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Summary

Assessing the multi-proxy characteristics of terrigenous sediments is an essential step in the aim
to distinguish and quantify aeolian and fluvial inputs to the oceans. The reconstruction of these
fluxes enables paleoclimatic reconstructions, i.e., more arid conditions are reflected by higher
aeolian input and more humid conditions by higher fluvial input. Moreover, the characteristics of
fluvial and aeolian sediments mirror the environmental conditions in the source areas and also the
physical conditions during transport.

This thesis presents a new approach to characterize and cross-validate the multi-parameter proper-
ties of fluvial and aeolian material deposited at the continental margin at the border of arid and sub-
tropical Africa. Grain-size distributions, geochemical compositions, and magnetic parameters of
core material from off the Gambia (GeoB 13602-1, 13°32.71’ N, 17°50.96’W) and Senegal Rivers
(GeoB 9508-5, 15°29.90°N; 17°56.88° W) were analyzed. End-member unmixing was performed
for each data set to obtain the mixing coefficients and properties of terrigenous fractions. The
multi-parameters properties of the terrigenous fractions could be reconstructed by non-negative
least square fitting between the volumetric contributions of grain-size EMs and the geochemical
and magnetic data. Based on the volumetric EM representations, the approach additionally enabled
to budget fluxes of aeolian and fluvial material over the past 70 ka.

The statistical analyses elucidate that off the Gambia and Senegal Rivers the aeolian and, respec-
tively, the fluvial sediments have comparable grain sizes and geochemical composition, while their
magnetic mineral assemblage differs. It is suggested that the source-to-sink distance influences
the grain-size distribution of the accumulated fluvial sediments. Consequently, sea-level variations
have a strong impact on the accumulation at the continental margin. Precipitation in the hinterland,
i.e., water discharge of the river, additionally influences the accumulation, and has a first-order
impact during sea-level stagnancy. For acolian material, the grain-size distribution is dependent on
wind strength and distance to the source area. Since the weathering conditions (physical or chemi-
cal) influence the major element composition of terrigenous fractions, the distinction of fluvial and
aeolian fractions originating from areas with contrasting climatic environments was possible. The
formation of pedogenic magnetic minerals is very sensitive to the humidity and temperature of
soils, pH, and organic matter content. Therefore, the variability of the magnetic inventory allows
a more specific distinction of different sources than the major element geochemical composition.

It is inferred that the magnetic mineralogy of fluvial material off the Gambia and Senegal Rivers



expresses the differences in the soil composition of both catchments. Distinct magnetic properties
of the aeolian end-members indicate that dust is derived from at least three source areas. At both
core locations coarse dust transported by the NE trade winds accumulated. The magnetic mineral-
ogy suggests that this coarse dust comes from two different source regions. A finer aeolian end-
member was unraveled off the Senegal River, which originates from a more distant dust source
and was probably transported by the African Easterly Jet.

During the Last Glacial Maximum fluxes of proximal dust from the continent were ~5 times
higher than during the Late Holocene, indicating a wider extent of the desert and stronger winds.
Extremely dry conditions prevailed on the African continent coinciding with Heinrich Events in
the North Atlantic. During the respective Heinrich Stadials, the ratio of aeolian vs. fluvial mate-
rial was even higher. The highest dust accumulation of 400 g m?*yr' occurred during HS 1 which
corresponds to a 100 times higher flux with respect to the Late Holocene. Such high values of
dust accumulation have not been reported yet off NW Africa. This finding emphasizes that short
term disturbances of the meridional overturning circulation, arising from fresh-water input during

Heinrich Events, cause dramatic environmental changes also in low-latitudes.



Kurzfassung

Die Multi-Proxy Charakterisierung terrigener Sedimente ist ein wichtiger Schritt um den Eintrag
von Staub und fluviatilem Material ins Meer zu quantifizieren. Da trockene Bedingungen auf dem
Kontinent mit erhohtem Staubeintrag und feuchte Bedingungen mit erhohtem Flusseintrag einher
gehen, ermoglicht deren quantitative Auswertung paldoklimatische Rekonstruktionen. Dartiber
hinaus spiegeln die Eigenschaften von wind- und flusstransportiertem Material die Umweltbedin-
gungen an Land und die physikalischen Transportmechanismen wider.

Indieser Arbeit wird ein neuer Ansatz vorgestellt,um Multi-Parameter Eigenschaften von dolischem
und fluviatilem Material, das am Nordwest afrikanischen Kontinentalrand abgelagert wurde, zu
charakterisieren und zu validieren. Die marinen Sedimentkerne wurden vor der Miindung des
Gambia (GeoB13602-1, 13°32.71’ N, 17°50.96’W) und des Senegal (GeoB9508-5, 15°29.90°N;
17°56.88> W), an der Grenze der ariden und subtropischen Klimazonen gewonnen. Korngréfen-
Verteilungen, die geochemische Zusammensetzung und magnetische Parameter wurden gemessen.
An jedem dieser Datensétze konnten mit Hilfe statistischer Methoden die Eigenschaften und Mis-
chungsverhéltnisse terrigener End-Member bestimmt werden. Basierend auf den Volumenanteilen
von KorngréBen End-Membern und den geochemischen und magentischen Datensdtzen wurden
Multi-Parameter Eigenschaften berechnet werden. Hierfiir diente die Methode der kleinsten Fehler-
quadrate mit nicht-negativer Randbedingung. Die volumenbezogenen Mischungsverhéltnisse der
terrigenen End-Member ermdglichten neben der Rekonstruktion der Multi-Parameter Eigenschaf-
ten auch eine Budgetierung des dolischen und fluviatilen Eintrags tiber die vergangenen 70 ka.
Die statistischen Analysen zeigen dass vor der Miindung des Gambia und des Senegal die dolisch
und fluviatil eingetragenen Sedimente jeweils vergleichbare Korngréfen und geochemische
Zusammensetzungen haben, sich jedoch in ihrer magnetischen Mineralogie unterscheiden. Es
wird angenommen das die source-to-sink Entfernung die Korngréfen Verteilung der fluviatil einge-
tragenen Sedimente steuert. Dadurch haben Meeresspiegelschwankungen einen starken Einfluss.
Anderungen des Niederschlags im Hinterland beeinflussen die Akkumulation vorwiegend wihrend
Stagnationen des Meeresspiegels. Die Korngrofen von dolischem Material sind neben der source-
to-sink Entfernung auch von der Windstérke beeinflusst.

Die geochemische Zusammensetzung der terrigenen Fraktionen ist abhidngig von den Verwitter-
ungsbedingungen (chemisch oder physikalisch), die in den Staubquellen und Einzugsgebieten der

Fliisse vorherrschen. Da dolische und fluviatile Sedimente aus Regionen gegensitzlicher Klima-



zonen angeliefert werden, konnen sie durch ihre geochemische Zusammensetzung unterschieden
werden.

Die Entstehung pedogener magnetischer Minerale hdngt von der Bodenfeuchtigkeit und -temper-
atur sowie vom pH Wert und Anteil von organischem Material ab. Daher ermdglicht eine Analyse
der Magnetomineral-Vergesellschaftung eine spezifischere Unterscheidung von Quellgebieten
als die Hauptelement-Zusammensetzung. Die Verschiedenheit der magnetischen Mineralogie der
fluviatilen End-Member des Gambias und Senegals scheint die Bodeneigenschaften in den Ein-
zugsgebieten widerzuspiegeln. Die magnetischen Eigenschaften der identifizierten dolischen End-
Member legen ebenfalls nahe, dass die Staubfraktionen aus wenigstens drei unterschiedlichen Re-
gionen stammen: An beiden Lokationen wurde proximaler Staub, vermutlich durch die Passatwinde
transportiert, abgelagert. Auch diese beiden proximalen Staub End-Member haben unterschied-
liche magnetische Mineralogien und kommen aus verschiedenen Regionen. Ein feinkornigeres
dolischen End-Member wurde vor der Miindung des Senegal identifiziert. Dieser Staub stammt von
einer distalen Staubquelle und wurde vermutlich durch den African Easterly Jet transportiert.

Wihrend des letzten Glazialen Maximums war die Akkumulation von proximalem Staub ~ 5-mal
hoher als wihrend des spiten Holozins. Dies spricht fiir eine weite Ausdehnung von Wiistenge-
bieten und stirkere oder langanhaltendere Winde. Extrem trockene Bedingungen in NW Afrika
gehen mit nordatlantischen Heinrich Ereignissen einher. Wahrend der jeweiligen Heinrich Stadiale
war das Verhiltnis von Fluss- zu Staubeintrag noch niedriger als wihrend des Letzten Glazialen
Maximums. Die hochste Staubakkumulationsrate von 400 g m? yr';wurde fiir Heinrich Stadial
1 berechnet. Dies entspricht einem 100 fach hoherem Eintrag als wihrend des spaten Holozéns.
Solch hohe Werte wurden bisher noch nicht fir NW Afrika berichtet. Die extrem hohe Staubak-
kumulation belegt, dass kurzzeitige Storungen der Tiefenwasserproduktion im Nordatlantik durch
Frischwasserzufuhr wiahrend der Heinrich Ereignisse Auswirkungen auf die klimatischen Bedin-

gungen in niedrigen Breiten hatten.
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Chapter 1

1. Introduction

Assessing the factors for desertification in low
latitudes and the feedback of expanding deserts
on the climate system are important tasks in
the evaluation of future climate change. In the
recent past, droughts in Africa were apparently
controlled by sea-surface temperature anoma-
lies in the Atlantic Ocean (Folland et al. 1986).
Future predictions of oceanic circulation indi-
cate a slowing of the Meridional Overturning
Circulation (MOC) due to an increase in anthro-
pogenic CO, (IPCC 2007). Such disturbances
can lead to a cooling of the Atlantic Ocean, to
a southward shift of the Inter Tropical Conver-
gence Zone (ITCZ) and thus to an aridification
in low latitudes (Dahl et al. 2005).

Expanding deserts and, consequently, enhanced
dust concentrations in the atmosphere would
change the Earth’s radiation budget. For areas
with high (i.e., deserts, ice caps) or low albedo
(i.e., oceans, forests), dust in the atmosphere
results in a warming or, respectively, cooling
of the earth surface (Harrison et al. 2001). In
the case of the N African continent this albedo
effect of dust leads to an enhanced temperature
gradient between continent and ocean, and thus,
represents a positive feedback mechanism. Ad-
ditionally, dust particles act as condensation
nuclei and therefore contribute to the formation

of clouds which also affect the albedo (Shine

and Forster 1999). Iron-rich dust exported to the
ocean is a fertilizer and enhances ocean biopro-
ductivity and carbon removal from surface wa-
ters. This process is important for the regulation
of atmospheric CO, (Harrison et al., 2001 and

references therein).

To evaluate future impacts of MOC weaken-
ing for low-latitude climate, it is worthwhile
to investigate the low-latitude response on past
changes of oceanic circulation. Terrigenous
sediments exported to the oceans represent an
excellent archive of paleoclimatic conditions
on the continent. Proxy data measured on ma-
rine sediments provide information of the en-
vironmental conditions in the source areas of
the sediments and additionally reflect transport
mechanisms and thus, variations in fluvial an

aeolian fluxes.

1.1 Motivation and Objectives

During the past decades, the glacial and intergla-
cial climate history of the African continent has
been studied by means of various proxy records
in marine sediment cores. Changes in grain-size
distributions (e.g., Koopmann 1981), elemental
ratios (e.g., Matthewson et al. 1995) and envi-
ronmental magnetic parameters (Bloemendal
et al. 1988; Bloemendal et al. 1992) of marine

sediments were shown to provide information

1



Introduction

about variations of fluvial and aeolian sediment
supply to the Eastern Atlantic Ocean. Palyno-
logical studies (Lézine and Hooghiemstra 1990;
Dupont and Agwu 1992) and reconstructions of
vegetation types from the isotopic composition
of plant waxes (Scheful3 et al. 2005; Niedermey-
er et al. 2010; Collins et al. 2011) have been
successfully used to reconstruct the retreat and
expansion of vegetation zones.

When terrigenous proxies are used to recon-
struct variations in the sediment supply from
the continent, all factors and processes affect-
ing sediment composition from source to sink

(Fig. 1-1) must be considered:

(1) Lithology of the parent material

(2) Weathering and pedogenic conditions

in the source area

(3) Gravitational sorting during transport

and deposition

(4) Post-depositional alteration, e.g., dissolu-

tion and remineralization

Fig. 1-1: Schematic overview of factors and processes
influencing terrigenous sediments from source-to-
sink.

2

Grain sizes of terrigenous material mirror the
availability of a certain grain-size class in the
source area, the imparted transport energy and
the settling conditions. The geochemical com-
position reflects the properties of the soils in the
source area but may be biased by gravitational
sorting during transport (Caquineau et al. 1998).
The magnetic mineralogy of terrigenous sedi-
ments depends on the magnetic inventory of the
parent material and on the formation of pedog-
enic minerals in the source areas (Maher 1986).
Because magnetic minerals are association with
physical grain-size classes (Lyons et al. 2010),
they are also subject to gravitational sorting
during transport (Bloemendal et al. 1992). The
complexity of influencing factors on the proxy
records in sediments can be assessed by a multi-
parameter characterization of the various terrig-
enous fluxes.

Since the knowledge about relative climate
variations for NW Africa is well established,
the quantitative assessment of past climatic
changes is a challenging task. Recently, Col-
lins et al. (submitted) used 6D of plant waxes
as a calibrated indicator for past precipitation.
The analytical methods are time-consuming and
thus inapplicable for high resolution records of
past climatic changes. Alternatively, flux chang-
es of aeolian and fluvial material can be used
to assess the range of environmental change on
the continent. Such studies of past terrigenous
fluxes are compiled in the DIRTMAP project
(Kohfeld and Harrison 2001). This compila-

tion mainly focuses on specific time slices as
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the Last Glacial Maximum (LGM) and the Late
Holocene.

Marine sediments represent mixtures of bio-
genic and terrigenous sediment components
from numerous sources, which have to be iden-
tified and quantified. End-member (EM) mod-
eling (Weltje 1997) is a suitable method in the
aim of unmixing a data set into a given number
of components. EM unmixing is an inverse tech-
nique, for which the properties and the mixing
coefficients are taken as a priori unknown.
Grain-size distributions and, respectively,
grain-size EMs, can help to estimate volume
contributions of terrigenous components de-

rived by different transport regimes. However,

as outlined above, in contrast to geochemical or
magnetic properties, grain-size distributions de-
pend mainly on the transport energies and thus
cannot serve for source material characteriza-

tion.

This thesis introduces a novel technique for
assessing multi-proxy characteristics of ter-
rigenous EMs. The approach combines EM
unmixing and multivariate statistical methods
to obtain associated properties for volume re-
lated EM contributions. The approach enables
the identification of material originating from
different provenances and their related trans-

port mechanisms. Additionally, environmental

Winter

Summer

30°W

2(|)° W

10‘;W 0°

30°N

Sahara desert

20°N —

10°N

NE Trades

I 30°N

------
~ 4

- 20°N

1°N | Fig. 1-2: (a) Vegeta-
tion zones (White,
1986, modified af-
ter Castaneda et al.,

2009) and atmospher-

ic features of the W

African continent. (b)
Seasonal differences
in vegetation of sub-
tropical Africa results
from the rainfall dis-
tribution (¢) induced

o 5 0

by the migration of
the rainbelt (data from
http://earthobserva-
tory.nasa.gov/). AEJ:
African Easterly Jet,
ITCZ: Intertropical
s Convergence Zone.




Introduction

conditions in the different source areas can be
reconstructed. After the identification of aeolian
and fluvial EMs, based on the volumetric contri-
butions of each EM, fluxes of acolian and fluvial

material will be calculated.

1.2 Climatic conditions in NW Africa

The climatic conditions of the African conti-
nent are controlled by the seasonal migration of
the ITCZ, at which the NE and SE trade winds
converge, and the associated rain belt (Fig. 1-2
a). The seasonal migration of the ITCZ induces
a reorganization of the atmospheric features,
leading to a strong seasonality with highest
precipitation (Fig. 1-2 b, ¢) and thus river run-
off during boreal summer and a dry and dusty
season during winter. Two mechanisms control
precipitation in West Africa (Nicholson 2009):

Converging trade winds are responsible for

A /—\

Altitude

'T?Z
I
Latitude 0°

\ 4

Fig. 1-3: Atmospheric circulation and position of the
rainbelt. Maximum rainfall results from ascending air
between the African Easterly Jet (AEJ) and Tropical
Easterly Jet (TEJ). ITCZ: Intertropical Convergence
Zone. From Nicholson 2009; Zarriess and Mackensen
2010.

4

rainfall over the southern Sahara and northern
Sahel. However, maximum precipitation at the
African rainbelt results from ascending humid
air between the mid-tropospheric African East-
erly Jet (AEJ) and the high-tropospheric Tropi-
cal Easterly Jet (TEJ, Fig. 1-3).

Paleoclimatic reconstructions reveal that dur-
ing the LGM, the north African continent ex-
perienced much drier conditions with respect to
the present (Koopmann 1981; Sarnthein et al.
1981). Numerical models suggest that low tem-
peratures in the North Atlantic during the LGM
caused an southward shift of the ITCZ (Chiang
and Bitz 2005) and associated atmospheric fea-
tures. Accordingly, wet-season length and an-
nual precipitation were reduced in North Africa
(Collins et al. 2011). Even drier conditions on
the N African continent were induced by North
Atlantic Heinrich Events during Dansgaard-Oe-
schger Stadials (Jullien etal. 2007; Mulitza et al.
2008; Itambi et al. 2009). It is suggested that the
freshwater input in the North Atlantic led to dis-
turbances of the MOC causing a southward shift
of the ITCZ (Street-Perrott and Perrott 1990;
Dabhl et al. 2005).

1.3 Terrigenous material

Terrigenous sediments exported to the continen-
tal margin of NW Africa encompass fluvial ma-
terial which in our study area is transported by
the Gambia and the Senegal Rivers and to dust
from the Sahara and Sahel (Fig. 1-2 a).
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1.3.1 Fluvial material

The Senegal drains an area of 268,000 km?
(Kattan et al. 1987) that is dominated upstream
by subtropical climate (savanna vegetation).
Downstream, the Senegal flows at the southern
border to the desert (Fig. 1-2 a). In contrast,
the drainage basin of the Gambia is as small
as 78,000 km?* and is located in the subtropi-
cal zone with savanna vegetation (Lesack et al.
1984). Due to the high seasonality associated
with the migration of the ITCZ, the water dis-
charge of the Senegal and Gambia Rivers varies
throughout the year. This is also expressed in
the volume of particle transport in both rivers:
During the rainy season from July to October

the concentration of suspended matter at two

stations at the Senegal and Gambia Riversis 1.5
and 3 times higher, respectively, than during the

dry season (Gac et al. 1987).

