240 6210-6776 6495 
Ly-985 A.senilis 0±0.5 5650±150 6300-6629 6465 
Ly-987 A.senilis 0±0.5 5590±140 6217-6552 6385 
T-463 A.senilis 0.5±0.5 5470±110 6123-6403 6265 
(Rk 6) A.senilis 0±1 5465±120 6029-6402 6215 
Ly-983 A.senilis 0±0.5 5250±120 5913-6184 6050 
MC-1562 A.senilis 0±0.5 5070±120 5662-5921 5790 
Gif-1450 Peat 0.4±0.5 4750±130 5319-5599 5460 
Ly-986 A.senilis 1±0.5 4720±140 5296-5606 5450 
Ly-982 A.senilis 1±0.5 4670±120 5150-5585 5370 
Ly-1344 A.senilis 0.5±0.5 4220±160 4523-4968 4745 
I-2774 A.senilis 1±1 4080±120 4436-4813 4625 
MC-1563 Shells 0.3±1 4010±110 4296-4797 4545 
I-2294 A.senilis 0±1 3970±105 4245-4569 4405 
Gif -4259 A.senilis 0±1 3430±100 3577-3829 3705 
Ly-984 T. fuscatus -0.3±0.5 3410±130 3485-3831 3660 
I-2298 A.senilis 0±1 3250±110 3366-3613 3490 
I-2297 Shells 0.5±1 2710±100 2744-2944 2845 
I-2295 A.senilis 0±1 2470±110 2367-2710 2540 
(F 3) T. fuscatus 0.5±1 1980±100 1820-2095 1960 
I-2296 Shells 0.5±1 1880±100 1702-1941 1820 
(F9A) T. fuscatus 0.5±1 1860±120 1625-1929 1775 
Gif 363 A.senilis 0.6±1 1620±120 1386-1690 1540 
(F 8) T. fuscatus 0.5±1 1545±120 1316-1543 1430 
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Table 2; Section 6 
Core locations, core lengths and water depth at which they were retrieved. 
GeoB  Latitude [°N] Longitude [°W] Length [cm] Water depth [m] 
9502-4 16°16.90 16°40.20 557 63 
9503-5 16°03.99 16°39.15 792 50 
9503-3 16°03.99 16°39.15 47 49 
9504-3 15°52.59 16°40.50 560 43 
9504-4 15°52.59 16°40.50 50 43 
9505-4 15°41.00 16°43.88 530 36 

 
Table 3; Section 6 
Radiocarbon measurements and age calibrations. All AMS-radiocarbon dates were calibrated by the program CALIB 
5.0.1. (Stuiver et al., 1998). 
Lab No. Core No. 

(GeoB) 
Depth in 
core [cm] 

14C age  [conv.  a 
BP] 

1 σ-calibrated [cal a 
BP] 

Intercept       
[cal a BP] 

KIA 33735 9502-4 4 895±25 513-532 525 
KIA 33737 9502-4 230 2305±35 1820-1890 1855 
KIA 33738 9502-4 410 2850±30 2365-2691 2525 
KIA 33736 9502-4 575 2535±30 2060-2286 2175 
KIA 33732 9503-3 1 0 0 0 
KIA 33739 9503-3 44 2315±30 1825-1887 1855 
KIA 28454 9503-5 20 1675±30 1179-1266 1225 
KIA 29768 9503-5 70 1870±30 1320-1383 1350 
KIA 29767 9503-5 140 2310±30 1824-1883 1855 
KIA 28452 9503-5 213 2555±30 2070-2299 2185 
KIA 29766 9503-5 320 2655±30 2183-2336 2260 
KIA 29765 9503-5 410 2740±30 2335-2358 2345 
KIA 28451 9503-5 529 2925±30 2515-2733 2625 
KIA 29764 9503-5 600 2965±30 2620-2748 2685 
KIA 29763 9503-5 700 3600±30 3391-3445 3420 
KIA 28450 9503-5 780 4140±35 3999-4150 4075 
KIA 33733 9504-4 1 0 0 0 
KIA 33734 9504-4 48 945±30 527-622 575 
KIA 30522 9504-3 5 1175±40 678-725 700 
KIA 33727 9504-3 173 1605±45 1063-1178 1120 
KIA 33728 9504-3 238 2240±45 1716-1823 1770 
KIA 33729 9504-3 298 2400±45 1897-1993 1945 
KIA 33730 9504-3 373 2640±30 2163-2330 2245 
KIA 33731 9504-3 498 3060±30 2749-2780 2765 
KIA 30512 9504-3 557 3275±40 2948-3072 3010 
KIA 33740 9505-4 4 0 0 0 
KIA 33741 9505-4 132 810±60 330-518 425 
KIA 33742 9505-4 378 1750±30 1271-1300 1285 
Poz-22942 9505-4 510 3645±30 3405-3551 3480 
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7. Holocene evolution of the Senegal mud belt inferred by detailed shallow-
acoustic profiling (in preparation) 
 
Authors: Jean Nizou, Till J.J. Hanebuth, Tilmann Schwenk. 
 