1.3.2 Aeolian material

The Sahara desert is the most important source
of aeolian material of the world. Estimates of
emitted dust particles from NW Africa vary be-
tween 120 Tg yr' and 720 Tg yr' (Engelstaedter
etal. 2006 and references therein). The most im-
portant dust sources in the Sahara are the Bod-
¢1é Depression in Chad, a large area in eastern
Mauritania, and temporally dry salt lakes, the
“chotts”, in Algeria and Tunisia (Prospero et al.
2002). Dust entrainment depends on environ-

mental and atmospheric conditions in the source

dust deposition
(gm?yr’)
200
100

BASE-CUR~ 2

0.05
0.02
0.01
0.0
-0.02

-~ Tunel-LGM

Fig. 1-4: Modeled global dust deposition rates for today and for the Last Glacial Maximum (LGM; Mahowald

et al, 2006).
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area. The grainsizes ofthe sediments (Pye 1987),
soil moisture and vegetation cover (Chepil and
Woodruff 1963) influence the threshold shear
strength needed for aeolian deflation. In NW
Africa the trade winds constitute the dominant
dust transport mechanism during winter, when
the ITCZ is located at its southernmost posi-
tion (Fig. 1-2a). When uplifted, dust of Saharan
and Sahelian regions is transported by the NE
trade winds at altitudes of 500-1500 m and is
exported to the proximal Atlantic Ocean (Pye
1987; Chiapello et al. 1995). Additionally, dust
is transported within the higher (up to 3 km)
Saharan Air Layer (Sarnthein et al. 1981) and
can potentially be transported over the Atlantic
Ocean as far as to the Caribbean (Prospero and
Carlson 1972). The transport at these altitudes is
mainly attributed to the propagation of Easterly
Waves, constituting the AEJ and TEJ (Nichol-
son 2009).

In the proximal Atlantic Ocean off NW Africa
modeled deposition rates of dust vary between
5 and 10 g m? yr! (Fig. 1-4, Mahowald et al.
2006). This in accordance to analyses of ma-
rine surface samples and material collected in
sediment traps (Kohfeld and Harrison 2001).
During the LGM, dust deposition was 2 to 10
times higher than at present (Kohfeld and Har-
rison 2001). A higher temperature gradient and
thus stronger winds (Sarnthein et al. 1981), and
a reduced vegetation cover due to dry condi-
tions (Mahowald et al. 2006) are thought to be

responsible for this phenomenon.

1.4 Proxy data provenance vs. transport
1.4.1 Major elements

To track dust samples back to their source areas,
satellite images as well as backward trajecto-
ries are used. Also, soil samples from potential
dust areas are analyzed and compared with the
mineralogical and geochemical composition of
dust collected close to the African continent and
at the western side of the Atlantic Ocean (e.g.
Chiapello et al. 1995; Chiapello et al. 1997;

Caquineau et al. 1998; Grousset et al. 1998;
Caquineau et al. 2002; Chiapello et al. 2005;
Stuut et al. 2005).

Dust collected on the Canary Islands has differ-
ent geochemical signatures, mirroring Moroc-
can (Al/Si ~ 0.36) and Sahelian (Al/Si ~ 0.29)
source areas (Bergametti etal. 1989). Dust emit-
ted from three different sectors over NW Africa
was sampled on the Cape Verde Isles (Chiapello
et al. 1997). For those samples the Al/Si ratio is
highest for dust from the Sahel (0.49), moderate
for central Saharan dust (0.45) and lowest for a
north and west Saharan origin (0.43). The el-
emental ratios derived by both studies converge
significantly. This points out that some atten-
tion has to be paid when using major element
proxies for determining the provenance of dust
without any further information as satellite im-
ages and trajectories. Seemingly, the sampling
location and thus transport distance to the source
area and/or transport energy (i.e., wind speeds)
appears to have an impact on the geochemical
signatures. Studies focusing on the influence of

transport distance on the mineralogical compo-
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sition reveal that the contribution of quartz with
respect to mica and kaolinite decreases during
long range transport (Glaccum and Prospero
1980). These differences are explained by gravi-
tational fractionation during transport, since
coarse grained particles, as quartz, settle much
faster than clay. Similar conclusions are drawn
by Caquineau et al. (1998; 2002) who analyzed
the mineralogy of dust samples collected on the
Cape Verdes. They found variable Al/Si ratios
of dust samples derived from the same source
sectors on the African continent. Consequently,
this ratio is not applicable for a differentiation
of source areas. Moreover, difficulties for the
comparison of present-day dust samples and
the signatures of dust in marine sediments arise.
Often, dust samples are collected at different
places and reflect single dust events (e.g., Stuut
et al. 2005). Satellite imaginary and backward
trajectories reveal, however, that changes in the
wind conditions happen rapidly and dust is often
a mixture of re-mobilized material from differ-
ent areas (Guieu et al. 2002). The dust signature
that is conserved in marine sediment cores cor-
responds to a more averaged signal. However,
it is reasonable that the signatures of dust in
marine samples could potentially be indicative
of super-regional displacements of dust sources,
especially when the source regions are subject

to differing weathering conditions.

1.4.2 Magnetic mineralogy

Assuggested by Bloemendal etal. (1988;1992),

the primary magnetic mineralogy of terrigenous

sediments is controlled by two factors: First, the
variability in magnetic mineral content reflects
changing contributions from different source
areas with distinct magnetic inventories. Sec-
ond, if magnetic minerals occur as or are as-
sociated with certain physical grain-size classes
(e.g. hematite coatings on quartz grains), they
are subject to gravitational fractionation during
transport resulting in enrichments or, respec-
tively, depletions.

There are two different approaches for discrim-
inating terrigenous sediments based on their
magnetic mineralogy. First, the characteriza-
tion of detrital magnetic particles (Hounslow
and Maher 1996) or inclusions in host grains
(Hounslow and Morton 2004; Maher et al. 2009)
can be used to link sediments to the parent rock.
Second, the investigation of specific magnetic
minerals which are formed during pedogenesis
enable the discrimination of source areas, that
are dominated by differing environmental condi-
tions, i.e., weathering (Harris and Mix 1999).
Lyons et al. (2010) published magnetic data
from potential source areas of dust (soils and
sands) in central NW and subtropical Africa.
They focused on pedogenic magnetic minerals
and linked their occurrence and formation to
spatial precipitation variations. As already ob-
served from Chinese loess/palaeosol sequenc-
es (Maher et al. 1994; Maher and Thompson
1995), a clear relationship in the formation of
fine and ultra-fine magnetite with increasing
precipitation is suggested (Lyons et al. 2010). A

detailed analysis of magnetic properties of dif-
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ferent grain-size classes shows that the magnet-
ic minerals are highly concentrated in the clay
fraction. In the Sahelian samples, especially the
high-coercivity magnetic minerals (goethite and
hematite) peak within the clay fraction (Lyons
etal. 2010). In contrast, in the Saharan samples
those magnetic phases peak within the coarse
sediment fraction (> 63pm). These findings re-
veal that also the magnetic mineralogy of terrig-
enous sediments from the African continent can
potentially be used to discriminate sediments

derived from different source regions.

1.5 Approach and Thesis Outline

The aim of this thesis is a quantitative assess-
ment of the properties of terrigenous sediments
off NW Africa to detect changing provenance
and to budget the fluxes of sediments derived
by fluvial and aeolian pathways.

To better constrain the use of proxies for paleo-
climatic reconstructions the following general

questions arise:

» Which proxies are good discriminators for the

terrigenous fraction from different sources?

* Which information about the climatic and en-
vironmental conditions in the source area can
be inferred from the properties of terrigenous

sediments?

» How do properties of fluvial and aeolian ma-

terial vary on a regional scale?

After the evaluation of the source-to-sink
processes, paleoclimatic questions may be ad-

dressed:

* How did the fluxes of aeolian material vary

over the past 70 ka?

« Which information do variations of terrige-
nous fluxes reveal about the climatic condi-

tions on the continent?

« How and to what extent are the climatic con-
ditions on the African continent linked to the

global climate system?

To address these questions, this thesis includes

the following manuscripts.

Chapter 2: Unmixing signatures of aeolian, flu-
vial, bacterial and diagenetic magnetic mineral
fractions in Late Quaternary marine sediments

off Gambia, NW Africa

In this manuscript, analytical methods (detailed
rock-magnetic measurements and electron
microscopy) are combined with end-member
unmixing of isothermal remanent magnetiza-
tion acquisition curves. The combination of all
methods reveals the magnetic characteristics of
terrigenous sedimentary components and ena-
bles an evaluation of the impact of post-deposi-
tional formation or reductive dissolution on the

magnetic inventory.

Chapter 3: Multi-proxy characterization and
budgeting of terrigenous end-members at the

NW African continental margin
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A multi-proxy approach which enables the char-
acterization of aeolian and fluvial sediments de-
posited off the Gambia River by means of grain-
size distributions and associated major element
composition and magnetic mineralogy will be
introduced. On this basis, proxies for source
area and transport can be distinguished. Based
on the volumetric proportion of the EMs, fluxes
of aeolian and riverine sediments can be calcu-
lated and set into context with the paleoclimatic

development of the NW African continent.

Chapter 4: Paleoenvironmental influence on
the multi-proxy properties of terrigenous sedi-

ments off NW Africa

In this study we apply the multi-proxy strategy
on material retrieved off the Senegal River.
Based on differing properties of fluvial and aeo-
lian end-members off the Senegal and Gambia
Rivers, it is discussed which generic proxies
are feasible to discriminate between terrigenous
fractions, while others can be used to infer spe-
cific information about the environmental con-

ditions of particular source areas.
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We apply end-member (EM) modeling on 350 acquisition curves of the isothermal remanent mag-
netization (IRM) measured on samples of two marine gravity cores off NW Africa at the border of
arid subtropical and humid tropical environments (GeoB 13602-1, 13°32.71’N; 17°50.96’W, 8.75
m long, spanning 75 ka; and GeoB 13601-4, 12°26.06’N, 18°00.29°W, 8.55 m long, spanning 60
ka). Our approach enables us to discriminate rock magnetic signatures of aeolian and fluvial mate-
rial and to correct for the considerable imprint of magnetotactic bacteria and reductive diagenesis.
The diagenetic EM occurs mainly below the sulfate-methane transition in which hydrogen sulfide
is released. This EM was also found in a comparatively thin near-surface organic-rich layer. No
less than up to 60% of the IRM signal is allocated to the biogenic EM which testifies the impor-
tance of this magnetotactic fraction. Surprisingly, the magnetosomes are preserved even below
the modern iron redox boundary, which emphasizes that the identification and quantification of
this fraction is crucial before interpreting the magnetic mineralogy in terms of terrigenous fluxes.
Temporal variations of the aeolian and fluvial EMs appear to faithfully reproduce and support
trends of dry conditions on the continent during Heinrich stadials and a humidification during the
African Humid Period enable the quantification of dust input .We estimate that dust fluxes at the
continental margin of NW Africa were at least 5 times higher during HS 1 than during the Last
Glacial Maximum. Dust export from the Arabian-Asian dust corridor during Heinrich Stadials
(HS) appears to be contemporaneous to phases of increased dust fluxes at the continental margin of
NW Africa. This finding emphasizes that melt-water discharge in the North Atlantic had an impact
on the atmospheric features in the northern hemisphere. Based on the occurrence of pedogenically
formed magnetic minerals in fluvial and aeolian sediments, we infer that goethite was formed over
hematite in more humid climate zones. Therefore, magnetic minerals proof to be a valid proxy to

study (paleo-) environmental conditions in the source areas of terrigenous sediments.
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Signatures of aeolian, fluvial, bacterial and diagenetic magnetic mineral fractions

2.1 Introduction

Over the past twenty years, rock magnetic meth-
ods have been increasingly used to distinguish
sources of terrigenous sediment fractions in ma-
rine sediments. Bloemendal et al. (1988; 1992)
were the first mapping the distribution of mag-
netic minerals in the eastern equatorial Atlan-
tic Ocean and linking certain magnetic mineral
fractions with their terrigenous source or diage-
netic processes. Their studies suggest that Sa-
haran dust contains a particularly high propor-
tion of antiferromagnetic versus ferrimagnetic
iron minerals even when expressed in terms of
magnetic moments. A widely observed ultrafine
magnetite fraction appeared to vary on glacial-
interglacial timescales and was associated with
either fluvial input or post-depositional bacte-
rial biomineralization (Bloemendal et al. 1988;
Bloemendal et al. 1992).

Schmidt et al (1999) presented a fuzzy c-means
cluster analysis based on magnetic properties of
194 core-top samples collected from all parts of
the South and Equatorial Atlantic. They distin-
guished ten rock magnetic provinces, each de-
fined by a characteristic lithogenic or biogenic
magnetic signature. Source areas are inferred
to be nearby deserts, rivers, volcanoes or mid-
ocean ridges. Terrigenous rock magnetic fin-
gerprints of marine sediments can be identified
and exploited by multi-proxy studies. For exam-
ple, Larrasoafia et al. (2003) and Kohler et al.
(2008) combined rock magnetic and geochemi-

cal methods to analyze Neogene Mediterranean
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sediments and interpreted elevated hematite and
titanium contents as indices of enhanced north
Saharandustsupply,andhence, of greateraridity.
Recently, Itambi et al. (2009; 2010) investigated
marine rock magnetic records off Senegal and
Gambia to reconstruct southward shifts of the
Intertropical Convergence Zone (ITCZ) concur-
rent with North Atlantic Heinrich events during
the respective Heinrich stadials (HS; (Mulitza
et al. 2008)), being responsible for arid condi-
tions on the continent. In line with the earlier
Bloemendal et al. (1988; 1992) studies, they no-
ticed that the high-coercivity minerals hematite
and goethite occurred mainly during more arid
glacial and stadial periods and should conse-
quently be of aeolian origin. Very fine grained
and generally ubiquitous magnetite present
throughout their records was interpreted as flu-
vial input associated with more humid periods
(Itambi et al. 2010). The magnetic properties of
Itambi et al. (2009) indicate that the expression
of HS 1 is much stronger with respect to the
remaining HSs, while HS 3 is less pronounced
in their southernmost records. While there is
clear and acknowledged evidence for iron ox-
ide reduction in the lower parts of these cores
(Itambi et al. 2009), it remains uncertain to what
extent bacterial magnetite has contributed to the
magnetic fine fraction of modern and past ocean
margin sediments offshore NW Africa.

Bacterial magnetite is often considered a sub-

ordinate or negligible magnetic mineral phase
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in oceanic regions with high terrigenous input.
However, it has also been described as an abun-
dant or even dominant magnetic mineral phase
in the surficial sediments of upwelling regions
off SW Africa (Schmidt et al. 1999; Hilgenfeldt
2000). Unjustified disregard of bacterial mag-
netite or its incorrect distinction from fluvial
magnetite phases necessarily leads to errone-
ous conclusions concerning continental humid-
ity and runoff.

Interpretation of the terrigenous fraction of NW
African marine sediments is further compli-
cated by the existence of various potential dust
sources and wind systems. It has been claimed
that NE trade winds export more local (coastal)
Sahelian and Saharan dust to sea, while the Af-
rican Easterly Jet (AEJ) releases dust from more
distant Central Saharan sources which is further
transported over the Atlantic within the Saharan
Air Layer (e.g., Pye 1987; Chiapello etal. 1995).
Not all studies, however, make this distinction,
and little evidence for separate dust sources in
rock magnetic or geochemical marine records
has been shown so far. To be able to quantify
continental climate changes and erosion, sedi-
ment fluxes and accumulation rates, detailed
characterization of the various terrigenous, bio-
genic and diagenetic sources and processes is
required.

In several other recent rock magnetic prov-
enance studies (Hounslow and Morton 2004;
Heslop and Dillon 2007; Maher et al. 2009;
Roberts et al. 2011), isothermal remanent mag-

netization (IRM) acquisition curves serve as

input for mathematically unmixing sediments
into their source components. They provide a
concentration-dependent numerical representa-
tion of the full coercivity spectrum, and, accord-
ingly, of the entire magnetic mineral population
of given sedimentary mixtures. IRM acquisition
curves obey the principles of linear mixing sys-
tems and are therefore suitable for end-mem-
ber Member (EM) modeling techniques (Egli
2004a; Heslop and Dillon 2007).

In the studies of Itambi et al. (2009) and Blo-
emendal et al. (1988; 1992) it is well estab-
lished that the magnetic mineralogy may be
used to identify humid and arid phases in NW
Africa. For budgeting aeolian and fluvial sedi-
ment input, however, we perform aquantitative
characterization of the magnetic inventory of
those fractions. For this purpose it is essential
to evaluate the imprint of reductive diagenesis
and the bio-mineralization of magnetic minerals
in marine sediments.

We additionally use the magnetic inventory of
pedogenically formed magnetic minerals within
the fluvial and aeolian fractions to infer about
the (paleo-) environmental conditions in their
source areas (e.g., Kdmpf and Schwertmann
1983).

The contribution of the aeolian and fluvial EMs
imply the impact of North Atlantic Heinrich
events on the low-latitude climate system and
we further investigate the reasons for unequal
expressions of HS 3 and HS 1 with respect to
the remaining HSs which is also observed in the

magnetic records of I[tambi et al. (2009), but less
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expressed in elemental ratios further to the north
(Mulitza et al. 2008).

Two suitable sites on the continental rise at the
western border of arid subtropical and humid
tropical NW Africa have been selected (Fig. 2-
la): Site GeoB 13602 is located slightly north
of the present Gambia River mouth while site
GeoB 13601 is situated 100 km further south.
To distinguish the proportion of the various
magnetic fractions we perform EM unmixing
of IRM acquisition curves. Magnetic charac-
teristics and the mineralogy of each obtained
EM are subsequently analyzed by Cumulative
Log-Gaussian (CLG) IRM component fitting
(Kruiver et al. 2001) and are identified by com-

paring their magnetic mineralogy with data of
known or plausible aeolian, fluvial, bacterial,
and diagenetic magnetic mineral associations.
To further substantiate our interpretations using
this statistical approach, we present high and
low temperature magnetic data as well as scan-
ning (SEM) and transmission electron micro-

scope (TEM) images.

2.2 Geological and hydrographic setting

The continental margin oftf Gambia (NW Afti-
ca, Fig. 2-1a) is composed of an approximately
100 km wide and up to 400 m deep shelf and a
continental slope descending at an angle of about

2.5° to water depths of 3000 m. From the north,
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Fig. 2-1: (a) Vegetation belts in NW Africa modified after White (1983). Dust export to the NW continental
margin from the Sahara occurs mainly during winter by the NE trade winds (black arrows) while the Inter Tropi-
cal Convergence Zone (ITCZ) is located to the south. At high altitudes (~3000 m), dust is transported by the
African Easterly Jet (AEJ). During summer, the SE Trades (orange arrows) and the associated monsoon system
are responsible for rainfall in the Sahel. Surface water circulation in the south is controlled by the Equatorial
Counter Current and associated anticyclonic circulation around the Guinea Dome (GD) and in the north by the
Canary Current (CC). Both are indicated by white arrows. The gravity cores studied here are depicted in red.
Gravity cores referred to in this study are indicated in black. (b) Vertical profile of meridional current velocities,
SACW: South Atlantic Central Water, NADW: North Atlantic Deep Water.
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the study area is under marginal influence of the
westward turning Canary Current, which is fed
by the easternmost branch of the Azores Current
(Knoll et al. 2002). From the south, the seasonal
cyclonic circulation around the Guinea Dome
influences the study area, inducing a northward
transport of surface water. The convergence
of this gyre and the Canary current marks the
boundary of North Atlantic Central Water and
South Atlantic Central Water (Tomczak 2003).
The northward-directed surface current of the
South Atlantic Central Water entrains the upper
300-600 m of the water column in the study area.
Underneath is the southward-directed North
Atlantic Deep Water (NADW, 1000-4000 m;
Tomczak 2003). The velocity profile of both me-
ridional currents (Fig. 2-1b) reveals that the net
transport of suspended material is to the north.
Accordingly, satellite images (public data from
Naval Research Laboratory, http://www7320.
nrlssc.navy.mil/GLBhycom1-12/equatl.html) ~ and

modeled surface currents (Mittelstaedt 1991)

indicate that the freshwater plume, and hence,
also the sediment load of the Gambia River is
primarily deflected towards the northern site.
Aeolian material from the Sahara and Sahel is
transported to both sites by NE winter monsoons
at lower atmospheric altitude and by the higher
AEJ (Pye 1987; Stuut et al. 2005; Mulitza et al.
2008).