Abstract  
 

Fine-grained sediment depocenters on continental shelves are of increased scientific 
interest since they represent highly-valuable archives of climate and coastal development. A NS-
elongated mud depocenter extends along the Senegalese coast in mid-shelf position. Shallow-
acoustic profiling was carried out to determine extent, geometry and internal structures of this 
sedimentary body. In addition, core-top ages were used to reconstruct the sub-recent depositional 
evolution of this mud depocenter. The Senegal mud belt is a layered inhomogeneous sedimentary 
body deposited on an irregular erosive surface. Close to the coast, an aggradational pattern is 
displayed, which then transforms seaward into a prograding pattern. The mud belt is composed 
of two main acoustic units which were identified based on their acoustic facies and sedimentary 
architecture. In the North, a chaotic acoustic unit (unit 1) drapes on the mud belt basal reflector. 
This unit was interpreted as the result of reworking processes on previously deposited coarse 
fluvial material by waves during the early flooding of the shelf. The second unit (unit 2) situated 
above unit 1 in the North and above the mud belt basal reflector in the South, displays from its 
acoustic facies and architecture a clear change in sedimentation. Unit 2 is defined as a body of 
weak and diffuse internal reflection with parallel internal horizons. This change in sedimentation 
is attributed to an Early Holocene deceleration in the rate of the sea-level rise allowing mud 
deposition on the shelf. These favorable conditions for mud deposition occur coevally with a 
humid period, thus, high river discharge over NW-Africa. Sedimentation has started 
preferentially in the northern areas of the mud belt. Then, an interruption of sedimentation in the 
North, associated with a southward shift in the location of the depocenters is observed in the 
sedimentary architecture. This is also confirmed by the core-top dates. These sub-recent shifts in 
depocenters location are caused by migrations of the Senegal River mouth. Presence of free gas 
in the sediment was inferred by the occurrence of acoustic blanking and enhanced reflection 
phenomena. In the northern regions of the mud belt, the presence of free gas in a topographic 
low might indicate the occurrence of a buried lagoonal or fluvial depression on the shelf. 
 
Keywords: high-resolution acoustic survey; Holocene; NW Africa; mud belt evolution. 
 
1. Introduction  
 

Fine-grained shelf depocenters provide valuable information about sedimentary processes 
(e.g., Mc Cave, 1972; Hill et al., 2007), past climatic changes (e.g., Hanebuth and Lantzsch, 
2008; Hanebuth and Henrich, 2009), shelf organization and evolution (e.g., Grossman et al., 
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2006; Nizou, section 6). The architecture of these sedimentary deposits is controlled by a 
complex interplay between sediment supply, shallow-water hydrography, shelf morphology and 
sea-level fluctuations. Architecture and evolution of mud belt depocenters can be inferred by 
mapping of the surface bathymetry, determination of sediment inventory by down-core analysis 
and shallow-acoustic investigation (Hanebuth et al., submitted). 

Along the Senegalese coast in mid-shelf position, a mud belt depocenter has developed, 
extending North and South of the present Senegal River mouth location (Domain, 1977; Fig. 
1A). Shallow-acoustic profiling supplemented by core-top dates was used to better assess the 
evolution of this shelf deposit through the Holocene. Sedimentary-architecture and acoustic-
facies analysis allow to reconstruct the depositional evolution of this sediment body and, 
therefore, provide an insight into sedimentary processes occurring on the shelf. 
 
2. Regional settings 
 

The fine-grained depocenter which is located offshore the Senegal River (Fig. 1A; 
Domain, 1977) is composed of sediments from fluvial and aeolian origin (Michel, 1973; Gac and 
Kane, 1986; Orange and Gac, 1990; Nizou, section 5). At present, the Senegal River delivers 
~2x106 tonnes of sediment per year to the coast (Gac and Kane, 1986). The volume of water 
discharge at the last downstream point is highly variable with the season. Interannual rainfall 
variability over NW-Africa is controlled by the monsoon. During boreal summer (June, July, 
August), the Intertropical Convergence Zone and the associated Tropical Rain Belt migrate 
northwards (up to 19°N) which bring moisture-laden air to the Senegal River basin. During 
winter (December, January, February), the Intertropical Convergence Zone migrates toward the 
South (down to 5°N) which induces cold and dry conditions over Senegal (Leroux, 2001). Due to 
these climatic conditions prevailing along the drainage basin, sporadic flooding events occur 
from June to August (Fig. 1B; Gac and Kane, 1986).  

Beside the riverine sediment input on the Senegalese shelf, two wind systems, the NE 
Trade winds dominant during winter and the Sahara Air Layer prevailing during summer, 
transport dust particles from the arid Sahelian and semi-arid Saharan belts far off Senegal (see 
Stuut et al., 2005, for a review). 
 Off Senegal, shelf currents and wind-driven waves control shelf sediment distribution 
patterns, whilst tidal currents are considered as negligible (Barusseau et al., 1998). From 
November to May, surface waters deriving from a component of the coastal Canary Current and 
from a series of upwelling cells are forced to the S/SW by the NE Trade winds (Rebert, 1979; 
Fig. 2B). Further offshore from Cap Vert to Cap Blanc, a counter current flows towards the 
North (Rebert, 1979). During the summer, a coastal component of the warm Equatorial Counter 
Current flows northward onto the shelf (Fig. 2A). 
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Fig. 1; Section 7 
(A) Bathymetric map of the studied area displaying the seismic profiling, the core locations and two 
types of mud cover based on their proportion of fine fraction (redrawn after Domain, 1977). Capital 
letters correspond to the profiles interpreted in Fig. 4 and 5. 
(B) Map showing the water course of the Senegal River and its main tributaries. 



 Section 7 – Manuscript n°3 

84 
 

 
Off the Senegalese coast, two types of swell occur. A high-energy NW swell whose 

direction of propagation fluctuates from 10° to 30° NW (oscillation period ranges from 8 to 12 
s., height 1 m; Masse, 1968; Pinson-Mouillot, 1980). And a weaker SW swell displays minor 
fluctuations in its directions of propagation (oscillation period ranges from 5 to 8 s., height 0.8 
m). This subordinate swell may enhance or diminish the effect of the main one on the littoral 
sediment drift which is oriented toward the South (Masse, 1968; Pinson-Mouillot, 1980).  

3. Material and methods  
 

Shallow-acoustic profiles were retrieved during METEOR cruise M65/1 in June 2005 
and during MERIAN cruise MSM11/2 in March/April 2009. The shipboard Parasound system is 
a parametric sediment echosounder (Grant and Schreiber, 1990). This system emits two primary 
signals with frequencies of 18 kHz and 22 kHz producing thereby a secondary (parametric) 
signal of 4 kHz. Parasound profiles were collected in a zigzag cruise track along and across the 
Senegal mud belt (Fig. 1A). The data were processed in Kingdom Suite 8.0 in order to establish 
distribution maps and isopach maps.  

Four sediment gravity cores (GeoB 9502-4, 9503-5, 9504-3 and 9505-4) were retrieved 
from the Senegal mud belt during cruise M65/1 (Fig. 1A; Table 1). Core-top AMS-14C ages were 
measured on well-preserved carbonate shells by the Leibniz Laboratory in Kiel (Germany). The 
raw dates were calibrated with CALIB 5.0.1. (Stuiver et al., 1998). The reservoir-age variations 
off Senegal are not precisely known and are likely influenced by seasonal changes in river runoff 

Fig. 2; Section 7 
The current regime on the Senegalese shelf for each season redrawn after Rebert (1979). Coastal component of 
the Equatorial Counter Current (ccECC) and the coastal component of the Canary Current (ccCC) are displayed. 
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and/or variations in the local upwelling intensity. A 400-years reservoir age was subtracted from 
the conventional 14C age and the atmospheric calibration curve was applied (Table 2). All ages 
are given in calibrated years before present (cal a BP).  

 

Fig. 3; Section 7 
Isopach map displaying the thickness of the mud belt along the seismic profiles. Core sites are also 
displayed, from North to South: GeoB9502-4, 9503-5, 9504-3, 9505-4. 
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4. Results  
 

The shallow-acoustic profiles show a wedge-shaped sedimentary body extending along 
the Senegalese coast in mid-shelf position (Fig. 3, 4 and 5). The upper border of this shallow-
acoustic body is the seafloor. Its lower border is a strong, sharp and irregular discontinuity of 
high reflectivity (Fig. 4 and 5). The overall sedimentary body is characterized by weak and 
diffuse internal reflections occasionally intercalated by parallel internal horizons of higher 
reflectivity. This sedimentary body pinches out seaward at a modern water depth of about 90 to 
100 m (Fig. 4 and 5). In NS directions, the body reaches its maximum thickness in the North 
(~17 m at core site 9502-4) and becomes progressively thinner towards the South (~7 m at core 
site 9505-4; Fig. 3 and 4).  