2.3 Materials and chronology

The studied gravity cores GeoB 13602-1 (po-
sition: 13°32.71° N; 17°50.96’W, water depth:

2395 m, core length: 8.75 m) and GeoB 13601-4
(position: 12°26.06° N, 18°00.29° W, water
depth: 2997 m, core length 8.55 m) were re-
trieved in 2009 during RV Maria S. Merian
cruise MSM 11/2 on the continental slope (Fig.
2-1a). Both cores mainly consist of siliciclastic,
dark olive clays and silts.

To estimate the amount of biogenic material,
GeoB 13602-1 samples have been analyzed for
biogenic opal (always <2.5%, data not shown),
total carbon and total organic carbon using an
Elementar Vario ELIIL On this basis, the CaCO,
weight percentages have been calculated. Car-
bonate content is generally lower than 25 wt %
and organic carbon ranges between 2.5% in the
uppermost parts of the core and 0.5 % during
HS 1 (Fig. 2-2b).

GeoB 13602-1 was sampled at 5 cm intervals,
from which specimens of the epibenthic species
Cibicoides wuellestorfi were picked for stable
isotope analyses that were performed with a
Finnigan MAT 252 mass spectrometer. The age
model was obtained by correlating the oxygen
isotope records (Fig. 2-2a) to that of core MD
95-2042 (Shackleton et al. 2000). From six sam-
ples at depths of 0.02 m, 0.41 m, 1.01 m, 1.54
m, 2.21 m, 3.52 m, 4.50 m depth, planktonic

Depth in
core (cm)
2 Poz-35102

41 Poz-41307
101 Poz-41304
154 Poz-41305
221 Poz-35103
352 Poz-41306
480 Poz-41309

¢ age (*C calender age 1o calender age

[ d
sample code  ~ BP) (aBP) range (a BP)

modern
8380-8521
12175-12595
13483-13729
14103-14567
27536-27189
35470-37203

modern
8454
12404
13619
14403
27084
36511

modern

7990+ 70
10890 + 70
12200 + 70
12790 + 60
22800 + 140
32400 + 600

Table 2-1: Radiocarbon data for GeoB 13602-1.
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foraminifera tests of G. ruber, G. saculifer, G.
bulloides and G. inflata were selected for ra-
diocarbon analysis with a 1.5 SDH-Pelletron
Model Compact Carbon AMS at the Poznan
Radiocarbon Laboratory. Assuming a reservoir
age of 400 years, raw '“C ages were converted
into calendar ages (Table 2-1) using the calibra-
tion curve of Reimer et al. (2009). Inclusion of

a) b) c)
5180 (%, VPDB) Organic carbon
(wt %)
> hp W ow
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Sed. rate
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MD 95-2042

850 (%0 VPDB) Carbonate

(Wt %)

Fig. 2-2: (a) Oxygen isotope records for cores MD
95-2042 (black) (Shackleton et al. 2000) and GeoB
13602-1 (red). Filled triangles indicate the ages de-
rived by correlating the benthic 'O record and open
triangles mark radiocarbon ages. (b) Weight % of to-
tal organic carbon and CaCO3 of GeoB 13602-1. (c)
Sedimentation rate split into biogenic and terrigenous
fraction (based on carbonate weight % and assumed
equal dry bulk density of both fractions). The low sed-
imentation rates in the lower part are most probably
due sediment compaction during gravity coring. MIS:
Marine Isotope Stage, AHP: African Humid Period
(light green), YD: Younger Dryas, HS: Heinrich Sta-
dial (after Sarnthein et al., 2001), LGM: Last Glacial
Maximum.
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1C ages from depths of 1.01 and 2.21 m taken
within the Younger Dryas and HS 1 intervals,
would lead to a misfit with the oxygen isotope
records. Since the meltwater discharge during
these periods led to changes in NADW produc-
tion (e.g. Stocker and Wright 1991; Broecker
1998) and thus a possible ingression of southern
ocean waters with a different reservoir age, we
excluded these '“C ages. The age model of core
GeoB 13602-1 wasthentransferred to core GeoB
13601-4 by correlating their diffuse reflectance
spectrophotometry records (data not shown)
and rock magnetic parameters. GeoB 13602-1
spans the past 75 ka with a mean sedimenta-
tion rate of 11.5 cm/kyr while GeoB 13601-4
spans the past 60 ka with a mean sedimentation
rate of 14 cm/kyr. On the basis of the carbon-
ate weight percentages the sedimentation rate of
GeoB 13602-1 was split into the biogenic and
terrigenous fractions (Fig. 2-2¢) assuming the

same dry bulk density for both fractions.

2.4 Methods
2.4.1 Rock Magnetism

Room temperature magnetic measure-
ments

For both cores, rock magnetic properties were
measured on 6.2 cm’ samples taken at 5 cm
spacing (~ 400 samples). Low-field magnetic
susceptibility (), was determined using a Ka-
ppabridge KLY-2 (measurement frequency
920Hz) device. Frequency dependence of sus-

ceptibility (), which serves as a measure of the
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presence of ultra-fine superparamagnetic (SP
(Dearing et al. 1996)) magnetite was measured
for GeoB 13602-1 (Bartington susceptibility
system MS2B). Measurements of laboratory-
induced remanence parameters were performed
using an automated 2 G Enterprise 755 R DC
superconducting magnetometer. IRM acquisi-
tion curves, which have different coercivity dis-
tributions for different magnetic minerals (e.g.,
Eyre 1996; Frank and Nowaczyk 2008) were
obtained using the in-line pulse magnetizer and
an “external” pulse magnetizer (2G Enterprise).
For a more detailed description of the experi-
mental setup, see auxiliary material. We use the
magnetic remanence acquired at the 100 mT
step (IRM 99 1)) to estimate the multidomain
(MD) magnetite content (Frederichs etal. 1999).
Anbhysteretic remanent magnetization (ARM;
«n) Indicates the presence of fine grained sin-
gle domain (SD, King et al. 1982; Frederichs
et al. 1999). The ARM, , /IRM,
be used as a magnetic grain-size indicator.

The S-Ratio

can thus

S = 0.5[(—~IRM / SIRM ) +1]

-300mT

(Bloemendal et al. 1992), represents the ratio of
low to high-coercivity magnetic minerals. The

hard IRM (HIRM) (Stoner et al. 1996),
HIRM =0.5(SIRM + IRM _,,,, )

quantifies the high-coercivity magnetic miner-
als (Frederichs et al. 1999; Kruiver and Passier
2001; Heslop 2009).

Low- and high-temperature magnetic
measurements

High- and low-temperature magnetic measure-
ments have been performed on selected dry bulk
samples. Low-temperature cycling experiments
between 5 and 300 K (2 K steps) were conducted
with the Quantum Design XL7 Magnetic Prop-
erties Measurement System (MPMS) at Bremen
University (Germany). We measured warming
curves after zero-field cooling (ZFC) and after
in-field cooling (FC). SIRM warming experi-
ments were performed in a temperature interval
of 240-400 K. High-temperature measurements
of magnetization vs. temperature were made in
air between 25 and 700°C on a modified hori-
zontal translation Curie balance (Mullender et
al. 1993, cycling field 20-400 mT). Heating and

cooling rates were 10° C/min.

2.4.2 Scanning and transmission
electron microscopy

Scanning electron microcopy (SEM) and trans-
mission electron microscopy (TEM) observa-
tions were performed on magnetic separates and
magnetic extracts.

For SEM observations, the specimens were
gold-covered and analyzed on a SUPRA TM 40
high-resolution Field Emission SEM instrument
at the Institute of Historical Geology — Paleon-
tology at Bremen University. For imaging, the
secondary electron (SE) beam was used at en-
ergy levels between 5 and 15 keV. To obtain the
elemental composition of the particles, energy

dispersive spectroscopy (EDS) with an energy

19



Signatures of aeolian, fluvial, bacterial and diagenetic magnetic mineral fractions

level of 15 keV was performed.

A FEI Tecnai 20 FEG TEM at the Electron Mi-
croscope Centre at Utrecht University was op-
erated in bright field mode with an acceleration
voltage of 200 keV. Diffraction patterns have
also been analyzed. All shown EDS spectra are

normalized to oxygen maxima.

2.4.3 Numerical unmixing

In a mathematical sense, remanence-based
sedimentary magnetic records constitute linear
combinations of the respective magnetic prop-
erties of all contributing source or mineral frac-
tions. EM analysis is an inverse technique aimed
at numerically unmixing such components. It
assumes that a composite record consists of a
small, discrete and a priori unknown number
of geologically independent and magnetically
distinguishable components, whose properties
remain constant over time. EM analysis yields
a minimal set of EM curves, whose properties
best explain the full internal variability of a data
set. Basis functions are not needed and the only
criterion for the input curves is monotony. To
further characterize the magnetic properties
of calculated EMs, IRM component analysis
(Kruiver et al. 2001) has been applied. This is,
in contrast, a forward technique and requires a
system of hypothetical basis functions. Multiple
cumulative log Gaussian (CLG) basis functions
are used to fit the bulk signal (cf. Robertson and
France 1994). Because of the different nature of
these techniques (inverse and forward), they can

be run in conjunction as mutual verification.

20

End-member analysis

AllIRM acquisition curves were unmixed using
the IRM Unmixer code by Heslop and Dillon
(2007), which adopts the algorithm developed
by Weltje (1997). In the fundamental equation
of EM analysis,

X=AS + ¢,

X represents a n*m matrix of n observations (=
individual samples) in rows and m variables (=
IRM steps) in columns. 4 denotes the abundance
of a set of k EMs in columns for the n samples in
rows, S represents the m properties of the k EMs,
and ¢ is the error matrix. Because the contribu-
tions of each EM must be positive, a non-nega-
tivity constraint (4,20) is included in the algo-
rithm (Heslop and Dillon 2007; Heslop et al.
2007). Error sources are instrumental noise and
temporal variations of individual source signa-
tures. The decision on how many EMs to include
is a compromise between keeping the number
of components as low as possible while having
a reasonable correlation of modeled and input
data. IRM Unmixer provides decision criteria
by performing principal component analysis
(PCA) with increasing numbers of components
and returning their coefficients of determination
(r*). EMs should be geologically interpretable
within their environmental settings (Prins 1999;
Weltje and Prins 2007).

Note that the contribution of each EM (A4) refers
to the SIRM of each sample and cannot directly



Chapter 2

be translated to volume or mass percentages. A mixed magnetic mineralogy can be described

volume calibration of the EMs would require

detailed information about a) the concentration

of magnetic minerals in the bulk EMs and b)

the geochemistry and crystal structure of the

respective minerals.

IRM component analysis

To assess the magnetic mineralogy of the EMs,

IRM component analysis has been applied on

the IRM acquisition curves that emerge from

the EM modeling. IRM acquisition curves of a
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equivalent to one standard deviation). The ap-
proach used here has been developed by Kruiver
et al. (2001). For further details, see Kruiver et
al. (2001) and Heslop et al. (2004). The IRM
acquisition curves can depart from log Gaussian
functions due to thermal effects, magnetic inter-
action (Egli 2003) as well as the starting state
of the magnetic system (Petrovsky et al. 1993;
Heslop et al. 2004), which should be taken into
account when performing the curve fitting. Es-
timates of components relate to their magnetic
moment, which cannot be converted directly
into magnetic mineral concentrations, e.g., the
SIRM of magnetite is 1-20 Am*kg™! (grain-size
dependent) and is thus ~200 times higher than
for hematite (0.08-0.2 Am’kg') and goethite
(0.02-0.1 Am?kg™) (Peters and Dekkers 2003)

2.5 Results

2.5.1 Room temperature magnetic
measurements

Core GeoB 13602-1

The lowermost interval of GeoB 13602-1 from
76 to 57 ka (8.75-7.80 m depth) is marked by
quasi-absence of magnetic minerals in the fine
SD (Fig. 2-3¢)and coarser MD (Fig. 2-3d) frac-
tions. Since the loss of ARM is strongest, the
residual phase coarsens (Fig. 2-3f). A similar
pattern is found in the shallow interval of 4.1-
1.2 ka (0.35-0.20 m depth). These conspicous
differences and the sharp boundaries with the
remaining part of the records indicate that per-
vasive reductive diagenesis of the primary iron

oxides has affected both intervals (e.g., Karlin
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and Levi 1983; Garming et al. 2005; Rowan et
al. 2009). The apparently well-preserved re-
mainder of the record from 57 to 21.4 ka has
relatively stable values except for shorter inter-
vals that correspond to HSs. A coarsening of the
magnetic grain size (Fig. 2-3f), and an absolute
increase of high-coercivity magnetic minerals
(i.e., hematite and/or goethite, Fig. 2-3c) with
related S-ratio minima is observed in the inter-
vals of HS 5, HS 4 and HS 2. Prominent peaks y,
% HIRM, IRM and troughs of ARM, ./
IRM

100 mT

100 mT

exist during HS 1. A minimum and
successive maximum of the S-ratio (Fig. 2-3g)
after 16.4 ka implies changes in the balance of
high- to low-coercivity magnetic minerals and
additionally an increase of fine grained mag-
netite (Fig. 2-3¢). Around 12.5 ka, during the
Younger Dryas (YD), less pronounced maxima
and minima exist. In the following, the concen-
tration of magnetite increases, accompanied by

a fining magnetic grain size (Fig. 2-31).

Core GeoB 13601-4

The magnetic record of core GeoB 13601-
4 largely matches that of GeoB 13602-1. An
equally radical loss in magnetic minerals is
present in the lowermost interval from 60 to 45
ka (8.55-7.50 m). Furthermore, the interval from
6 to 3 ka (0.40-0.20 m depth) is partly depleted
in magnetic minerals. The intermediate interval
from 45 ka to 18.3 ka shows relatively small (10-
20%) variations in all magnetic signals. Local
deviations during HS 4 and HS 2 imply a rela-

tive increase of coarser magnetite grains (Fig.
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2-3m), as well as of high-coercivity magnetic
minerals (Fig. 2-3j). During HS 1 a peak in y,
HIRM and IRM

100y 18 Present, whereas the S-
ratio and ARM

/IRM

100 T have minima.

100 mT
Another local minimum during the Younger Dr-

yas (12.5 ka) is only present in the S-ratio.

Comparison of cores GeoB 13602-1 and
GeoB 13601-4

The magnetic parameters of the northern
core GeoB 13602-1 are approximately 20%
(%), 35% (HIRM), 20% (IRM, = ), and 10%
(ARM, ) higher with respect to those of the
southern core GeoB 13601-4. In particular the

100 mT

100 mT

fraction of high-coercivity minerals is more pro-
nounced at the northern site. All HS peaks in the
northern core are also more pronounced. While
other peaks in both cores largely correspond,
the maximum at HS 5 in GeoB 13602-1 has no
counterpart in the southern core. Note however,
thatin GeoB 13601-4, HS 5 is located just above
the diagenetic zone. The most prominent peak
in both records corresponds to HS 1. Peaks in
magnetic parameters that coincide with North
Atlantic Heinrich Events have been previously
reported from the nearby (cf. Fig. 2-1a) gravity
cores GeoB 9516-5 and GeoB 9527-5 (Itambi
et al. 2009) and were interpreted as periods of
massive dust export and thus arid continental
conditions in NW Africa. According to this in-
terpretation, our record indicates that aeolian
sediments contain a higher amount of coarse
grained magnetite, high-coercivity minerals as

goethite and hematite, and a higher content of

ultra-fine SP minerals. The latter correspond
most likely as pedogenically formed coatings
on silicate grains (Sarnthein et al. 1981; Itambi
et al. 2009).

2.5.2 End-member analysis

The EM analyses of the individual cores and the
pooled data set are compiled in Fig. 2-4. For the
southern core GeoB 13601-4, three EMs suf-
fice to reach a high coefficient of determination
(r*=0.97, Fig. 2-4a).To unmix the northern GeoB
13602-1 record, four EMs have been selected
(’=0.97, Fig. 2-4a), although three EMs also
yield a very reasonable r? of 0.96 at the break in
slope of the 1 plot. However, as will be shown
later, large similarities between three of the four
EMs for GeoB 13602-1 and the three EMs for
GeoB 13601-4 justifies consideration of four
EMs in the former. For the merged data set, four

EMs were used to fit the data (1*=0.97).

End-member characteristics

The EMs derived from the individual and the
merged data sets (Fig. 2-4h, 1) are similar in
terms of coercivity distribution and are therefore
labeled correspondingly. We label the calculated
EMs as A, F, B and D already anticipating their
interpretation in terms of aeolian, fluvial, bio-
genic and diagenetic origins, respectively. The
contributions of modeled EMs to the SIRM are
shown in Fig. 2-4d-g, while the outer panels (b,
¢, h, 1) are plots of their respective IRM acquisi-
tion curves. Note that Fig. 2-4h and i contain the

EMs derived from the merged data set as well
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as those from the individual cores (cf. Fig. 2-4b,
c¢) which are depicted in grey for evaluation of

differences.

GeoB 13602-1

The magnetically depleted lowermost interval
of core GeoB 13602-1 (cf. Fig. 2-3) is marked
by a high contribution of EM D and EM B to
SIRM (Fig. 2-4d). Above, the influence of EM
D diminishes to low levels except for a near-
surface layer at 4.6-1.7 ka. However, SIRM is
substantially reduced within this zone (cf. Fig.
2-3d). When expressed in absolute amounts,
EM D appears to remain approximately con-
stant throughout the core, while the contribu-
tion of EM B rises above the diagenetically af-
fected interval. In the interval 58-26 ka, EMs
A, F and B are present with relatively stable
contributions to SIRM of 15-25%, 20-30% and
40-50%, respectively. EM A has minor peaks
at 53.5 and 46.2 ka (the latter is HS 5). During
HS 2 and the LGM, the relative proportion of
EM A increases at the cost of all other EMs and
reaches a dominant peak during HS 1. Above
this peak, its impact decreases in favor of EM F,
whose proportion peaks from 14.2-12.5 ka (first
part of the African Humid Period). At 8.5 ka
the contribution of EM B peaks, accounting for
60% of SIRM.

GeoB 13601-4

The magnetically depleted zone in core GeoB
13601-4 below 46 ka and the narrow diagenetic
layer near the core top (cf. Fig. 2-3) are equally
indicated by greater contributions of EM D (Fig.

2-4e)and EM B. From 46 to 21.2 ka, the relative
variations of the EMs A and B are low, however,
an increasing trend of EM A is observed. Local
peaks of EM A occur during HS 5 and HS 2.
During HS 1, EM A reaches a contribution of
nearly 100% and remains dominant until about
13 ka. Above, the proportion of EM A decreases
in favor of EM B, whose maximum influence
appears at 6.8 ka. The influence of EM A then

rises.