Along the shallow-acoustic profiles, specific internal horizons (H) were mapped (Fig. 4, 
5 and 6) allowing to identify two main mud-belt units based on their acoustic facies and 
morphology.    

The first unit is displayed between the mud belt basal reflector and the discontinuity H1 
(Fig. 4, 5and 6A). This unit, which only occurs in the northern part, consists of a chaotic acoustic 
facies having a higher reflectivity than the unit above (unit 2). Unit 1 drapes on the irregular mud 
belt basal topography and is in angular discordance with the unit above (Fig. 5A).  

The unit 2 displays a weak to transparent internal reflection intercalated by medium-high-
amplitude parallel horizons (Fig. 4 and 5). Horizon H2 only appears in the northern part and on-
laps the edge of a topographic low between stations 9503-5 and 9504-3 (Fig. 4 and 6B). Horizon 
H3, which stands above this depression, can be traced until it onlaps the mud belt base in the 
southern regions of the mud belt between core sites 9504-3 and 9505-4 (Fig. 4 and 6C). Horizons 
H4 and H5 only appear and in the middle and southern part of the mud belt in front of the present 
river mouth location (Fig. 4 and 6DE). Sub-units 2a, 2b, 2c, 2d and 2e were defined between H1-
H2, H2-H3, H3-H4, H4-H5 and H5-the seafloor, respectively. 

In the cross-section profiles, an aggradational stacking pattern characterized by parallel 
internal horizons is displayed (Fig. 4) which then transforms seaward into a progradational 
pattern with gently-sloping downlap terminations (Fig. 5B). However in the North around core 
site 9502-4, horizons appear to have a higher angle than in the other regions of the mud belt. A 
strong prograding depositional pattern is, thus, displayed (Fig. 4 and 5A).  

In the northern part between core sites 9502-4 and 9503-5 (Fig. 4), modifications in geo-
acoustic properties of the sub-seafloor data are observed. A distinct reflector situated between 6 
and 8 m below the seafloor is completely masking the subsurface reflectors below. An acoustic 
blanking characterized by a zone where reflections are absent, is observed beneath this reflector. 
Above this reflector, enhanced reflections with coherent seismic reflections having a higher 
amplitude in part of their extent is observed. 
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From North to South the core tops are dated at 525 [513-532], 1225 [1179-1266] and 700 
[678-725] cal a BP respectively, while the southernmost core 9505-4 records modern sediment 
(Fig. 1A; Table 2).  
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Fig. 5; Section 7
Parasound profile of two transversal transects (Fig. 1A) from the northern (A) and 
the southern (B) regions of the mud belt. An interpretation of the deposit 
architecture is displayed below each profile as well as length and location of the 
cores. 
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5. Discussion 
 
5.1. Mud belt evolution 
 

The base of the mud belt is an irregular and rough discontinuity of high reflectivity (Fig. 
4 and 5). This basal discontinuity does not allow signal penetration beneath it which induces a 
masking of possible erosional features (e.g., truncation of the reflectors beneath). Mud-belt 
internal horizons onlap on this surface. Remarkably, this discontinuity displays the 
characteristics of an erosional surface and may be the result of exposure during the last sea-level 
lowstand. However, no further conclusion can be drawn on the age of this surface since 
penetration-depth of the cores was not sufficient to get material for dating.  

In the northern regions, unit 1 drapes the mud belt basal reflector. In the absence of 
tectonic activity during the Holocene (Michel, 1973), unit 1 is considered here to be the oldest 
unit of the mud belt (Fig. 4, 5 and 6A). The chaotic acoustic facies of unit 1 is interpreted as 
strongly heterogeneous sediments with highly variable grain sizes. Internal horizons of unit 2 
toplap and downlap onto horizon 1 which account for an erosion of unit 1. Unit 1 drapes on two 
morphological steps situated at about 80 and 50 m water depth (Fig. 5A). The chaotic acoustic 
facies of unit 1 could be the result of the intense shallow-water wave action during Melt-Water 
Pulse 1A (expected between 75 and 95 m water depth) and Melt-Water Pulse 1B (expected 
between 35 and 45 m water depth; Peltier and Fairbanks, 2006). Consequently, the inundation of 
the shelf during these events induced the reworking of previously deposited alluvial material 
(Barusseau et al., 1988). Remarkably, coarse siliciclastic material has been identified as 
indicators for palaeo-coastlines at about 75 and 50 m water depth on the shelf south of Dakar 
(Barusseau et al., 1988).   