Merged data set

The contributions of the EMs obtained by un-
mixing the merged dataset from GeoB 13602-1
and 13601-4 are similar to the EM models for
the separate cores (compare Fig. 2-4d and e with
2-4f and g). In the lower interval of the cores,
the contribution of EM B is suppressed with re-
spect to EM D when compared to the individual
cores. Above the diagenetically affected zones,
all trends and local peaks are depicted. Howev-
er, the merged model has smoother expressions
than in the individual GeoB 13601-4 model be-
cause of the extra EM in the merged data set. An
exception is a peak in EM A during HS 4, which
was not expressed in the individual EM models.
According to our starting hypothesis, that fluvial
sediments are only to be expected at the north-
ern site, the marginal contribution of EM F in
GeoB 13601-4 supports such a scenario. This
outcome of the EM analysis illustrates that our
approach is well suited to unmix the terrigenous

fraction.
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2.5.3 IRM component analysis

Here, we aim to further elucidate the nature of
all EMs through more quantitative analysis of
the magnetic mineralogy. The EM model of the
merged data set largely matches and supports the
findings of the two core-specific EM analyses,
therefore we focus on the pooled EM model.
IRM components for the separate EMs are listed
in Table 2-2, while we visualize the fit for the
EMs of the merged dataset only (Fig. 2-5). The
shape of the IRM acquisition curve indicates that
EM A is amixture of low-coercivity and high-co-
ercivity magnetic minerals (magnetite, hematite
and/or goethite, respectively). Four components
(1-4) with increasing magnetic hardness (Fig.
2-5a) are present. Two magnetically soft com-
ponents (B, ,~18 mT; B, ,~30 mT,) account for

11% and 68% of the total SIRM, respectively.

The soft-magnetic component 2 corresponds to
magnetite. IRM coercivity spectra of PSD and
MD magnetite often depart from a lognormal
distributions, i.e. have left-skewed distributions
(Egli 2003) due to thermal activation effects
(Egli and Lowrie 2002). The left-skew cannot
be fitted with the Kruiver et al. (2001) approach
and a second associated component is required
to properly fit components to the data to account
for the skewness. We suggest that component 1
is attributed to this skewness and does not repre-
sent an additional magnetic phase. Component
3 (B,, ~260 mT) accounts for 11.5% of SIRM
and is interpreted as hematite, while component
4 (B
total SIRM and is interpreted as goethite.

The IRM acquisition curve for EM F (cf. Fig.
2-5b) is relatively similar to that of EM A. How-
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~1660 mT) contributes only 8% to the
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Fig. 2-5: IRM component analyses of EMs (merged dataset). Each column corresponds to one EM. Different
colors indicate the components needed to fit (red curve) the IRM acquisition curve (black dots). Upper panels:
linear acquisition plot; middle panels: gradient acquisition plot; lower panels: standardized acquisition plot.
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ever, acquisition starts at slightly higher fields
(20 mT) and its initial slope is less steep and
rises linearly (on a logarithmic scale) at higher
fields with a somewhat steeper gradient. The
proportion of magnetically soft (magnetite)
phases relative to the hard antiferromagnetic
(hematite/goethite) phases is therefore lower
1 ~18 mT,
B,, ~50 mT) that carry 11% and 69% of the to-
tal SIRM for EM F, are identified as magnetite

for EM F. Two soft components (B

with a left-skewed coercivity spectrum (Fig.
2-5b). Compared to EM A (B, ~30 mT), this

magnetite is harder and accordingly represents

172

finer grain sizes, which corresponds largely
to the observed physical grain sizes of fluvial
(Gac and Kane 1986) and aeolian (Stuut et al.
2005) material from dust- or fluvial-dominated
periods off the NW African coast (Mulitza et
al. 2008). Two high-coercivity components (B, ,
~280 mT, B, , ~1660 mT) contribute to 3% and
25% of the total SIRM and are attributed to hem-
atite and goethite, respectively. The difference

between aeolian and fluvial EMs with regard to

Component 1 Component 2

hematite (aeolian) and goethite (fluvial) balance
is striking.

EM B (Fig. 2-5¢) acquires remanence over a
narrow field interval and reaches complete satu-
ration at 120 mT. For a CLG fitting of this EM,
two components are needed. Component 1 (B, ,

~ 20 mT) carries only 6.5% of the SIRM, while

Component 2 (B,,, ~ 65 mT) contributes the re-

172
maining 93.5%. This fraction is interpreted as
bacterial magnetite, which owes its relatively
high coercivity to the chain-like arrangement of
the fossil SD sized magnetosomes (e.g. Petersen
et al. 1986; von Dobeneck et al. 1987; Vali et al.
1989). Similarly, ‘biogenic soft’ and a ‘biogenic
hard’ components have been identified by Egli
(2004a).

Remanence acquisition in EM D takes place
mainly at intermediate fields from 0.1 to 1 T,
where hard ferri- and soft antiferromagnet-
ic minerals acquire an IRM. Component 1
(Bl/z
~112 mT) 52%, component 3 (B

~40 mT) carries 18%, component 2 (B, ,

1, ~260 mT)

28%, and component 4 (B, ~ 1580 mT) ac-
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Component 3 Component 4

SIRM B1/2 DP SIRM B1/2 DP SIRM B1/2 DP SIRM B1/2 DP
g EMA 0.8 28.84 0.29 0.15 199.53 0.42 0.08 1621.81 0.35
g EMF 0.2 20.42 0.29 0.50 51.29 0.23 0.15 199.53 0.30 0.20 1584.89 0.35
‘3 EMB 0.09 14.13 0.3 0.91 64.57 0.17
8 EM D 0.23 39.81 0.38 0.46 154.88 0.13 0.31 323.59 0.25 0.01 1584.89 0.35
g EMA 0.05 15.85 0.35 0.74 36.31 0.26 0.12 158.49 0.33 0.14 1584.89 0.33
3 [EMF
% EMB 0.11 16.22 0.29 0.89 64.57 0.17
8 EM D 0.18 39.81 0.38 0.48 147.91 0.12 0.34 331.13 0.24
- EMA 0.21 17.78 0.3 0.56 30.20 0.2 0.13 199.53 0.31 0.13 1584.89 0.31
g, z EMF 0.2 17.78 0.3 0.56 51.29 0.25 0.07 199.53 0.28 0.20 1258.93 0.35
dE’ g EM B 0.065 19.95 0.33 0.94 64.57 0.17
EM D 0.18 39.81 0.35 0.52 112.20 0.23 0.28 263.03 0.25 0.00 1584.89 0.32

Table 2-2: IRM component analyses of EMs derived by unmixing each core and the merged dataset.
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counts for a mere 4% of the total SIRM. Com-
ponent 4 probably represents goethite whose
significance is not high when expressed on a
magnetic basis. However, due to its low SIRM,
up to 200-500 times lower than that of magnetite,
the quantity of goethite expressed on a molar or
mineralogic basis must be high. The relatively
hard component 2 most likely represents relict
Ti-rich ferrous hemoilmenite or titanomagnetite
phases that survived reductive diagenesis (Blo-
emendal et al. 1993; Emiroglu et al. 2004; Now-
aczyk 2011). Component 1 may either represent
a left skew of component 2, as argued above, or
it may consist of alteration-resistant small mag-
netic inclusions in a silicate matrix (Hounslow
and Maher 1996; Hounslow and Morton 2004;
Mabher et al. 2009). The latter interpretation is

consistent with the rock magnetic record, where
EM D is only prominent in the magnetically de-

pleted lower parts of both cores.

2.5.4 Additional rock magnetic analyses

To supplement and further support the EM mod-
el analysis and IRM component interpretation,
we performed high- and low-temperature rock
magnetic measurements for three samples from
GeoB 13602-1 with dominant biogenic (8.2 ka),
fluvial (13.6 ka) and aeolian (15.5 ka) EM con-

tributions, respectively.

Low- and high-temperature
magnetic properties

The ZFC and FC warming curves of the EM A
and EM F samples converge with increasing tem-

perature, in particular in the interval 20-100 K
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Fig. 2-6: Low- and high-temperature measurements of samples from intervals with strong contributions of EM
A(a,d, g), EMF (b, e, h),and EM B (c, f, 1). The notable convergence of ZFC and FC warming curves (a-c) and
the marked loss of magnetization while heating to ~350 K (d-f) points to the presence of goethite. The Verwey
transition is evident in the data from EM B sample (c). Curie balance measurements (g-i) indicate the thermal
alteration of pyrite to magnetite. The pyrite content appears to be lowest in the EM A sample (g).
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(Fig. 2-6a, b). This effect is less pronounced in
the EM B sample (Fig. 2-6¢). The acquisition of
remanence during FC and convergence of FC
and ZFC curves was previously observed for
goethite samples (Liu et al. 2006) and has also
been attributed to the presence of goethite in
pelagic (Franke et al. 2007) sediments. Smir-
nov and Tarduno (2000) recognized a similar
convergence in samples from the equatorial Pa-
cific Ocean but did not find any evidence for the
presence of goethite. Our SIRM heating experi-
ments indicate a dramatic loss in magnetization
while heating up to ~ 330 K (Fig. 2-6d-f). No-
tably, this temperature is lower than blocking
temperatures for pure goethite, however, due to
isomorphous Al-substitution which is typical
for pedogenically formed goethites (Fitzpatrick
and Schwertmann 1982) and excess water in
the structure, the blocking temperature lowers
(Lowrie and Heller 1982; Dekkers 1989; Liu et
al.2006). We thus attribute both the convergence
of ZFC and FC curves and the SIRM loss to the
presence of goethite which is also detected by
the IRM component analyses. In contrast with
the two other samples, the FC curve of the EM
B sample (Fig. 2-6¢) has a Verwey transition that
is indicative of stoichiometric SD magnetite as
produced by magnetotactic bacteria (Moskow-
itz et al. 1993). The absence of this transition
in the EM F and EM A samples hints at oxida-
tion (e.g., Ozdemir et al. 1993) or Ti-substituted
magnetites (e.g., Kakol et al. 1992). The Curie
balance cycles (Fig. 2-6g-1) indicate a strong

increase in induced magnetization during heat-

ing within a temperature interval of 350-450°C
which has been attributed to oxidation of fram-
boidal pyrite (Passier et al. 2001). This effect
and thus the concentration of pyrite are lowest

in the EM A sample.

Electron Microscopy

In the heavy liquid separates, magnetic particles
appear to be sparse in comparison with the high
amounts of paramagnetic Ti oxides. On the oth-
er hand, pyrite is found frequently in all heavy
liquid extracts. Framboidal pyrite is abundant in
microenvironments like foraminifera tests (Fig.
2-7a, e.g., Roberts and Turner 1993; Rowan et
al. 2009). In the magnetic extracts, the size of
Fe-Ti oxides can reach diameters of up to 40
pum (Fig. 2-7¢, d). The physical grain-size mode
of present-day dust collected offshore Africa is
mostly 8-42 um but can reach grain sizes of 200
pum (Stuut et al. 2005). Therefore, these coarse
grained Fe-Ti oxides are most likely transported
by wind. Most of those grains have sub-regu-
lar morphologies, which might be attributed to
mechanical abrasion and/or fragmentation dur-
ing transport (Fig. 2-7b, d, e). However, some
idiomorphic grains can be found (Fig. 2-7f).
The EDS analyses reveal varying Fe:Ti ratios
between 1:2 and 3:1. Nearly pure magnetite
grains also occur. In Fig. 2-7d, Ti-Fe oxides
have shrinkage cracks, which indicate low-tem-
perature oxidation (Petersen and Vali 1987). Il-
menite exsolution lamellae, which are typical
for Ti-rich titanomagnetite, are preserved as

skeletons in some grains while the more unsta-
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Fig. 2-7: SEM photographs and elemental spectra for
grains obtained after heavy liquid (a) and magnetic
extraction (b-f). (a) Pyrite precipitated in foraminifera
tests (heavy liquid separate). (b)Ti-Fe oxides with var-
ying Ti/Fe ratios; analyses correspond to the numbered
grains. (c) Rock fragment of magnetite and silicate
(feldspar) rim. (d, e) Ti-Fe oxides with varying Fe/Ti
ratios: I: 1:1, II: 1:2, I1I: 3:1, V: nearly pure magnetite,
IV: chromite, ZR: zircon. Some grains have shrinking
cracks (d, lower left and right of the picture) and skel-
etal ilmenite lamellae (1). (f) Close-up of idiomorphic
magnetite grain.
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ble magnetite has been dissolved under reduc-
ing conditions (Canfield et al. 1992; Nowaczyk
2011). Gehringetal. (1995; 2007) and Fischer et
al. (2008) inferred from magnetite dissolution in
soil samples from Mali that the prevailing strong
seasonality induces fluctuating redox conditions
in the soils. Since in the respective EM A sample
pyrite is very sparse (cf., Fig. 2-6g) we suggest
that dissolution already occurred in the soil in
the source area.

TEM analyses reveal that the sub-micron mag-
netic fraction has a high abundance of fossil
magnetosomes (Fig. 2-8a, b, ¢, g) with cubo-
octahedral or bullet shaped morphologies or-
ganized in long chains or clusters (Fig. 2-8b,
c). Electron diffraction patterns reveal that the
magnetosomes consist of magnetite (Fig. 2-8d,
e). To estimate and compare their concentration
in the three studied samples is difficult. How-
ever, the EM A sample (Fig. 2-8f) has by far the
lowest amount of magnetosomes with respect
to detrital particles which consists mainly of
titanomagnetites and silicates. The presence of
silicates in magnetic extracts points to magne-
tite inclusions within the host grains (Fig. 2-8f).
In the sub-micron fraction of the EM B sample

only magnetosomes were identified.

2.6 Discussion

Our approach reveals the magnetic mineralogy
of aeolian and fluvial sediments at our study site.
The magnetic inventory of the aeolian and flu-
vial EM can be used to assess the paleoenviron-

mental conditions in their source area. For our

study area, terrigenous sediments are exported
from at least two source areas, while being trans-
ported by different mechanisms.

The pedogenic signature of magnetic iron ox-
idesinterrestrial soils (Kémpfand Schwertmann
1983; Schwertmann and Taylor 1989; France
and Oldfield 2000) and loess sequences (Maher
1986; Maher and Thompson 1992; Spassov et
al. 2003) has been widely studied. Parent rock
petrology, Eh/pH conditions and water content
control the speciation of pedogenic iron min-
erals (Kdmpf and Schwertmann 1983). As the
ratio of pedogenically formed hematite/goethite
lowers with decreasing soil temperature and ex-
cess water within the soil (Maher 1986; Schw-
ertmann and Taylor 1989), the ratio of those
minerals can be related to climatic variations.
Accordingly, in the South China Sea (Zhang et
al. 2007), and off the Amazon (Harris and Mix
1999), the goethite/hematite ratio has been used
to reconstruct past precipitation. However, the
use of this ratio has to be handled carefully. In
a geological setting where reductive diagenesis
occurs, an increase of this ratio could simply re-
sult from the dissolution of goethite with respect
to the more stable hematite (Abrajevitch et al.
2009; Abrajevitch and Kodama 2011).

2.6.1 Aeolian signature

The high hematite over goethite content of EM
A suggests that relatively dry conditions pre-
vailed during terrestrial pedogenesis. Sarnthein
etal. (1981) and Bloemendal et al. (1988; 1992)

found that dust derived from the southern Sa-
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Fig. 2-8: TEM photographs and diffraction patterns. “ A ﬁ Fe 1
A

(a-e) EM B sample: (a) siliceous mineral surround- Al Si

ed by bacterial magnetite chains. (b, ¢) Close-ups of ‘I A 5
chains with mainly cubo-octahedral and bullet-shaped - -~
magnetosomes. (d) Diffraction pattern of (a), and the ’| Fe 5
area of the lower left chain (e). (f) Cluster of cubo-oc- AN
tahedral and bullet-shaped grains forms Magnetoman- J Al Si TiJ\ i

erals (EM F sample). (g) EM A sample that contains AN .1' 2
the lowest concentration of magnetosomes, but with | I | ! | J | !
many siliceous grains (spectra 1, 2) and detrital Fe-Ti |0 2 4 6

oxides (3, 4). keV
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hara and northern Sahel contains a high hema-
tite content, mainly as coatings on quartz grains.
Similar results have recently been found for ter-
restrial sand samples from those regions (Lyons
et al. 2010). It is inferred that these high-coer-
civity hematite coatings are secondary minerals
formed within soils. The content of SP grains
within the coarse sediment fraction of the soils
(Lyons et al. 2010) is consistent with the high
frequency dependence of susceptibility in the
interval of HS 1 in GeoB 13602-1 (cf. Fig. 2-3a),
where EM A is highly dominant.

2.6.2 Fluvial signature

The magnetic inventory of soil and desert sand
samples from the Sahara and Sahel contains
abundant high-coercivity magnetic minerals
(goethite and/or hematite) in areas with higher
precipitation (Lyons et al. 2010). Under more
humid conditions in the catchment area of the
Gambia River, pedogenic goethite should be
more abundant than hematite (Maher 1986;
Schwertmann and Taylor 1989). Lush savanna
vegetation must have prevented soil mobiliza-
tion by wind while sheet and stream erosion in
rainy seasons were favored.

Gac and Kane (1986) reported that bulk flu-
vial sediments from the Senegal River, which
drains a larger, but climatically similar basin as
the Gambia River, also contain goethite.

Our interpretation of EM F, which is only dom-
inant in the proximal core GeoB 13602-1, as
fluvial sediment is further supported by satel-

lite images that show a modern deflection of the

Gambia fresh water fan to the north. Likewise
this indicates that also during MIS 1-3 north-
ward directed surface currents prevailed so that
the fluvial material was deposited at the north-
ern site. Coercivity analysis of EM F and ther-
momagnetic results from peak concentration
samples suggest a relatively low concentration
of magnetite and hematite and a particular high
concentration of goethite. Particularly high EM
F levels are observed at least during the early

AHP.

2.6.3 Bacterial signature

EM B contains a magnetic mineralogy with a
narrow coercivity spectrum. Coercivity spectra
with such low dispersions have only been ob-
served for magnetite or greigite formed within
the cells of magnetotactic bacteria (Kruiver and
Passier 2001; Egli 2004b; Vasiliev et al. 2007).
However, from magnetization vs. temperature
measurements above room temperature, we can
rule out the presence of greigite because the typ-
ical irreversible oxidation of greigite between
200 and 400°C (Reynolds et al. 1994; Vasiliev
et al. 2007) is not detectable. TEM analysis
unequivocally reveals that magnetosomes are
present and extremely abundant in the inter-
val where EM B dominates. Previously, a hard
magnetite phase was linked to fluvial sediments
(Ttambi et al. 2010). Magnetosomes were con-
sidered unlikely to be a significant contribu-
tor to the sediment magnetic properties in the
environment as offshore of NW Africa for two

main reasons. First, in areas with high terrig-
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enous input with high concentration of magnetic
minerals, the magnetic signature of the magne-
tosomes would be insignificant compared to that
of the terrigenous signal. Second, magnetotactic
bacteria occur above the iron-redox boundary,
(Karlin et al. 1987; Petermann and Bleil 1993)
and at least magnetite magnetosomes should
rapidly dissolve during burial with upward re-
dox boundary migration (e.g. Hilgenfeldt 2000).
However, our results indicate that magneto-
somes contribute up to 60% of the SIRM and
are preserved even below the present iron-re-
dox boundary (cf. section 2.6.4). The presence
of EM B in the strongly depleted lower intervals
of the cores is unlikely to be linked to fossil
magnetosomes that survive reductive dissolu-
tion. However, note that SIRM in those intervals
is lower (<10%) with respect to the remainder
of the record leading to a small contribution of
EM B when expressed in absolute values (cf.
2.5.2). We infer that the contribution in the re-
spective sections is attributed to inaccuracies of
unmixing of the lower record, because instru-
mental noise is higher with respect to signal of
the magnetic minerals. The reduction of EM B
for the pooled data set in the respective intervals,

supports this suggestion.

2.6.4 Diagenetic signature

The prominent change in magnetic properties
in the lower sections and the near-surface layer
of the cores reflects a near-complete loss of fine
grained Fe oxide mineral particles. Reductive

dissolution of iron oxides is a function of surface
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area (Canfield and Berner 1987), therefore fine
grained magnetite is more rapidly and perva-
sively dissolved (Karlin and Levi 1983). Both
zones have high contributions of EM D. The
relict magnetic mineral inventory consists of
intermediate- and high-coercivity minerals and
probably correspond to Ti*" rich and therefore
Fe** poor Fe-Ti oxide phases as well as some ap-
parently more resistive antiferromagnetic min-
eral phases (Robinson et al. 2000; Emiroglu et
al. 2004; Garming et al. 2005; Dillon and Bleil
2006; Nowaczyk 2011).

We suggest that the lower depleted zone marks
the modern sulfate-methane transition (SMT).
Above, iron oxides are reduced to pyrite in or-
ganic rich micro-environments like foraminif-
era tests (Mohamed et al. 2011). The magnetite
loss in the narrow subsurface horizon results
from (most likely microbially mediated) redox
reactions at the present iron-redox boundary
(Riedinger et al. 2005). Under steady-state re-
dox conditions, the iron-redox boundary would
have migrated successively upward in equilib-
rium with sedimentation and led to a general
reduction of fine grained iron (oxyhydr)oxides.
However, high bacterial magnetite contents in
between the modern iron-redox boundary and
the present SMTZ rule out such a migration.
Karlin (1990) reports the preservation of ul-
tra fine grained magnetite in certain intervals
in a core below the present iron-redox bound-
ary. Form this finding he inferred non-steady-
state redox conditions, which was attributed to

varying sedimentation rates. Compared to the
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Holocene, sedimentation rates in GeoB 13602-1
were doubled during MIS2 and MIS3 and even
up to seven times higher during HS 1 and the

Younger Dryas. We therefore infer that the en-
hanced sedimentation rates during the MIS 3
and MIS 2, led to a rapid burial of the detrital
and the authigenic iron-oxides (magnetosomes)
and a fast-upward migration of the iron redox
boundary, and accordingly, the preservation of
the magnetic minerals.

The near-surface depleted layer is located just
below an organic carbon peak (and associated
carbonate minimum) in the uppermost 10 cm
of GeoB 13602-1 (Fig. 2-2), which dates to the
termination of the African Humid period at 5.5
ka (deMenocal et al. 2000). Variations in the
organic carbon supply could also influence the
more pervasive dissolution of magneto miner-
als in this near-surface zone (e.g., Tarduno and
Wilkison 1996). Over the rest of the Holocene
and LGM organic carbon is much lower, espe-
cially during HS 1, probably because of lower
productivity and higher dilution of organic mat-
ter by siliciclastics.

Magnetite depletion in deep as well as in sub-
surface sediment layers are also evident in
nearby cores (cf. Fig. 2-1a) GeoB 9527-5 (close
to GeoB 13601-4) and GeoB 9506-1 from the
continental margin in the Sahel but is absent
in core GeoB 9516-5 which is close to GeoB
13602-1 (Itambi et al. 2009). The ages attrib-
uted to the reductive layers are different for the
cores investigated by Itambi et al. (2009) and

these from our study. However, the sedimenta-

tion rates in those cores are halfas high as in ours
which as outlined above also have a significant
impact on the organic carbon content, pore-wa-
ter geochemistry, and geochemical zonation and
respectively reductive diagenesis (e.g., Tarduno
and Wilkison 1996).

2.6.5 Paleoclimatic implications

The unmixing of the terrigenous fraction ena-
bles the estimation of the dust/river variations
in our record. A distinction of dust emitted
from different source areas is not evident from
our data. Thus, we cannot infer whether dust
is transported by the Trades or AEJ. This out-
come suggests that dust either originates from
only one source area, or that the EM unmixing
of IRM acquisition curves is not capable of dif-
ferentiating between potential dust sources. The
latter could be due to a similar magnetic miner-
alogy of soils in the source areas, or arise by a
co-variation of the AEJ input and the Trades or
river supply.

Changing proportions of fluvial and aeolian
EMs reflect environmental and paleoclimatic
changes in the study area. In Fig. 2-9 the con-
tribution of EM A and EM F normalized to 1 is
shown to correct for the varying contributions
of EM B. The intervals of reductive diagenesis
are not considered as well. EM F is virtually ab-
sent in GeoB 13601-4, therefore we only show
the plot for GeoB 13602-1. Peaks are evident in
EM A during HS 5, HS 4, and increase during
the LGM and the successive major peak during

HS1 indicates (much) drier conditions during
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GeoB 13602-1
EM contribution
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Fig. 2-9: Down-core
record (0-60 ka) of EM
A (orange) and EM F
(blue) for core GeoB
13602-1  normalized
to 1 (derived from the
merged data set, cf.
Fig. 4f). During HS 5,
4, the LGM and HSI
dust input is enhanced.
During the AHP, condi-
tions are comparable
to MIS 3. The interval
within which the SIRM
is strongly reduced,
and where reductive
diagenesis has  af-
fected the record (also
expressed by a strong
contribution of EM D),
is colored pink.

60

those periods. Likewise, the rock magnetic pa-
rameters have minima during HS 5, HS 4, HS 2
and HS 1 (cf. Fig. 2-3). In contrast, during HS 3,
our data do not indicate dry conditions.

Contemporaneously to the deposition of Hein-
rich Layers (HL) in the North Atlantic, ‘dusty
events’ (Jullien etal. 2007) in low latitudes were
associated with a reduction of the meridional
overturning circulation and a southward shift of
the ITZC and the associated rain belt (Mulitza
et al. 2008). While the geochemical signature
of the detritus of HL 1, HL 2, HL 4, and HL5
suggests Canadian sources (e.g., Hemming et al.
1998), HL 3 grains are probably derived from
Greenland and Scandinavia (Gwiazda et al.
1996). Numerical modeling by Seidov & Mas-
lin (1999) of the influence of meltwater input

into the North Atlantic indicates that for disturb-
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ing the NADW production not the total amount
of meltwater but its transport to the convection
site is mostly important. It was suggested that
the deep water formation resumed more rapidly
at the end of Heinrich event 3 with respect to
the stronger Heinrich events (Elliot et al. 2002).
Since the lowest expression of all observed HSs
in ourrecord is HS 3, itmay be hypothesized that
less dry conditions are a low-latitude expression
of a rather weak disturbance of the meridional
overturning circulation.

By far the highest contribution of dust occurs
during HS 1. Similar results have been suggest-
ed from rock magnetic records of Itambi et al.
(2009) and from geochemical proxies (Mulitza
et al. 2008). This indicates that the ITZC (and
rain-belt) retreated further to the south during
HS 1 with respect to the remaining HSs. The
ITCZ shift also induces a longer season of pre-
vailing NE Trades. We additionally infer that
the longer term arid conditions during the LGM
and associated reduced vegetation cover in the
hinterland (e.g., Mahowald et al. 1999) exposed
larger areas for aeolian deflation. The combina-
tion of aridity and stronger/longer trade winds
season are probably responsible for the high
dust content during HS 1. Studies about past
dust accumulation oft NW Africa have been in-
tegrated in the DIRTMAP Project (Kohfeld and
Harrison 2001), of which the sites carried out in
the proximity of our study region report 2 to 6
times higher dust accumulation during the LGM
compared to the present.

EM F is literally absent during HS 1, therefore
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the sedimentation of the terrigenous fraction cor-
responds exclusively to dust. Since terrigenous
sedimentation rate during HS 1 is much higher
with respect to the other HSs and the LGM (see
Fig. 2-2), we infer that the dust export from
the NW African continent was at least twofold
with respect to the remaining HSs and even four
times higher with respect to the LGM.
Recently, Roberts et al. (2011) found that dust
export from the Arabian-Chinese dust belt was
much stronger during glacial terminations and,
accordingly, accompanying HSs than during
glacials. These periods have been linked to
less precipitation in the Eurasian desert due to
a weaker monsoon (Roberts et al. 2011). Their
findings in conjunction with similarly arid con-
ditions in NW Africa underline the teleconnec-
tion between the North Atlantic and general
northern hemispheric atmospheric features.
After HS 1, EM F gains more influence indi-
cating more humid conditions. This period cor-
responds to the early AHP (Ritchie et al. 1985;
deMenocal et al. 2000), while during the late
AHP the fluvial influence decreases. A return to
more arid conditions during the Younger Dryas,
which has been reported from gravity cores off
the Senegal River (Mulitza et al. 2008) is not ev-
ident in our core. However, their study site lies
about 400 km north of our study area and it may
be hypothesized that during the Younger Dryas
desertification and associated dust export did
not retreat as far south. Similar conclusions have
been drawn from geochemical proxies (Collins

et al. 2011), with a contrast of arid conditions

during HS 1 and the LGM and humid conditions
during the Holocene diminishing from arid to-
ward subtropical Africa.

Like other studies using geochemical and
grain-size data, the rock magnetic approach
is capable of detecting changes in fluvial and
aeolian content in marine sediments. From a
technical viewpoint magnetic analyses are less
time consuming because no sample preparation
is needed and measurements can be highly au-
tomated. Magnetic minerals are also more re-
sistant to chemical weathering than feldspars,
and are only subject to mechanical abrasion. In
contrast, geochemical data from Saharan dust
indicate that sediments from the same source
area may have differing elemental ratios due to
fractionation during transport (e.g., Caquineau
et al. 1998), which is attributed to fall out of
coarser components (e.g., quartz and feldspars)
with respect to fine (clay) minerals. According-
ly, elemental ratios as well as grain-size distri-
butions of aeolian and fluvial material may be
influenced by differing transport energies (e.g.,
higher wind speeds or energetically higher riv-
er discharge). Similar to approaches using clay
minerals (Caquineau et al. 1998; 2002), even in
combination with grain-size data and elemental
ratios (Stuut et al. 2005), magnetic mineralogy
is helpful for explicitly identifying sediments
from different source areas. Moreover, since
the formation of pedogenic iron-oxides is highly
dependent on environmental settings, informa-
tion about climatic conditions in the source ar-

eas may be inferred.
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However, our study shows that when using
magnetic properties for paleoclimatic recon-
struction, special attention must be paid to the
potential occurrence of magnetotactic bacteria
and their contribution to the magnetic signal
(Roberts et al. 2011) even in settings with high
organic carbon accumulation and terrigenous

input.

2.7 Conclusions

EM and IRM component analyses of rock mag-
netic properties from two contrasting sites ena-
bled us to differentiate magnetic signatures and
to quantify contributions of primary terrigenous
source materials and of secondary post-depo-
sitional bacterial biomineralization and diage-
netic relict phases to the IRM. Decomposition
of the record into EMs provides a more robust
understanding of the record within its paleoen-
vironment. The main contributors of the terrig-
enous sediment fraction at the studied sites are
dust exported by the African wind systems (NE
Trades, African Easterly Jet) and fluvial sedi-
ment discharge mainly by the Gambia River.
Both terrigenous EMs have marked differences
in terms of magnetic mineralogy. Dust contains
a higher proportion of magnetite and a lower
proportion of goethite with respect to the fluvial
material. This feature mirrors the environmental
conditions on land, since in more humid areas
goethite is formed over hematite and vice versa.
The contributions of EMs not only imply drier
conditions during the LGM and especially HS 1
and humidification during the AHP, but also en-
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able an estimation of dust fluxes. It is suggested
the dust supply during HS1 is at least five times
higher with respect to the LGM.

Reductive magnetic mineral diagenesis was ob-
served in distinct layers from both cores (partial
depletion in a shallow horizon at a depth of 0.1
to 0.2 m depth and pervasive depletion below
~7.50 m). These alteration zones are interpreted
to mark the modern iron-redox boundary and
sulfate-methane transition zone respectively.
The signature of the magnetic relict fraction sug-
gests a relative enrichment of reduction resistant
Ti-rich titanomagnetites and hemoilmenites.

Unexpectedly for settings with high terrigenous
inputs, we found high proportions of submicron
bacterial magnetite that accounts for up to 60%
of the total SIRM. This demonstrates the po-
tential contribution of bacterial biomineraliza-
tion complicating the interpretation of magnetic
mineral data in terms of sediment provenance.
One possibility is to identify such a bacterial
EM and subtract its influence to enable a more
meaningful analysis of the terrigenous magnetic

fraction.
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Grain-size, terrigenous element and rock magnetic remanence data of Quaternary marine sediments
retrieved at the NW African continental margin off Gambia (gravity core GeoB 13602-1, 13°32.71°
N, 17°50.96’W, water depth 2,395 m, age 0-77 ka) were jointly analyzed by end-member (EM) un-
mixing methods to distinguish and budget past terrigenous fluxes. We compare and cross-validate
the identified single-parameter EM systems and develop a numerical strategy to calculate associ-
ated multi-parameter EM properties. Two fluvial and one aeolian EM could be identified by this
joint analysis. The aeolian EM is much coarser than the two fluvial EMs and is associated with a
lower goethite/hematite ratio, a higher relative concentration of magnetite and low Al/Si and Fe/K
ratios. Accumulation rates and grain sizes of the fluvial sediment appear to be constrained by shore
distance (i.e., sea-level fluctuations) and to a lesser extent by changes in hinterland precipitation.
High dust fluxes occurred during the Last Glacial Maximum (LGM) and during Heinrich Stadials
(HS) while the fluvial input remained unchanged. Our approach reveals that the LGM dust fluxes
were ~7 times higher than today’s. However, by far the highest dust accumulation occurred during
HS 1 (~400 g myr'): 80 to 100-fold higher fluxes than those of the Late Holocene. Such numbers
have not yet been reported for NW Africa, and emphasize the strikingly different environmental
conditions during HSs. This suggests that deflation rate and areal extent of HSs dust sources were

much larger due to widely and rapidly retreating vegetation covers.
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3.1 Introduction

Climate reconstructions of arid and humid con-
ditions during the geological past can be ob-
tained by investigation of sedimentary proxy
records. Variations in Quaternary terrigenous
element ratios and grain-size distributions of
NW African margin sediments have been linked
to changes in fluvial and aeolian inputs, which
are in turn associated with fluctuations of conti-
nental humidity (Schneider et al. 1997; Zabel et
al. 2001) and wind strength (Koopmann 1981;

Sarnthein et al. 1981; Matthewson et al. 1995;
Holzetal. 2007). Palynological analyzes of veg-
etation types (Bouimetarhan et al. 2009) and the
isotopic composition of plant waxes in marine
sediments (Scheful} et al. 2005; Castaneda et al.
2009; Niedermeyer et al. 2010; Collins et al.
2011) have been used to reconstruct past vegeta-
tion distributions.

On glacial-interglacial time scales, climatic
conditions in NW Africa changed significantly.
Reconstructions from marine sediment cores
(Sarnthein et al. 1981; Balsam et al. 1995; Mat-
thewson etal. 1995; Kohfeld and Harrison 2001 ;
Larrasoafia et al. 2003) supported by numerical
modeling (Mahowald et al. 1999; Mahowald et
al. 2006) indicate that the dust input to the North
Atlantic Ocean was substantially higher during
the Last Glacial Maximum (LGM) compared to
recent times. This finding was linked to higher
wind speeds (Sarnthein et al. 1981; Matthew-
son et al. 1995; Ruddiman 1997) and enhanced

deflation due to reduced vegetation cover (Ma-
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howald et al. 1999). Marine pollen distribu-
tion patterns indicate that wind strength was
intensified during late Quaternary cold stages.
Especially during the LGM, trade winds were
blowing in a more southerly direction than at
present (Hooghiemstra et al. 2006 and referenc-
es therein). Also, paleohydrological proxy data
indicate arid conditions on the continent during
the LGM (Gasse 2000; Gasse 2001; Gasse 2006
and references therein).

Large North Atlantic freshwater releases during
Heinrich Stadials (HS) induced a slow-down of
the meridional overturning circulation causing
a short-term southward displacement of the In-
ter Tropical Convergence Zone (ITCZ) and an
associated contraction of the African rain belt
(Mulitza et al. 2008; Itambi et al. 2009; Collins
et al. 2011). This resulted in more arid condi-
tions in Northern Africa, in particular in the
modern Sahel Belt, and intensified zonal winds
at the level of the African Easterly Jet (AEJ)
(Mulitza et al. 2008).

Episodic phases of humid conditions occurred
in the Sahara during the Late Pleistocene and
the early Holocene resulting in rich vegetation
cover (Sarnthein 1978; Cohmap 1988; deMeno-
cal et al. 2000a; deMenocal et al. 2000b; Cas-
taneda et al. 2009). The latest of these so-called
African Humid Periods (AHP) lasted from 14.8
ka to about 5.5 ka and was only interrupted by
the Younger Dryas stadial at ~12 ka (deMenocal
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et al. 2000a).

While the timing, scale, and causes of these
massive climate changes in NW Africa are
meanwhile well established, it is still difficult
to estimate related changes in dust flux and
river runoff during the highly contrasting cli-
mate periods of the past 80 kyrs. The transport
pathways, fractionation processes, and post-
depositional alterations must be understood as
they all may significantly modify the fingerprint
of the source. It is best practice to compare and
cross-validate proxy-based terrigenous flux re-
constructions from several, not intrinsically cor-
related parameters.

In this study we investigate core material re-
trieved from the W African continental margin
in the corridor between the present ITCZ sum-
mer and winter positions (Fig. 3-1). Because of
the location of the studied core, we expect that
the terrigenous material is supplied predomi-
nantly by the Gambia River and the prevailing
wind systems (NE Trades, AEJ). Grain-size,
geochemical and rock-magnetic data have been
combined because they reflect transport and
source characteristics from different perspec-
tives and can be obtained by rapid, automated
measurements.

We introduce an innovative multivariate strat-
egy combining single parameter end-member
(EM) analysis and least-squares fitting to de-
termine associated multi-proxy EM character-
istics. This approach enables a cross-validation
and joint interpretation of the EM systems.

Based on the multi-proxy characteristics, we

assess the influence of transport, environmental
change, and source area variability on the dif-
ferent EM properties. Our approach allows us to
calculate mass accumulation rates of fluvial and
aeolian sediments at our study site and therefore
provides a high-resolution record of past terrig-

enous flux changes.

3.1.1 Materials

Gravity core GeoB 13602-1 (13°32.71° N;
17°50.96’W) was retrieved during RV Maria
S. Merian Cruise MSM 11/2 in 2009 from the
continental slope off Gambia in a water depth of
2,395 m (Fig. 3-1). In this area the westward de-
flected surface Canary Current converges with
the North Equatorial Counter Current (NECC,
Fig. 3-1). The northward flowing South Atlan-
tic Central Water extends between 300-600 m
water depth; at deeper levels southward flowing
North Atlantic Deep Water is present (Tomczak
2003).

The 8.75 m long sediment core consists of hemi-
pelagic dark olive clays and silts; a significant
change to reddish brownish colors is observed
in the depth interval 2.00-2.85 m. The sediment
is undisturbed except for a small scale distal tur-
bidite at 3.90-4.00 m depth. Gravity core GeoB
13602-1 was sampled at 5 cm intervals. All sam-
ples were freeze-dried before analysis. An age
model for this core was developed by Just et
al. (Chapt. 2) and is based on correlation of the
oxygen isotope record of epibenthic Cibicoides
wuellestorfi to that of MD 95-2042 (Shackleton
et al. 2000) and five radiocarbon ages (c.f., Just
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Fig. 3-1: Vegetation belts on the NW African continent (modified after White 1983). Oceanic surface cir-
culation (white arrows) is controlled by the North Equator Counter Current (NEEC) and associated anticy-
clonic circulation around the Guinea Dome (GD) and by the Canary Current (CC). Orange and black arrows
indicate atmospheric features during summer and winter, respectively. Gravity core GeoB 13602-1 (studied
here) is depicted in red and GeoB 9528-3 (Castaneda et al. 2009) in black.

et al. Chapt. 2, Fig. 2-2 and Table 2-1). For the
age-model construction the depth interval of the
turbidite was excluded. GeoB 13602-1 spans the
last 77 ka and thus Marine Isotope Stages (MIS)
1 through 4 and the end of MIS 5. The averaged
sedimentation rate is ~ 11 cm kyr' and, accord-
ingly, sampling at 5 cm intervals corresponds to
a mean resolution of 450 years and permits the
resolution of millennial scale climatic variations

such as HSs.
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3.1.2 Source areas and transport of ter-
rigenous material

Two main source areas for the mobilization of
aeolian dust from N Africa have been identified:
The Bodél¢ Depression in Chad, which repre-
sents at present the most productive dust source
inthe world (Prospero et al. 2002), and an area in
northern Mali and Mauretania where the emis-
sion is less intense but the area is much larger
than the Bodélé Depression (Engelstaedter et al.
2006).