As an alternative explanation, Michel and Durand (1978) proposed that during the arid 
period that occurred between the Last Glacial Maximum and the beginning of the African Humid 
Period, migrating dunes originating from Mauritania acted to block the course of the Senegal 
River at the present location of Kaédi (Fig. 1B). The Senegal River became endoreic and mounds 
composed of sand and clay formed in the Senegal River valley. With the reestablishment of wet 
conditions in the Early Holocene, flooding of the Senegal River acted to cut through the dunes 
and the mounds to reach the Atlantic Ocean, discharging heterogeneous sediments onto the 
Senegalese shelf (Michel and Durand, 1978).   

Unit 2 displays different acoustic characteristics and, thus, suggests another depositional 
pattern. Sub-unit 2a situated below H2 only appears in the northern part of the mud belt (Fig. 
6B). The horizons displayed in this sub-unit onlap against unit 1 which drapes the southern edge 
of a topographic low between core site 9503-5 and 9504-3 (Fig. 4). The absence of sub-unit 2 in 
the southern regions of the mud belt accounts for a sedimentation which started preferentially in 
the North. The early inundation of the shelf was associated with strong hydrological conditions 
in shallow waters that caused reworking and erosion rather than deposition (Hanebuth et al., 
submitted). In contrast, deposition of unit 2 started when shallow-marine accommodation space 
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was created below the wave-base level. Favorable hydrological conditions for mud deposition 
occurred coevally with a slowdown in the rate of sea-level rise between 8500 and 6500 cal a BP 
(Stanley and Warne, 1994). This deceleration in the rate of the sea-level rise was coeval with 
humid conditions off NW-Africa (e.g., deMenocal et al., 2000), thus, discharge of fine fluvial 
material onto the shelf. 

The younger sub-units 2d and 2e only appear in the southern part (Fig. 6DE). These two 
sub-units pinch out on the seafloor between core sites 9503-5 and 9504-3 (Fig. 4), which 
indicates an interruption of the sedimentation in the northern areas of the mud belt. The 
architecture of the deposit associated with the appearance of older sub-unit (2a) in the North and 
younger sub-units (2d and 2e) in the South account for a shift in the depocenters and a 
sedimentation which continues until present in the southern regions of the mud belt (Fig. 4 and 
6DE). Such a southward shift of the depocenter corresponds well with the core-top dates (Table 
2). At present, the sedimentation is active in the southernmost area (9505-4) whilst sedimentation 
was already interrupted at sites 9503-5 and 9504-3 after 1225 and 700 cal a BP. A clear 
southward shift of the depocenter is, therefore, observed for the sub-recent period. 

Southward shifts in the river-mouth location, inferred by grain-size distribution and 
mineralogical data, are estimated to have taken place during the Holocene (Chamley and Diester-
Haass, 1982). Nizou (section 6) proposed that the material deposited at present by the Senegal 
River in the southern regions of the mud belt is not reworked and redeposited in the northern 
mud belt areas by the summer currents. Considering, that no re-deposition occurs towards the 
North, only a river outlet in this area can explain the extension of the mud belt North of its 
present river mouth location. Thus, shifts in the location of the depocenter are directly induced 
by shifts in river mouth location. These migrations are caused by formation of beach barriers by 
the longshore current (Michel, 1973).  

Gravity core data indicates that mud deposition had already stopped at the central sites 
such as 9503-5 and 9504-3, whereas the sedimentation continued until 525 cal a BP in the north 
of the study area at site 9505-4. This can be explained by the presence of two coexisting river 
outflows, since the sediment discharged from the river is not transported toward the north in a 
significant amount by the current conditions (Nizou, Section 6).  
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Fig. 6; Section 7 
Maps showing the location of the 
horizons: (A) H1; (B) H2; (C) H3; 
(D) H4; (E) H5. Seismic profiling 
and core locations are displayed 
from North to South: GeoB9502-
4, 9503-5, 9504-3, 9505-4. 

Fig. 6; Section 7
Maps showing the location of the
horizons: (A) H1; (B) H2; (C) H3;
(D) H4; (E) H5. Seismic profiling
and core locations are displayed
from North to South: GeoB9502-
4, 9503-5, 9504-3, 9505-4.
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5.2. Linkage between free gas in the sediment and a buried depression feature 
 

Enhanced reflection is characteristic for accumulation of gas in porous silt-rich sediment 
(Judd and Hovland, 1992). Acoustic blanking reveals either migration of gas or absorption of 
acoustic energy in overlying gas-charged sediment (Judd and Hovland, 1992). In the northern 
part of the mud belt, the horizon which separates enhanced reflections (on top) from acoustic 
blanking (below) is inferred as top of free-gas (Fig. 4). 