Due to dry and deep atmospheric convection,

which initiates near-surface turbulence, soil par-
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ticles are suspended (Engelstaedter et al. 2006),
uplifted by vertical convection and transported
westwards within the Saharan Air Layer by the
AEJ (e.g. Pye 1987). Further, coarse dust is
transported to the Atlantic Ocean by NE trade
winds mainly during winter (e.g. Sarnthein et
al. 1981; Prospero 1996). The relative contribu-
tions of these two pathways are still a matter of
debate.

The Gambia River originates in Eastern Sen-
egal and has only a few small contributories. It
flows in a westerly direction through Senegal
and Gambia to the Atlantic Ocean. The drain-
age basin comprises an area of 78,000 km?
and is dominated by savanna vegetation types
(Lesack et al. 1984, cf., Fig. 3-1). With respect
to other rivers in NW Africa, e.g. the Senegal
River, whose drainage basin is 3.5 times wider
and covers different vegetation zones, the flu-
vial discharge of the Gambia reflects regional
changes in precipitation and mirrors the geology
of the drainage basin and most importantly their
pedogenic products.

Outcrops of the West African Shield consist of
metamorphic schists, basic volcanics, sedimen-
tary rocks, and granites. In the SE of the drainage
area these formations are overlain by Paleozoic
metamorphic schists and quartzites, sandstones
and dolomites. Locally, dolerites and rhyolites
are present. In the western part of the drainage
area, Mesozoic to Tertiary sediments occur (Le-
sack et al. 1984 and references therein). In the
northern part of the catchment, ferruginous soils

with typical assemblages of kaolinitic and mi-

nor illitic clays with low organic matter occur.
Further to the south, ferralitic soils are dominat-
ed by kaolinite and iron and aluminium oxides,
with a high organic matter content (Lesack et al.
1984 and references therein).

A further component, which may contribute to
the fluvial load, is material advected from far-
ther south (e.g. Geba River in Guinea-Bissau).
However, since the current velocities are mod-
erate (Just et al. Chap. 2, Fig. 2-1 b), it is rea-
sonable to assume that such advected material
makes only a minor contribution to the sediment

reaching the study site.

3.2 Methods
3.2.1 Geochemistry

For geochemical analyses, 4-5 g of freeze dried
sediment samples was homogenized. The el-
emental composition was measured by energy
dispersive polarization X-ray fluorescence spec-
troscopy using a SPECTRO XEPOS instrument
(Wien et al. 2005). Quality control was assessed
by repeated measurements of standard reference
material MAG-1 (Govindaraju 1994). For a
complete description see Mulitza et al. (2008).

3.2.2 Grain-size analysis

To analyze the grain-size distribution of the
lithic fraction, the biogenic compounds were
removed from the sediment. Organic matter was
removed by boiling 0.5 g of bulk sediment with
H,0,(35%). Afterwards, the sample was boiled
with HCI (10%) and demineralized water to re-
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move CaCO,. The amount of opal is relatively
low (1-5 weight %, data not shown) and was
not dissolved. After the above procedure, the
approximate terrigenous fraction is obtained.
The grain-size distribution was measured using
a Beckman Coulter laser particle sizer LS200 in
92 logarithmically-spaced size classes ranging
from 0.39 to 2000 um. Grains coarser than 133
um were not detected. For the later end-mem-
ber unmixing and visualization the 64 fractions
from 0.39 to 133pm were pooled into 32 size

classes to smooth the data.

3.2.3 Dry bulk density and
mass accumulation rates

To determine the dry bulk density and esti-
mate the mass fraction of terrigenous sedi-
ments, 10 cm?® of sediment were freeze-dried
and weighed. Mass accumulation rates (ARs)
are calculated by multiplication of dry bulk
density and sedimentation rate. The terrigenous
ARs were calculated by subtracting the biogenic
(carbonate) contents (c,,,,, data from Just et al.
Chap. 2).

m.=m, *(1-c (3-1)

ToT BIO)

3.2.4 End-member analysis

Downcore measurements of element concen-
trations, grain-size distributions, and IRM ac-
quisition curves (adopted from Just et al. Chap.
2) which reflect mixtures of different source ma-
terials were unraveled using EM unmixing. The
employed algorithm was developed by Heslop
and Dillon (2007) based on an approach similar
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to that of Weltje (1997). Under the assumption
of linear mixing, such an EM mixing system can

be written in matrix notation as:

X=AS+E (3-2)

where X represents the n-by-m data matrix of
n samples (one per row) and m variables (e.g.,
grain-size classes, relative element abundances)
in the columns. Matrix 4 (n by /) denotes the
abundance of / EMs (one per column) for each
sample (one per in row). Matrix § represents
the m properties of the / EMs, and E is the error
matrix of residuals. Because the contributions of
each EM have to be positive and the variables
(e.g., grain-size classes, elemental abundances)
of each EM must add up to ones, non-negativ-
ity constraints (4>0; $>0) and a sum-to-one
constraint for the rows in S are included in the
unmixing algorithm.

Residuals may include instrumental noise, com-
positional variations of the individual sources
and non-identified additional sources that were
not detected due to low or only brief activity.
Before performing the unmixing, low-rank rep-
resentations and their coefficients of determina-
tion (R?) with the input data are calculated by
principal component analysis (PCA). The deci-
sion on the number of EMs to include in the
final mixing model is a compromise between
keeping the number of components low whilst
maintaining a reasonably good approximation
of the input data. Additionally, the number of
EMs should also be reasonable in the geologi-

cal context of the study (Weltje 1997; Weltje
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and Prins 2007). For a more detailed description
about the mathematical approach of the algo-
rithm we refer the reader to Weltje (1997) and
Heslop and Dillon (2007).

For performing the EM unmixing of the geo-
chemical data set, the mass concentrations of the
most abundant ‘terrigenous’ elements Mg, Al,
Si, K, Ti, Fe were normalized to a sum of 1.
Since we are only interested in the terrigenous
fraction, Ca is excluded in the analysis as it is

highly correlated with the biogenic fraction.

3.3 Results
3.3.1 Geochemistry
Three different element ratios (Al/Si, Ti/Fe,

Fe/K) are used to characterize the downcore var-
iations in chemical composition (Fig. 3-2) since
they are typically different for acolian fluvial
material off NW Africa (Table 3-1). Generally,
the glacial stages MIS 2 and MIS 4 have lower
Al/Si and Fe/K and slightly elevated Ti/Fe ra-
tios, with respect to MIS 1 and 3. The MIS 4/3
and MIS 2/1 transitions are sharp, while the MIS
3/2 transition lacks a significant shift. Al/Si and
Fe/K rather gradually decrease from the begin-
ning of MIS 3 until MIS 2.

Remarkably low values mark HS 5, 4 and 2
in the Fe/K and Al/Si records. Ti/Fe shows sig-
nificant peaks only during HS 2 and 4. HS 1
is characterized by the most extreme values in
all reported element ratios. Notably, Al/Si and
Fe/K show a more gradual decrease than Ti/Fe,
which in contrast is marked by a sharp increase

at the beginning of HS 1. Furthermore, all ele-

ment ratios show a characteristic double peak
and trough, respectively. The YD is expressed
by lower Al/Si and Fe/K and slightly elevated
Ti/Fe ratios. A drop in Fe/K occurs at the end of
the AHP around 6 ka.

3.3.2 Grain-size distribution

Since off NW Africa the grain-sizes of fluvi-
al material are finer compared to aeolian dust
(Koopmann 1981), coarsening and fining grain
sizes correspond to increasing proportions of
aeolian and fluvial material, respectively.
Generally, a bimodal grain-size distribution
prevails throughout the record (Fig. 3-3). One
fraction spans grain-size classes from 2 to 20
um, the other one comprises coarser grain sizes
between 25 and 90 um. During late MIS 5 sedi-
ments are relatively uniform and fine, while from
MIS 4 to MIS 1 two modes are distinct. During
MIS 3 and MIS 1 the distribution is dominated
by the finer grain-size classes while MIS 2 has
coarser fractions. In the Holocene, the coarse
fraction is entirely missing, and sediments are
mostly finer than 9 um. Intervals of significant
coarse modes correspond to HS 5, HS 4, HS 2,
the LGM and HS 1.

3.3.3 Differences and similarities
in proxy records

The general patterns in all proxy records cor-
respond to environmental changes of dry and
humid conditions, i.e., high contribution of aco-
lian and fluvial material (c.f., Table 3-1), which
have also been reported from tropical Africa

(e.g., Matthewson et al. 1995). The most strik-
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Fig. 3-2: Elemental ratios of GeoB 13602-1. Minima in Al/Si and Fe/K ratios and maxima in Ti/Fe ratios
correspond to dry conditions on the African continent. MIS: Marine Isotope Stage, HS: Heinrich Stadial
(after Sarnthein et al., 2001), YD: Younger Dryas, AHP: African Humid Period.
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Fig. 3-3: Grain-size data of GeoB 13602-1. Two modes of grain sizes are apparent. The fine mode corre-
sponds to grains of <10 pm; the coarser mode is composed of grains in the range of 20-70 pm. During dry
periods, in MIS 2 and the HSs, the sediments are coarser. For abbreviations see Fig. 3-2.

ing features in all parameter sets are the peaks
that occur during HSs. These features support
the hypothesis that these cold periods in the
N Atlantic correspond to dry conditions and
stronger winds over NW Africa (Jullien et al.
2007; Mulitza et al. 2008; Itambi et al. 2009).
These climatic changes are inferred from de-
creasing Al/Si and Fe/K ratios and a coarsening

of the physical grain size. Additionally, in GeoB
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13602-1 the Ti/Fe ratio appears to be a signifi-
cant indicator of higher aeolian input since Ti
is enriched in coarse sediments (Boyle 1983;
Zabel etal. 1999). However, the drying trend de-
duced from decreasing Al/Si during MIS 3 and
especially during the LGM is not expressed in
the grain-size data. On the other hand, drier con-
ditions during HS 1 are indicated by extremes in

Fe/K, Ti/Fe, and a coarser physical grain size.
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The double-peak of the element ratios is not
clearly expressed in the grain-size data. During
MIS 1, the decrease in Fe/K corresponds to a

fining in the physical grain sizes.

3.4 End-member unmixing

Contrasting patterns in the proxy records empha-
size that factors influencing sediment elemental
composition and grain size are diverse. By joint
analyzes more information about these factors
can be gained. We suggest that both source area
variability and changes in transport processes
are reflected in these contrasting patterns. To
evaluate the relationships further we apply an
EM unmixing approach to the different param-
eter sets. The EM unmixing results of the grain-
size and elemental data will be presented in this
study, while the EM analysis of IRM acquisition
curves (see Fig. 3-5) is reported on by Just et al.
(Chap. 2, Fig. 2-4), see also Fig. 3-5¢).

In this study, the magnetic EM contributions are
rescaled to the intensity of remanent magnetiza-
tion and thus roughly indicate differing the mag-

netic mineral concentrations within each EM.

0.96 —
¥ 092 —
4 e clement EMs
0.88 — o——o grain-size EMs

2 4 6 8 10
Number of EMs

Fig. 3-4: Coefficients of determination (R?) obtained
by principal component analyses as a decision crite-
rion for the number of end-members used for the un-
mixing approach of the element and grain-size data.

3.4.1 Element end-members

The element EM analysis shows an excellent fit
(R? =0.99 from the PCA, Fig. 3-4) with only
two EMs (81, and $2,). Their relative element
contents were transformed into elemental ratios
(Table 3-2a and Fig. 3-5b). The elemental ratios
of §1, and 2, resemble present-day dust and
suspension load samples of the Senegal River
(Table 3-1).

The end of MIS 5, and MIS 3 and 1 are domi-
nated by §2, (Fig. 3-5a), while MIS 4 and 2 are
dominated by S7,. A gradual increase of S1,

contribution is apparent throughout MIS 3 until

MIS 2.

Sample Al/Si Fe/K Ti/Fe Reference
g 0.49 2.82
Dust Cap Verdes
. . Chiapello et al. 1997
(Sal Island) 0.45 2.31 iapello et a
0.43 2.09
i i 0.21 2.71 0.17
HAR (aeolian deposit) Moreno et al. 2006
MON (aeolian deposit) ~ 0.19 3.10 0.27
Senegal 0.54 4.77 0.08 Gac & Kane 1986

Table 3-1: Elemental ratios of dust and fluvial material off NW Africa. The abbreviations corre-
spond to acolian deposits in SW Niger by north easterly winter Harmattan (HAR) and south west-

erly summer monsoon (MON) winds.
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Occasional increases in S1, coincide to HSs
and the Younger Dryas, of which HS 1 is the
most pronounced. The double-peak formerly
observed in the downcore element ratios, is

present, but less well expressed in the EM con-

Generally, $§2 and 83 are anticorrelated, with
a higher contribution of $2 . except during the
LGM and the late Holocene. The contribution
of §1 . is generally low; however an increasing

abundance from 50 ka until HS 1 is observed.

tributions. Peaks inS1 occur during HS 5,4, 2 and 1. HS 1

is associated with a very high contributions of

3.4.2 Grain-size end-members 81, forming a double-peak.

For the EM analysis of the grain-size data, a
3.4.3 Comparison of the end-member

: . )
three EM solution appears to be optimal (r models

0.96, Fig. 3-4). End-members are referred to as
S1;, 82, and S3; (Fig. 3-5¢, d). S1; and §2

The comparison of the abundances of the in-

dividual EM unmixing reveals that S7_, S1,,

have clear unimodal distributions, with modes and 81, peak during HSs. This pattern is most

of 10-and 40 pm, respectively, while $2, has clearly expressed for the element and grain-size

a broad distribution (1-4 um) and small peak EM mixing systems, while S7, . only peaks dur-

around 20 pm. ing HS 4, the LGM and HS 1. This co-variation

The inclusion of an additional EM would split is in line with the inferred aeolian nature of S7

the medium grained $2 (10 um), into two EMs and §1, suggested by the grain-size distribution

with higher (14 um) and lower (6 um) modes and elemental ratios, respectively, and the inter-

with co-varying contributions (data not shown). pretation for SZ, of Just et al (Chap. 2).

Typically, aeolian material is coarser than flu-

vial material off NW Africa (Koopmann 1981). 3 g Multi-proxy approach

This hints to aeolian and fluvial transport for The modeled abundances of the EMs estimate

the coarse S1; and fine 53, respectively. The the mixing proportions with respect to the in-

transport pathway of §2;, however, cannot be put data: Grain-size EMs correspond to volume

inferred at this point. fractions, element EMs relate to mass fractions

Fig. 3-5: End-member models of the element, grain-size and rock-magnetic data. (a) Cumulative downcore
contribution of element EMs (S,). (b) Elemental ratios calculated based on the elemental composition of the
EMs (cf., Table 3-2). S1, resembles dust samples and aeolian deposits, while the §2, is similar to fluvial sus-
pension from the Senegal River (cf., Table 3-1), which flows north of our study area. (¢) Cumulative downcore
contribution of grain-size EMs S . (d) $1; corresponds to a coarse sediment fraction, which is indicative for
dust exported to the Atlantic Ocean, while the fluvial $2; and $3; are much finer. (¢) Cumulative downcore
contributions of the acolian and fluvial magnetic S, s (Just et al. Chap. 2). Their EM B and EM D are not plot-
ted. The pink areas indicate intervals of reductive diagenesis. We show here the contributions with respect to
the IRM intensities which reveals that the intensity of $7,, (EM A of Just et al., Chap. 2) is much higher than
$2,, (their EM F). (f) The IRM acquisition curves are indicative of the magnetic mineralogy of the fluvial and
aeolian rock-magnetic EMs. Aeolian S17,, has a higher magnetite concentration and a higher hematite/goethite
ratio (Just et al. Chap. 2).
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with regard to the total mass of the elements
considered and rock magnetic EMs relate to
proportion of saturation isothermal remanent
magnetization (SIRM, Just et al. Chap. 2, Fig.
2-4). The relation of rock-magnetic EM abun-
dances is proportional to volume or mass con-
centrations of the bulk terrigenous fraction they
represent. However, recalibrations are needed
to transfer the IRM intensity into volume and
mass percentages of the respective terrigenous
fractions they are associated with. Calibration
factors depend on the concentration of magnetic
minerals within a certain volume of bulk mate-
rial and on the magnetic inventory, since mag-
netic minerals have different SIRMs (Peters and
Dekkers 2003).

The grain-size EM analysis indicates that three
energetic regimes exist for the transport of ter-
rigenous sediments. Based on the hypothesis that
the properties of different kinds of proxies are
associated to each other, i.e. a grain-size class,
which is transported by a certain mechanism,
mirrors the geochemistry and the magnetic min-
eralogy of the soils in the source area or expe-
riences similar gravitational sorting processes,
we developed a new approach for a multi-proxy
validation of the EMs. We use grain-size EM
abundances 4 . to predict geochemical, P,, and
rock magnetic properties, P, that are associated
to the grain-size EM properties S .. The assump-
tion underlying this approach is that

X,=AP,+R=X R (3-3)
and
X =AP +R=X +R (3-4)
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are equivalent EM mixing formulations of equa-
tion (3-2).

Since there is only one unknown, this linear
problem can be solved using non-negative least-
squares fitting (NNLSQ, Lofberg 2004), which
respects the constraint (P> 0). Since the element
abundances are scaled to a sum of 1, the element
abundances of P, must also add up to 1 and a
respective constraint is included.

In order to apply this approach to the IRM data,
some pre-processing had to be performed. Since
it was previously shown that one of the mag-
netic EMs corresponds to biogenic magnetite
(Just et al. Chap. 2) which is formed in situ,
and hence, is not representing any terrigenous
fraction, we subtracted the contribution of this
EM from the initial data (Fig. 3-6). We also ex-
cluded the top interval and the lower part of the
core where substantial reductive diagenesis has
modified the magnetic mineralogy (Just et al.
Chap. 2). After the pre-processing the residual
IRM acquisition curves should only represent
the terrigenous magnetic inventory. IRM was
measured on the bulk sediment, which consists
of terrigenous and biogenic material (mainly
carbonate), which does not have an IRM. In
contrast, grain-size data were analyzed on a car-
bonate-free basis by dissolving the carbonate in
advance of the grain-size analyzes. To predict
IRM acquisition curves from the volumetric
mixing proportions of the grain-size EMs, their
proportions must be corrected for the volume of
carbonate A, (Fig. 3-6). This is equivalent to a

recalculation of IRM on a carbonate-free basis
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Fig. 3-6: Schematic overview of the multi-proxy EM approach. Each individual data set was unmixed using the
approach developed by Heslop and Dillon (2008). The algorithm outputs the downcore contributions A4 of the
computed EMs and their properties S. The grain-size EM contributions 4, were successively used to calculate
associated geochemical P, and rock-magnetic properties P,, for the grain-size EMs. The so obtained P, and
P, have the same contributions as the §_. The comparison of S, and P,, and S, and P, may be used to verify,
whether changes in grain-size EM contributions 4, correspond to changes of the magnetic mineralogy and el-
emental composition (see Fig. 3-7 and Table 3-2). The volume fraction of the terrigenous material was reduced
by the volume of biogenic material 4. To apply the approach to the magnetic data, the contribution of the bacte-
rial magnetite identified by Just et al. (Chapt. 2) was subtracted from the total IRM. The joint examination of the
multi-proxy properties (P) enables the interpretation of the EMs. NNLSQ: non-negative least square fitting.

a) 6000 — — Fig. 3-7: (a) IRM acquisition curves of P, obtained by
§ 2888 ] s the least-square fitting approach. PI, has a much high-
E 3000 // _ Pz: er amplitude than P2, and P3,, pointing to a higher
E %888 ] 7 — P3, content of magnetic minerals within this terrigenous
IR T S = S B EM. (b) normalized IRM curves P, in comparison

1 10 100 1000 10000 to SM obtained by unmixing the IRM data (Just et al.
Field (mT) Chap. 2). The strong similarity indicates a good cor-
b) é 0.; . g [, relation between PIM.and S1,, (their EM A) and P2,
Zop 7 — P2, and P3,, and $2,, (their EM F).
<04 / — P3u
E o2 /4 Eily,
2 04~ e | E2u Table 3-2: (a) Calculated element composition and el-
1 10 100 1000 10000 ement ratios of EMs S, and (b) predicted associated
Field (mT) properties P, of the grain-size end-members.
Al Si K Ti Fe Mg ASi Fe/K Ti/Al TilFe
S1, 0.174 0.700 0.030 0.013 0.056 0.027 0.249 1.843 0.076 0.238
a) 52, 0.249 0.554 0.027 0.018 0.122 0.030 0.450 4.506 0.070 0.144
P1, 0170  0.728 0027 0013 0041 0021 | 0233 1542 0074  0.306
b) P2 0.230 0.586 0.028 0.017 0.110 0.029 0.392 3.935 0.074 0.154
P3, 0250 0552  0.028 0017 0119 0033 | 0453 4229 0068  0.143
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for each of the EMs.

To assess the quality of the multi-proxy model,
the correlation between the input data, X, and
the estimates, X, derived by NNLSQ was cal-
culated. In the case of the IRM data set, which
is un-normalized and thus free of a sum-to-one
constraint, the Pearson product-moment correla-
tion coefficient was calculated. For the compo-
sitional data set of element relative abundances
we performed the centered-log-ratio transfor-
mation (Aitchison 1982) to bring the data X,
and estimates X, into real space. Afterwards a
correlation coefficient analogous to the Pear-
son product-moment correlation coefficient for
compositional data was calculated. In both cases
the significance of the correlation was assessed
using a Monte Carlo randomization test with

10* iterations.

3.5.1 Multi-proxy properties

The elemental ratios P, associated to the grain-
size EMs can be found in Table 3-2 b. A striking
feature is that the associated elemental composi-
tion of the coarse grain-size EM P1  is distinctly
different from P2, and P3,. P, has low Al/Si
and Fe/K ratios and high Ti/Fe ratio. On the oth-
er hand, both fine-grained EMs are associated to
high Al/Si and Fe/K and low Ti/Fe ratios.

Likewise, the IRM acquisition curve of PI, is
distinctively different from P2, and P3, (Fig.
3-7), while the latter curves are very similar. To
compare the shape of the curves, which is indic-
ative of the magnetic mineralogy, we normal-

ized them to one (Fig. 3-7b). Again, the shape
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of P1,, is distinctively different; the slope starts
to rise at lower fields and is flatter at high fields
compared to P1, and P2, .

Thecomparisonoftheassociated properties with
the EMs obtained by unmixing of the magnetic
and geochemical data reveals large similarities
(Fig. 3-7b, Table 3-2). For X, and X, the coeffi-
cient of determination is 0.51 (corresponding to
a significance level of <0.0001). When compar-
ing X, and X , the calculated squared correlation

is 0.63 (significant at a level of <0.0001).

3.6 Discussion

3.6.1 Multi-proxy characteristics of
terrigenous end-members

Since the multi-proxy properties of the grain-
size EMs appear to provide a good representa-
tion of the EMs of the individual analysis, we
can elucidate the nature of the grain-size EMs
by considering their associated multi-parame-
ter properties. The coarse mode of S7, is in
the range of typical grain sizes (8-42 pm) for
dust collected off NW Africa (Stuut et al. 2005).
The associated geochemical properties P1I, are
similar to present-day dust samples (Table 3-1)
collected at Sal Island (Chiapello et al. 1997)
and aeolian deposits in SW Niger (Moreno et
al. 2006). Therefore, we interpret that S7 . corre-
sponds to aeolian material. Further, the normal-
ized IRM acquisition curve PI, resembles the
IRM acquisition curve of §7, which has been
identified as an aeolian EM (Just et al. Chap.

2) with a magnetic inventory containing a high
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concentration of magnetite and a high hematite/
goethite ratio.

The medium and fine grained EMs have similar
elemental compositions and magnetic mineral-
ogies. The present-day suspension load at the
mouth of the Gambia river consists of grains
finer than 10 um (Gac and Kane 1986 and refer-
ences therein). Also the elemental ratios P2, and
P3_ resemble fluvial samples of the suspension
load of the Senegal river (Gac and Kane 1986,
Table 3-1). Additionally, the IRM acquisition
curves P2, and P3, are similar to E2, which
was interpreted as a fluvial EM with a lower
hematite/goethite ratio and a lower relative con-
centration of magnetite (Just et al. Chap. 2).

The similar elemental composition and mag-
netic mineralogy might indicate that both EMs
correspond to sediments that originate from the
same source area (i.e. Gambia River catchment),
but are transported und different energetic con-
ditions. Since the Gambia River drainage basin
is relatively well vegetated, its potential for aco-
lian deflation of material is low. We therefore
conclude that both the fine and medium grained
EM correspond to a fluvial EM.

Only the joint characterization of the multi-
proxy properties enables the interpretation of
the medium grained grain-size EM. The multi-
proxy approach reveal that one grain-size EM
corresponds to aeolian material with coarse
grain sizes and a distinct geochemical compo-
sition and magnetic mineralogy and two EMs
having the same geochemical and magnetic

properties but different grain-size distributions.

It appears that magnetic and geochemical data
are more indicative for the source area of the
sediments, while grain size is primarily control-
led by transport conditions. The differences in
the grain-size distribution of the fluvial EMs

will be discussed in section 3.6.3.

3.6.2 Budgeting the accumulation of ter-
rigenous end-members

We used the volumetric grain-size EM contribu-
tions to quantify the fluxes of terrigenous sedi-
ments to the continental margin off Gambia.
Generally, MARs vary between 30 g m? yr'
and 700 g m? yr' (Fig. 3-8). Note that in the
lower part of the core (MIS 5 and 4) the mass
accumulation rates are not reliable because most
likely compression of the sediments may have
occurred during gravity coring (Just et al. Chap.
2), leading to errorneous sedimentation rates.
The accumulation of the fluvial EMs appears
to be higher than that of the aeolian EM (with a
few exceptions during HSs and the LGM). This
is in accordance with the calculations of Col-
lins et al. (2011) who investigated the dust/river
ratio in sediment cores of a transect from 21°
N to 23° S off W Africa. At 12° N, they found
a dust/river proportion of ~0.3 in the Holocene
and a ratio of ~1.2 and ~2.5 during the LGM
and HS 1, respectively. Our analysis reveals that
the increase of this ratio at our site is controlled
by high dust fluxes, while the input of fluvial
material remains relatively stable (within the
accuracy of our age model). Thus, the reported

dry conditions seem only to affect the source
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Fig. 3-8: (a) Relative sea-level (RSL) curve adopted from Waelbroeck et al. (2002) and (b) corresponding dis-
tance of the study site to the shoreline calculated based on the bathymetry of the shelf (extracted from GEBCO
data). Once sea level fell below a threshold of 60 m, the site-to-shore distance remained relatively constant. (c)
8"3C of long chained n-alkanes of GeoB 9528-3 (Castaneda et al. 2009). Lower values correspond to phases with
a higher proportion of C3 plants (trees) with respect to C4 plants (grasses). (d) Mass accumulation rates derived
from the grain-size EM analysis. (e) The aeolian accumulation index (AAI) corresponds to the past dust accu-
mulation in GeoB 13602-1 normalized to the Late Holocene dust accumulation at the respective site. Red points
correspond to AAls of the DIRTMAP project compilation (Kohfeld and Harrison 2001), see also Fig. 3-9.

areas of aeolian material (i.e., the areal extent)
and have little influence on rainfall the Gambia
River catchment and respectively the discharge
of suspended material. However, this pattern
could be an artifact of the age model because the
short-term character of HSs and coinciding ex-
tremely high accumulation rates would require
additional age determinations around the HSs.

Exceptionally high MARs during HS 1 show
massive levels of aeolian input, The deglacia-
tion until ~10 ka is marked by high accumula-
tion rates of fluvial material in the range 100

to 300 gm™ yr'. Subsequently, MARs of the
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fluvial EMs are reduced to 40 g m? yr' while
the accumulation of aeolian material diminish-
es to less than 10 g m? yr'. The accumulation
of aeolian material during the Holocene is in
good accordance with other studies in the re-
gion (Kohfeld and Harrison 2001) and estimates
obtained by numerical modeling (Mahowald et
al. 2006).

Difficulties arise when comparing absolute dust
accumulation rates from different sites, since the
deposition is influenced by regional conditions
i.e., the presence of potential dust sources in the

hinterland and the source-to-sink distance. To
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compare flux changes at different sites, it is use-
ful to normalize the dust input to a site specific
reference. The data compilation in the DIRT-
MAP project (Kohfeld and Harrison 2001) uses
the modern dust accumulation at each site as a
reference. Accordingly, we use the calculated
dust accumulation of GeoB 13602-1 during the
Late Holocene as a reference, and refer to the
proportion of dust throughout our record and
the Holocene as the aeolian accumulation in-
dex (AAI, Fig. 3-8e, Fig. 3-9). The averaged
accumulation rates of aeolian material in GeoB
13602-1 during MIS 3 and the LGM correspond
to AAIs of 3 and 7, respectively. The value for
the LGM is in the order of the dust deposition
in proximity of our study area during the LGM

obtained from numerical modeling (Mahowald
et al. 2006). Studies in the DIRTMAP project
(Kohfeld and Harrison 2001) report AAls of
1.5-6 during the LGM (Fig. 3-8f, Fig. 3-9).

According to the GeoB 13602-1 record far
higher dust fluxes (AAI 8-35) occur during HS
5, HS 4 and HS 2. The highest accumulation
of aeolian materials occurs during HS 1 and is
in the order of 400 g m? yr ' (mean AAI 100).
Note that this AAl is at least 10 times higher than
during the LGM. This finding emphasizes that
short-term disturbances of the meridional over-
turning circulation have a major impact also on

low latitudes climate.

3.6.3 Source areas and transport proc-
esses

Fluvial material

Generally, two factors control the accumulation
and the grain-size distribution of fluvial mate-
rial: (1) the transport distance (i.e., the distance
from the river mouth to the core location and
thus the available accommodation space) and
(2) the extent of the suspension fan. The latter
is influenced by the transport energy and the wa-
ter discharge, i.e., precipitation in the hinterland
(Zabel etal. 2001). Additionally, varying current
velocities in the ocean may lead to a displace-
ment of the deposition zone of a certain grain-
size class. Without detailed paleocurrent recon-
structions, this latter effect is hard to quantify.
Numerical modeling approaches indicate that

the net NS horizontal volume transport in the
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eastern Atlantic Ocean did not differ substan-
tially during the LGM (Schéifer-Neth and Paul
2004). However, the stratification and depth of
oceanographic boundary layers were different:
a shallowing of northern sourced waters and
ingression of SACW 1is evident (Sarnthein et
al. 1994, Bickert and Mackensen 2004; Lynch-

Stieglitz et al. 2007). To the best of our knowl-
edge there are no regional paleocurrent recon-
structions which integrate over the entire water
column and could be indicative for a change in
the deposition centre of suspended or advected
material in our study area. Therefore we must
assume that also on a regional scale, the inte-
grated net transport of suspended material did
not vary significantly during the last glacial and
is essentially the same as today. In the following
we focus on the effects of transport distance (i.e.
distance from the core location to the study site)
and transport energy.

Sea level during MIS 4 and MIS 3 was 60-80 m
lower than today (Waelbroeck et al. 2002) and
reached its lowest position and thus the short-
est distance from the core location to the river
mouth during MIS 2 (LGM, Fig. 3-8 a, b). How-
ever, due to the morphology of the flat-topped
shelf, the core-to-shore distance remained rela-
tively stable (55 km) once sea-level fall reached
a threshold of ~60 m. A major transgression oc-
curred during the deglaciation which ended at
8 ka, resulting in the present-day core-to-shore
distance of ~140 km.

The sea-level curve and the related distance-

to-shore curve, coincide roughly with the ac-
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cumulation of fluvial material (Fig.3-8d), indi-
cating that the distance from the river mouth to
the study site plays an important role. However,
the proportion of fine and coarse grained fluvial
sediments especially during MIS 4, 3 and 2 can-
not be explained by sea-level variations alone.
To consider the transport energy of the river, i.e.
the water discharge, we investigate published
studies focusing on proxies for precipitation on
the continent. Castaneda et al. (2009) measured
the 6"°C of long-chained n-alkanes on sediment
core GeoB 9528-3(09°09.96 N, 17°39.81W, see
Fig. 3-1). These plant waxes are contained in
aeolian material whose source area is assumed
to be at the Sahara-Sahel boundary (Castaneda
et al. 2009). The variations in 8*C can be re-
garded as a proxy for the relative proportions
of C4 (grasses) and C3 plants (trees, shrubs),
whose occurrence in NW Africa is dependent on
humidity (Castaneda et al. 2009 and references
therein). A relative increase in C4 vegetation
during the end of MIS 5 and MIS 4 (Fig. 3-8c)
indicates drying conditions while increasing hu-
midity (relative increase of C3 plants) occurs
at the beginning of MIS 3 (50-45) ka. Subse-
quently, the record indicates a higher proportion
of C4 plants, which had the largest abundance
during MIS 2. During the deglaciation until the
Mid-Holocene, conditions were comparable to
the early MIS 3. Similar patterns were observed
in 6"°C of n-alkanes at a site to the north of our
study area (Niedermeyer et al. 2010).

It can be hypothesized that during humid peri-

ods, and thus times of higher water discharge,
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the fan of suspended material was more exten-
sive and thus coarser particles were potentially
transported out at sea, leading to a coarsening
of the fluvial deposits and to lowering dust/river
proportion.

The drying trend during MIS 5 and MIS 4 is
expressed by a relative decrease in fluvial input
with respect to the aeolian fraction. During MIS
3, the strong relative increase in C3 vegetation
is roughly correlated to an increase of the coarse
fluvial EM (82 ). However, the prominent peak
in C3 vegetation (around 50 ka) has no counter-
part in the coarse fluvial EM. In the beginning of
MIS 2, the fine fluvial EM (83 ) re-established,
which might point to lower water discharge of
the Gambia River in line with drier conditions
(increased C4 proportion, Castaneda et al. 2009)
and modeling approaches (Van Meerbeeck et al.
2008). However, the total accumulation of fluvi-
al material was reduced compared with MIS 3.

During the more humid last deglacial condi-
tions the fraction of the coarse fluvial EM (§2,)
is again enhanced. During the AHP (deMeno-
cal et al. 2000a) in the Mid-Holocene - which
has also been ascribed the most humid period
during the entire Holocene in sub-tropical and
arid NW (deMenocal et al. 2000a; Collins et al.
2011; Meyer et al. 2011) - the fine fluvial EM
is re-established, which seems to be contrary to
the relationship outlined above. However, this
period corresponds to a time of major sea-level
rise, and thus the distance between core location
and river mouth was increasing. This effect of

sea-level rise is apparently more important than

the higher precipitation for suspended fluvial
load.

We therefore interpret that the sea level has
primary influence on the accumulation of flu-
vial material by controlling the distance from
the shore to the site. However, once sea level
fell below a threshold of approximately -60 m
(dependent on the shelf morphology), the ac-
cumulation and the grain-size ranges of fluvial
material are mainly influenced by precipitation

in the hinterland.

Aeolian material

The accumulation of aeolian material is control-
led by wind strength, frequency of the dust out-
breaks, source-to-sink distance, and areal extent
of dustsources. The latter is dependent on chang-
es in vegetation cover in the hinterland, and thus
precipitation. Widely exposed shelf areas may
be subject to deflation und dry conditions and
thus may act as additional sources, especially
during times of low sea level. The high dust con-
tent during MIS 3, MIS 2 and particularly during
HS 1 (Fig. 3-8d, e) indicates that environmental
conditions at those times were different from
present-day. Again, there is a rough correlation
between vegetation in the hinterland and the
proportion of aeolian material, especially at the
MIS 3/2 transition, indicating that the expansion
and contraction of the desert is the main driving
mechanism for dust export from the continent.
The rising sea level during the last deglaciation
coincides with the decrease in dust contribu-

tion. This may point to the influence of exposed
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shelves and regional dust sources during MIS
4 to MIS 2. For the LGM, further southward
advancing dune fields (Maley 2000) could also
represent additional dust sources. However, our
approach reveals that the magnetic mineralogy
and geochemical composition of the dust did not
vary. It may therefore be inferred that regional
remobilized sediments correspond to formerly
aeolian deposits originating from the Sahara.
Since the most extensive exposed shelves ex-
isted during the LGM, the exceptionally high
dust accumulation during HS 1 cannot solely be
attributed to this phenomenon and rather results
from southerly expanded desert.

It has been suggested that during the LGM the
Trades were much stronger compared to present
day (Hooghiemstra et al. 2006 and references
therein) and that also the zonal wind field (AEJ)
was enhanced during Heinrich Stadials (Mulit-
za et al. 2008). This should have an effect on
the accumulation of the aeolian fraction and
on grain size. Since only one EM is resolved
in our study, this inferred coarsening is not ap-
parent in our EM unmixing. This rather sug-
gests that dust events were more frequent (i.e. a
longer ‘dusty’ season during HS 1) and point to
alarger extent of dust sources. Likewise, Collins
et al. (2011) inferred from vegetation proxies a
shorter wet season for the LGM and HS 1. Be-
cause the grain-size distribution of the aeolian
EM integrates over a certain grain-size range, it
remains questionable, whether EM modeling is
capable for detecting changes in wind strength,

at least with the present input parameters. The
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double peak observed in the proxy data and EM
models indicate that during HS 1 environmental
conditions may have changed rapidly. However,
higher resolution records are needed to under-
stand if such changes during HS 1 are associ-
ated to North Atlantic features, 1.e. precursors of
iceberg discharge in advance of Heinrich Events

(e.g. Grousset et al. 2001; Jullien et al. 2007).

3.7 Conclusion

Our multi-proxy approach enabled us to find
multi-parameter properties for fluvial and aeo-
lian material exported to the continental mar-
gin off Gambia. While only two magnetic and
element EMs are required to unmix the terrig-
enous sediment fraction, three grain-size EMs
were required. NNLSQ techniques reveal that
the fine (<4 um) and medium (10 um) grain-size
EMs have very similar magnetic and geochemi-
cal signatures, which are indicative of fluvial
sediments in sub-tropical Africa. On the other
hand, the coarse grain-size aeolian EM has a
different composition, marked by a lower Al/Si
and Fe/K and a higher Ti/Fe ratio and a higher
hematite/goethite ratio.