Occurrence of free gas in organic-rich mud of shallow coastal waters is common (see 
Fleischer et al., 2001 for a review). Shallow-marine sediment gases can be carbon dioxide, 
hydrogen sulphide, ethane and methane. However, only methane can be found in considerable 
quantity. This microbial methane is produced by microbial degradation of organic matter in 
sediments (Floodgate and Judd, 1992). Organic matter-rich incised valley fills (Durán et al., 
2007), buried paleoestuaries (Marlow et al., 1996), and lakes and bogs (Gontz et al., 2002; 
Rogers et al., 2006) are considered as potential shallow methane sources. Between Cores 9502-4 
and 9503-5, the blanking induced by free gas in the sediment is likely to mask a possible buried 
feature that might be filled with organic matter-rich sediments (Fig. 4). In the north, the 
prograding nature of the body displayed around core site 9502-4 (Fig. 4 and 5A) together with 
the presence of a Senegal River meander observed in front of core site 9502-4 (Fig. 1A) might 
indicate a former outlet of the Senegal River ~70 km North of its present location. However, no 
evidence of a paleo-channel is displayed in the profiles. This topographic low is, therefore, 
probably a lagoonal depression, a fluvial depression or a peat. Such features have been 
documented off Senegal (Faure et al., 1980) and more generally over the NW-African 
continental shelf (Barusseau et al., 1988).  
 
6. Conclusion 
 

The Holocene evolution of the fine-grained depocenter situated in front of Senegal River 
was reconstructed using shallow-acoustic profiling supplemented by core-top dating. The base of 
the mud belt is a rough and irregular surface of erosion. This surface of erosion is believed to be 
the result of an exposure during the last sea-level lowstand. The upper border of the mud belt is 
the seafloor. Two main units were identified based on their acoustic facies and morphology. The 
chaotic unit 1 draping on the irregular mud belt basal reflector is the product of sediment 
reworking. The strong hydrological energy conditions prevailing during the early phase of 
inundation caused the reworking and erosion of formerly-deposited fluvial coarse material in 
shallow-water depths. The overall unit 2 displays a weak internal reflection with parallel internal 
horizons of medium-high reflexivity. The geometry and acoustic facies of unit 2 indicate a 
different mode of sedimentation than unit 1. The initiation of the mud deposition has started 
when the water cover was deeper than the wave base. A slowdown in sea-level rise during the 
Early Holocene associated with high river discharge led to mud deposition in the northern 
regions of the mud belt. Then, the presence of older sub-units in the north and younger sub-units 
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in the south indicate a migration of the depocenters towards the South. The pinching out of the 
younger sub-units on the seafloor in the central part of the mud belt indicates an interruption of 
sedimentation in the North. This observation is confirmed by the core-top ages. Migrations of the 
Senegal River mouth towards the South induce shifts in depocenters location. In the northern 
regions of the mud belt, occurrence of acoustic blanking and enhanced reflections phenomena 
indicate the presence of free gas in the sediment. The latter might indicate the occurrence of a 
buried lagoonal or fluvial depression on the shelf. 
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Table 1; Section 7 
Core locations, core lengths and water depth at which they were retrieved. 
GeoB  Latitude [°N] Longitude [°W] Length [cm] Water depth [m] 
9502-4 16°16.90 16°40.20 557 63 
9503-5 16°03.99 16°39.15 792 50 
9504-3 15°52.59 16°40.50 560 43 
9505-4 15°41.00 16°43.88 530 36 
 
Table 2; Section 7 
Radiocarbon measurements and age calibrations. All AMS-radiocarbon dates were calibrated by the program CALIB 
5.0.1. (Stuiver et al., 1998). 
Lab No. Core No. 

(GeoB) 
Depth in core 
[cm] 

14C age  [conv.  
a BP] 

1 σ-calibrated 
[cal a BP] 

Intercept       
[cal a BP] 

KIA 33735 9502-4 4 895±25 513-532 525 
KIA 28454 9503-5 20 1675±30 1179-1266 1225 
KIA 30522 9504-3 5 1175±40 678-725 700 
KIA 33740 9505-4 4 0 0 0 
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8. Summary, conclusions and outlook 
 
The work presented in this thesis has focused on the Senegal River mud belt within the 

Holocene time-frame. It has explored two primary aspects of siliciclastic sedimentology, namely 
the reconstruction of climatic variations and coastal changes. Uninterrupted well-dated sediment 
core records and shallow-acoustic profiling enabled to determine the most suitable chemical 
elements with which to reconstruct river runoff history, to reconstruct local climatic changes 
with a high temporal resolution, to identify factors which may distort the climatic signal and 
describe the evolution of the mud belt since its inception. Based upon the four scientific 
questions which have been addressed to this thesis, the following conclusions can be drawn. 

(1) This work has allowed to identify specific terrigenous components which can act as 
proxies for climatic reconstructions for a special region. Although, often considered as dust 
proxies for NW-Africa, due to the scarcity of river drainage, Al and Fe can be considered as 
fluvial proxies off Senegal. Al seems to be the most suitable element for paleoclimatic 
reconstructions, since Fe is a mobile element off Senegal. However, K, Si and Ti can not be 
considered as robust proxies for a specific source. As a general statement, in the perspective of 
climate reconstructions, the validity of each chemical element as a proxy for specific input 
variations needs to be tested for each particular region. 

(2) The  high-resolution climatic records reconstructed by the mud-belt cores allowed to 
identify two dry periods from 3010 to 2750 cal a BP and from 1900 to 1000 cal a BP, and two 
main humid periods from 2750 to 1900 cal a BP and from 1000 to 700 cal a BP. Our records of 
local river runoff show a good agreement not only with several paleoclimatic records from NW-
Africa but also with fluctuations in East African lake-level from the Sahel zone and changes in 
equatorial Atlantic SST. Dry intervals at low latitude coincide with the well-known cold sea-
surface conditions in the North Atlantic. We suggest that the North Atlantic Oscillation may 
have modulated the climate at low latitudes. Although the relationship between changes in solar 
activity and climatic variability is still controversial, we have identified shifts toward wetter 
conditions in the Sahel zone which are synchronous with periods of low solar activity. 

(3) Off Senegal, we were able to identify increases in river discharge via peaks in the 
fluvial-geochemical proxy Fe/Ca combined with high sedimentation rates and relative increase in 
the fine grain-size fraction. Nevertheless, the three employed proxies do not always display 
consistent inter-core patterns. Not only climatic, but also coastal changes are documented in the 
sediment cores from the shelf environment. Local hydrological conditions, storm events and 
river-mouth shifts were revealed by sedimentological proxies off Senegal (sedimentation rate, 
grain size and elemental composition). Because several cores were retrieved from the same 
sediment body it was possible to isolate a general paleoclimatic signal and to identify the 
modifications to this climatic signal made by coastal dynamics. The study of a single core would 
not have allowed such reconstruction, and in the worst case could have led to erroneous 
conclusions. 
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(4) The evolution of the Senegal mud belt was reconstructed using shallow-acoustic 
profiling combined with sediment core data for the Holocene. During the last sea-level minimum 
large shelf areas were exposed producing rough-erosive surfaces which now represent the base 
of the mud belt. Conditions controlled by shallow-water wave hydrological energy were 
predominant during the early phase of inundation leading to reworking and erosion. The 
initiation of the Senegal mud belt, in a manner similar to a large proportion of the globally 
distributed shelf depocenters, started with the slowdown of the post glacial sea-level rise during 
the Early Holocene. Creation of accommodation space led to the filling up of lagoonal and 
fluvial depressions on the shelf. Mud deposition started preferentially in the northern regions of 
the mud belt. The mid-Holocene sea-level highstand led to the formation of a large embayment 
extending up to 250 km inland. Then, sub-recent shifts in the location of the depocenters from 
North to South are induced by changes in the river-mouth location. In the context of weak river 
discharge, the longshore current built a beach barrier system which forced the river mouth 
towards the south. The Senegal mud belt has thus recorded both changes in coastal dynamics and 
alluvial valley changes. In a broader perspective, these fine-grained depocenters provide 
information on the organization and evolution of shelves.  
 

However, some open questions remain, requiring further investigations with which to test 
and validate the hypotheses developed during this work. 

(1) Seasonal analysis of the particle load at the Senegal River mouth would allow to 
better constrain the grain size, elemental composition and mineralogical characteristics of the 
suspended material, providing insights into the interpretation of core data. In addition to the 
obtained seasonal information, the data would be more easily compared with our existing data 
than values obtained from the literature, since the methods and instruments used would be 
identical. There is also a need for a standard characterization (size, elemental composition, 
mineralogy) of the dust particles in all the source areas around N-Africa. The same methods 
should also be applied to the particles transported by the Senegal River. Systematic sampling 
along the Senegal alluvial valley would allow the sources to be identified more accurately. 

(2) In the northern regions, where the mud belt is at it thickest (~17 m), penetration of the 
cores is limited (<8 m) covering only late Holocene sediments. Longer records could possibly 
confirm a link between hydrological conditions in NW-Africa and sea-surface conditions in the 
North Atlantic. Such a link would provide an insight into the sensibility of the climate of the 
Sahel to solar variations. A record spanning the entire Holocene would also allow the influence 
of orbital forcing and vegetation feedback on NW-African climate to be assessed. 

(3) The precise origin of the coarse 50 µm particles found on the southernmost part of the 
mud belt is still a matter of debate. Samples from local dunes and beach ridges would allow 
direct comparison with 50 µm particles. The recent cessation of the sedimentation in the 
northernmost areas of the mud belt indicates either that the current regime flowing toward the 
north in summer does not contribute significantly to sedimentation on the mud belt, or that the 
winter current is able to remobilize sediments which were originally deposited during the 
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summer season. For this matter, more precise speed of the currents and the depth at which they 
are active over the whole shelf would be needed. As a general statement, a better knowledge 
concerning the currents on the shelf is essential for sedimentological studies. 

(4) At present, the development of the deposition prior to the mud-belt formation is 
mostly speculative. Even though it is assumed that the Senegal continental shelf was tectonically 
stable during the Holocene period, there is no certainty on this matter. Furthermore in the 
northern part shallow acoustics do not allow the base of the mud belt to be imaged, this is due 
probably to the presence of free gas in the sediment. Deep seismics would provide a better 
penetration and, thus, would confirm the presence of a lagoonal or fluvial buried depression. 
Deeper coring reaching the mud-belt base would allow to date and determine its nature. 
Furthermore, deeper drillings would also provide further insights into the sedimentary processes 
involved in the deposition of the chaotic unit draping the mud belt base in the North. Shallow-
acoustic lines closer to the coast would allow sharper mapping of the mud-deposit enabling to 
draw conclusions on the role played by the waves in the detachment of the mud belt from its 
point source. 
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10. Appendix (co-authorships) 
 
10.1. Mud depocenters on continental shelves - a classification (submitted Earth Science 
Reviews) 
 
Authors: Till J.J. Hanebuth, Hendrick Lantzsch, Jean Nizou. 
 
Abstract 
 

Mud deposition on clastic continental shelves takes place under a range of environmental 
conditions which is expressed by a variety of resulting types of mud depocentres. An increasing 
number of three-dimensional studies of mud bodies on shelves through sediment-acoustic and 
sediment-coring approaches has gained the knowledge on the architecture and evolution of such 
deposits over recent years. To achieve a systematic comparability and to prevent confusion in the 
use of related terms we propose a genetically oriented classification for shelfal mud depocentres 
here. Locally defined mud deposition on shelves starts at four alternative time intervals related to 
1) an early stage of outer-shelf drowning, 2) wide inner-shelf inundation, 3) the maximum 
flooding, or 4) during sub-recent times. The subsequent expansion dynamic might occur a) 
omnidirectional in case of a direct depocentre attachment to the fluvial sediment source, b) in 
terms of current-parallel or current-normal clinoform progradation, or c) in the direction of 
advective current transport associated with a detachment from such a source. Classical mud belts 
seem often to initiate around defined nuclei which’s location is determined by seafloor 
morphology rather than by the location of the source. Nine individual types of shelfal mud 
depocentres are identified and described on the base of their surface and in-depth appearance and 
their formation history. These defined types are around defined nuclei which's location is 
determined by seafloor morphology rather than by the location of the source. Nine individual 
types of shelfal mud depocentres are identified and described on the base of their surface and in-
depth appearance and their formation history. These defined types are prodelta, subaqueous 
delta, mud blanket, mud patch, mud belt s.s., mud downdrift, mud en-trapment, mud wedge, mud 
contourite drift. The types are, further, arranged in the ternary field of the major control 
parameters sediment input, morphology and hydrography with the aim to provide a robust 
classification. A lateral or stratigraphic transition from one into another type might be developed 
as response to a shift in environmental control forces. Further studies in modern and ancient 
settings are needed for a better understanding of the formation and preservation potentials on 
such shelfal mud depocentres. 
 
Keywords: Continental shelves, Quaternary, mud deposition, mud transport. 
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10.2. Sahel megadroughts triggered by glacial slowdowns of Atlantic meridional overturning 
(Published in Paleoceanography) 
 
Authors: Stefan Mulitza, Matthias Prange, Jan-Berend Stuut, Matthias Zabel, Tilo von 
Dobeneck, Achakie C. Itambi, Jean Nizou, Michael Schulz and Gerold Wefer. 
 
Abstract 

 
The influence of the large-scale ocean circulation on Sahel rainfall is elusive because of 

the shortness of the observational record. We reconstructed the history of eolian and fluvial 
sedimentation on the continental slope off Senegal during the past 57,000 years. Our data show 
that abrupt onsets of arid conditions in the West African Sahel were linked to cold North Atlantic 
sea surface temperatures during times of reduced meridional overturning circulation associated 
with Heinrich Stadials. Climate modeling suggests that this drying is induced by a southward 
shift of the West African monsoon trough in conjunction with an intensification and southward 
expansion of the midtropospheric African Easterly Jet. 
 
Keywords: Sahel, drought, ocean circulation. 
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