Generally, the accumulation rates of fluvial
sediments are higher than dust deposition, al-
though, during HSs and the LGM the ratio of
acolian/fluvial material is high. The variation in
MARs of fluvial material is primarily controlled
by the distance between river mouth and core
location and secondarily by precipitation in the
hinterland. Accordingly, the variations in grain-

size distributions of the fluvial material are re-
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lated to the same mechanisms.

This study shows that the flux of aeolian mate-
rial during the LGM is comparable to MIS 34,
and that the most extensive dust input (400 g m™
yr') occurred during HS 1, with 100 times high-
er fluxes compared to modern times. The main
driving factor for dust accumulation is control-
led by the availability of source areas for defla-
tion, which most likely relates to less dense veg-
etation in the hinterland during dry periods and
exposed shelves that served as an additional dust
sources. The input of fluvial material does not
appear significantly reduced during HSs. It may
thus be hypothesized, that observed dry condi-
tions on millennial time-scales only affected the
source areas of aeolian material, rather than the
catchment of the Gambia River.

We suggest that for a characterization of EMs of
terrigenous sediments, multi-proxy properties
have to be determined and the data sets should
ideally contain information about transport
processes (e.g. grain-size analysis) and source
area fingerprints (e.g. geochemistry, magnetic

mineralogy).
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We investigated the multi-proxy characteristics of acolian and fluvial End Members (EM) on NW
African core material off the Senegal (GeoB 9508-5, 15°29.90°N; 17°56.88° W) and Gambia (GeoB
13602-1, 13°32.71° N, 17°50.96’W) Rivers. A non-negative least square fitting approach enabled
us to reconstruct associated properties of grain-size EMs. While the elemental composition of dust
at both study sites is similar, the magnetic mineralogy distinctively differs. This suggests that the
material originates from different source areas. Proximal dust of coarse grain sizes and associated
coarse-grained magnetite contributes to the terrigenous fraction mainly during Heinrich stadials
and has a higher impact at the northern core location. Finer acolian material is only present in the
northern core and corresponds to sediments transported from a more distant source area. This frac-
tion probably corresponds to material transported by the African Easterly Jet. The fluvial material
of the Senegal and Gambia Rivers also shows distinct differences of their magnetic mineralogy,
but similar elemental compositions. Off the Gambia, the material contains a higher amount of high-
coercivity magnetic minerals (hematite and goethite) compared to the Senegal. This could be at-
tributed to the different soil distributions in both river basins. The production of bacterial magnetites
appears to be associated with higher marine productivity during humid phases and consequently
also to enhanced accumulation of fluvial material. It may therefore bias the magnetic signature of
fluvial sediments. The investigation of the multi-proxy characteristics enables a three-level inter-
pretation of transport energy, transport mechanism, and weathering conditions in the source area of
the sediments. The grain-size distribution of the terrigenous EMs reveals the energetic conditions
during transport. The elemental composition is distinctively different for material derived from
different climate zones, and thus enables a discrimination of river and wind transported material.
The magnetic mineralogy can be used as a proxy for specific pedogenic processes in the two river

basins and source areas of aeolian material.
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4.1 Introduction

At the African continental margin geochemical
and magnetic properties as well as grain-size
distributions are powerful tools for reconstruct-
ing past environmental conditions (Koopmann
1981; Bloemendal et al. 1992; Matthewson et
al. 1995). Elemental ratios of sediments are of-
ten indicative of the weathering conditions in
the source area (Zabel et al. 2001) and grain-
size data serve for reconstructing the transport
mechanism (Koopmann 1981). Therefore both
parameters can be used for the discrimination
of fluvial and aeolian inputs. The use of these
proxies is supported by the analyses of fluvial
samples from the Senegal River and from dust
samples (Gac and Kane 1986; Chiapello et al.
1997; Moreno etal. 2006). However, since it has
been shown that especially elemental ratios are
influenced by grain-size effects and thus gravi-
tational sorting during transport (e.g., Caquin-
eau et al. 1998), the use of specific elemental
ratios as deterministic end-members of dust
and fluvial material is challenging. On the other
hand, rock-magnetic data, i.e. Isothermal Rema-
nent Magnetization (IRM) curves, are indica-
tors for the magnetic mineralogy. The magnetic
mineralogy of sediments mirrors the magnetic
inventory of the parent rock and on secondary
formed minerals during soil pedogenesis (e.g.,
Maher 1986). Therefore, they can be indica-
tive of weathering conditions in the source area

(Kédmpf and Schwertmann 1983; Schwertmann
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and Taylor 1989). Another important contribu-
tor of magnetic minerals in marine sediments
is bacterial magnetite (Kirschvink and Chang
1984; Petersen etal. 1986; Stolzetal. 1986). The
identification of this magnetic phase is crucial, if
variations in the magnetic mineralogy are used
to reconstruct past terrigenous inputs (Just et al.,
Chap. 2). In anoxic sediment, the fine-grained
magnetosomes get dissolved rapidly during
burial (Hilgenfeldt 2000) and are dissolved
below the iron-redox boundary (e.g., Housen
and Moskowitz 2006). If preserved, their abun-
dance varies on glacial interglacial timescales
(Hesse 1994; Lean and McCave 1998; Dinares-
Turell etal. 2003; Housen and Moskowitz 2006;
Roberts et al. 2011). The ecological control of
magnetotactic bacteria, which produce these so-
called magnetosomes, is however poorly con-
strained and limiting factors are dependent on
the (micro-) environmental setting: In pelagic
sediments the availability of nutrients, e.g.,
iron (Roberts et al. 2011) is an important fac-
tor for the occurrence of magnetotactic bacteria
(Hesse 1994), while the input of organic matter
and linked oxygenation states of the subsurface
have to be balanced for a colonization and pres-
ervation in the geological record (Roberts et al.
2011). Lean and McCave (1998) suggested that
a decrease in carbon flux and thus a thickening
of the aerobic zone during interglacials, would

have left a longer time for the colonization of
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magnetotactic bacteria, while in other settings
their abundance is positively linked to organic
carbon input (Roberts et al. 2011). In proximal
cores in the Mediterranean (Dinarés-Turell et al.

2003) the abundance and preservation of bacte-
rial magnetite appears to be linked to interstadial
periods. In those settings, the limiting factors are
also poorly constrained, and are probably linked
to the oxygenation of the sediments (Dinares-
Turell et al. 2003).

Our study aims to distinguish multi-proxy char-
acteristics of aeolian and fluvial material, and
compare regional compositional changes of
those components. We wish to evaluate if we
can distinguish between different source areas
of the material. Secondly, we want to test if the
occurrence of bacterial magnetite can be linked
to climatic variations in our setting, and a pos-
sible association to higher bioproductivity or
nutrient input (i.e. river runoft).

To obtain the multi-parameter properties of flu-
vial and aeolian material, we apply an approach
developed by Just et al. (Chap. 3). They showed
that there is a reasonable relationship between
grain-size distribution, elemental composition,
and magnetic mineralogy. The approach will
be applied on two gravity cores retrieved at the
continental margin off the Senegal (GeoB 9508-
5) and Gambia Rivers (GeoB 13602-1) where
the terrigenous fraction corresponds to a mix-
ture of aeolian and fluvial sediments (Mulitza
et al. 2008; Just et al. Chap. 2).

In a first step we unravel EMs from geochemi-

cal, rock-magnetic, and grain-size data sets,

respectively. Since the abundance of grain-size
EMs correspond to volume fractions and can be
used for calculating fluxes, we assess their as-
sociated geochemical and magnetic properties.
Non-negative least square fitting (NNLSF) tech-
niques have been applied on the volume frac-
tions of the grain-size EMs and the geochemical
and IRM data sets. This approach corresponds
to a volume calibration of elemental and mag-
netic data. By including an additional EM for the
volume contribution of carbonate we can test if
potentially magnetite produced by magnetotac-
tic bacteria can be linked to an enhanced marine

bioproductivity or fluvial input, i.e. nutrients.

4.2 Setting

The studied gravity cores GeoB 9508-5
(15°29.90°N; 17°56.88°W, 2,384 m water depth)
and GeoB 13602-1 (13°32.71’ N, 17°50.96’W,
2,395 m water depth) were retrieved on the
continental margin off NW Africa during Me-
teor cruise M65/1 and Maria S. Merian cruise
MSM 11/2, respectively. The Senegal catch-
ment is wide and extends over different vegeta-
tion zones (Fig. 4-1a). Thus, the input of fluvial
material reflects the environmental conditions
(e.g., precipitation, pedogenic minerals, Fig. 4-
1b) of a wide area. The catchment of the Gambia
River is comparatively small and mainly reflects
more the regional signature of the material in the
source area and possible imprint of weathering
processes.

Additionally, aeolian material from the Sahara

and Sahel is transported to both sites by NE
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Fig. 4-1: (a) Vegetation belts on the NW African continent (modified after White 1983). Oceanic surface circu-
lation (white arrows) is controlled by the North Equator Counter Current (VEEC) and associated anticyclonic
circulation around the Guinea Dome (GD) and by the Canary Current (CC). Orange and black arrows indi-
cate atmospheric features during summer and winter, respectively. (b) Distribution of soils in the Gambia and
Senegal River catchments (data from Harmonized Soils World Database 2009, modified). Gravity core GeoB

13602-1 and GeoB 9508-5 are depicted in red.

trade winds at lower atmospheric altitude and
by the higher African Easterly Jet (AEJ, Pye
1987). The trade winds are thought to transport
proximal dust to the Atlantic (Pye 1987) while
aeolian material transported by the AEJ, has a
high potential to reach the Caribbean (Prospero
and Carlson 1980).

4.3 Material and Methods

Previously published data of GeoB 9508-3 and
GeoB 13602-1 reveal that elemental ratios and
grain-size distributions (Mulitza et al. 2008;

Just et al. Chap. 3) as well as rock magnetic
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records and EM modeling (GeoB 13602-1) of
the respective data sets can successfully be used
for reconstructing past fluvial and aeolian domi-
nated sedimentation over the past 80 ka. The age
model for GeoB 13602-1 was developed by Just
et al. (Chap. 2) by correlating the oxygen iso-
tope record to that of MD95-2042 (Shackleton
et al. 2000) and six radiocarbon ages while the
age model of GeoB 9508-5 (Mulitza et al. 2008)
was obtained by correlating the oxygen isotope
record of MD95-2042 with the age model of
Shackleton et al. (2004). For consistency be-

tween the cores used in this study, we tied the
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oxygen isotope record of GeoB 9508-5 (Mulitza
et al. 2008) to the record of Shackleton et al.
(2000) and additionally used the radiocarbon
datings of Mulitza et al. (2008). Geochemical
analyses were carried out on dried samples by
energy dispersive polarization X-ray fluores-
cence (EDP-XRF) spectroscopy using a SPEC-
TRO XEPOS device and the grain-size distribu-
tions were measured on a Coulter laser particle
sizer LS200 after removing organic carbon and
CaCO,. For further details we refer the reader

to the respective studies.

4.3.1 Rock magnetic measurements

Rock magnetic properties were measured on 6.2
cm?®samples taken at 5 cm spacing. The magnetic
susceptibility (y) was measured onboard with a
Bartington MS2 susceptibility meter with a 140
mm loop sensor. Artificial remanence acquisi-
tion and measurements were performed on an
automated 2 G Enterprise 755 R DC supercon-
ducting magnetometer. The device is equipped
with in-line AF and DC coils for generating
anhysteretic remanent magnetization (ARM,
100 mT peak AF and 40 uT DC) and an in-line
pulse magnetizer to impart isothermal remanent

magnetization (IRM). The ARM serves as

100 mT

an indicator for the presence of fine-grained sin-
gle domain (SD) magnetite particles (King et
al. 1982; Frederichs et al. 1999). IRM acquisi-
tion curves of magnetic minerals depend on the
coercivity distributions for different magnetic
minerals (e.g., Eyre 1996; Frank and Nowaczyk

2008) and can therefore be used to distinguish

the magnetic inventory of each sample. For IRM
acquisition the peak field was increased in 24
increments from 5 to 700 mT. For the acquisi-
tion at higher fields up to 2,700 mT, we used
an “external” pulse magnetizer (2G Enterprise).
The IRM acquired after imparting a field of 100
mT (IRM
main (MD) magnetite content (Frederichs et al.
1999). Additionally, the S-Ratio

100mT) serves to estimate the multido-

S = 0.5[(-IRM / SIRM ) +1]

-300mT (4-1)

(Bloemendal et al. 1992), was calculated, which
represents the ratio of low to high-coercivity
magnetic minerals. The hard IRM (HIRM) ac-

quired above 300 mT (Stoner et al. 1996),

HIRM =0.5(SIRM +IRM _,,,)  (4-2)
quantifies the high-coercivity magnetic miner-
als (Frederichs et al. 1999; Kruiver and Passier
2001; Heslop 2009).

4.3.2 End-member unmixing

The element, grain-size and IRM data sets were
unraveled using the IRM Unmixer code by Hes-
lop and Dillon (2007), which is similar to the
approach developed by Weltje (1997).

In the fundamental equation of EM analysis,

X=AS +E, (4-3)

X corresponds to the measured data set where

each of the n rows corresponds to a sample and
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the m columns correspond to the variables for
each sample. Matrix 4 represents the #» mixing
coefficients for each sample of a set of kK EMs
in columns. S represents the m properties of the
k EMs and E corresponds to the error matrix.
A non-negativity constraint and sum-to-one cri-
teria are included in the algorithm. For further
details of the approach we refer the reader to
Weltje (1997) and Heslop and Dillon (2007).

Theinput ofthe element data correspond to mass
concentrations and when assuming that the con-
sidered elements, i.e. their oxides correspond to
the approximate samples total mass, the mixing
coefficients correspond to mass concentrations
of the EMs. We considered the ‘terrigenous el-
ements’ Si, Al, K, Fe, Ti and normalized their
mass concentrations to their cumulative abun-
dance plus the concentration of Ca. Note how-
ever, that for the unmixing procedure Ca was ex-
cluded. The grain-size distributions are given in
volume fraction, so do the mixing coefficients of
grain-size EMs. The mixing coefficients of the
IRM data however, correspond to the proportion
of each EM to saturation isothermal remanent
magnetization (SIRM). There are two reasons,
why the SIRM proportion cannot directly be
translated into mass or volume proportions. At
first, the SIRM of magnetic minerals differs
and is grain-size dependent, e.g. pure magnet-
ite of increasing grain size has SIRMs of 0.5-
30 Am’kg’!, while hematite has SIRMs of 0.2
Am?kg! (Peters and Dekkers 2003). Secondly,
the concentration of magnetic minerals within

a certain volume may vary. To account for both
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factors and to calibrate the proportion of SIRM
to volume, the concentration ¢ and mineral spe-
cific magnetic parameters m, i.e., SIRM, of the
magnetic inventory must be considered:

vol . =c*m*SIRM (4-4)

SIRM

4.3.3 Multi-proxy approach and volume
calibration

As outlined in the previous section, only the
contribution of the grain-size EMs relate to
the total volume and can therefore be used for
calculating fluxes of terrigenous material. For
finding the properties, i.e. mass concentrations
of elements and magnetic minerals, a volume
calibration would be necessary.

We alternatively perform non-negative least
square fitting (NNLSF) on the grain-size EM
contributions and the original element data and
IRM acquisition curves. By this approach the
mass concentration of each element and the
SIRM per volume of each EM can be quanti-
fied. The assumption underlying the approach is
that sediments transported by a certain energetic
transport mechanism mirror the distinct proper-
ties of the material in the respective source ar-
eas. Therefore, based on the volumetric mixing
contributions of the grain-size EMs A4 ; associ-

ated geochemical (P,) and magnetic properties

(P,,) can be predicted:
X=AP+R (4-5)
X,=AP, R (4-6)
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Fig. 4-2: Rock magnetic record for GeoB 9508-5. MIS: Marine Isotope Stage, AHP: African Humid Period,
YD: Younger Dryas, HS: Heinrich Stadials (after Sarnthein et al., 2001), LGM: Last Glacial Maximum.

where X, and X, corresponds to the elemental
concentrations and IRM data, respectively. To
test if a preserved bacterial magnetite phase is
associated to marine bioproductivity, we added
an additional EM to the grain-size EMs whose
volume fraction was calculated on the basis of
the Ca concentration (Mulitza et al. 2008; Just
et al. Chap. 3). Consequently, we included Ca
also in the NNLSF approach. For details about
this approach, we refer the reader to (Just et al.
Chap. 3). Since we used un-normalized data, the
predicted elemental concentrations and IRM ac-
quisition curves correspond to the concentration
of each element and the total IRM per volume

of the respective EM.

4.4 Results
4.4.1 Rock-magnetic parameters

All magnetic parameters show significant
maxima (S-Ratio, ARM/IRM, IRM HIRM,
susceptibility) and minima (ARM

100mT
Loy duUring
Heinrich Stadials (HS, Fig. 4-2). The strongest
peaks correspond to HS 2 and 1. Note however,
that in the S-ratioand ARM/IRM and ARM
all HS have similar amplitudes, except HS 3. The
Younger Dryas is marked by a minor, though

sharp, excursion.

4.4.2 End-member Analyses

For unmixing the elemental data, two EMs suf-
fice a coefficient of determination R* of 0.99

(Fig. 4-3). In the following they will be referred
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Fig. 4-3: Coefficient of determination (R?) based on
Principle Component analyses as a decision crite-
rion for the number of EMs.

to as 81, and §2,.The element concentrations
and calculated element ratios are shown in Table
4-1a and Fig. 4-4b. The total mass concentra-
tion of the considered EM varies by less than
6%. Thus, it can be assumed that the considered
elements correspond to a reasonable approxi-
mation of all terrigenous elements. The EMs
reveal distinct differences in terms of geochemi-
cal composition; $7, has low Al/Si, Fe/K ratios
and weathering index and slightly higher Ti/Fe
ratio with respect to §2,. The difference in the
Ti/Al ratio appears insignificant. The downcore
record (Fig. 4-4a) reveals that the S7, contribu-
tion is very high during HSs, especially during
HS 5, 4, 2, 1 while the remainder of the record
is dominated by $2,. Additionally, during the
Younger Dryas the §1,, contribution has a minor
peak. During the African Humid Period (AHP),

§1, has low contributions however, successive-
ly increases from the end of the AHP (~5 ka)
towards the present.

Four EMs have been used to unravel the grain-
size data set having an R? of 0.98 (Fig.3). Each
of the EMs (§) has a quasi-unimodal distribu-
tion (Fig. 4-4 d) with decreasing modes from
S1, to §4, (60 um, 40 um, 8 um, 6 pm). A
secondary mode appears in the finest $4 , which
cannot be isolated by the algorithm, even when
the number of EMs is increased. The downcore
record (Fig. 4-4c) reveals that the volume con-
tribution of §7 ;and $2 . increases during MIS 3
and on average corresponds to no less that 30%.
During HSs, the S, proportion peaks signifi-
cantly with highest abundance during HS 1, 2, 4
while the contribution of §2  remains relatively
stable except for a peak during HS 5. During the
Holocene, the contribution of §2.is below 20%,
note that the coarsest S1; is absent during that
time. The abundance of §3,; is relatively con-
stant during MIS 3, except during HSs, while the
proportion of $4 . successively decreases during
MIS 4 and 3 and is largely unaffected during
HSs. During the AHP 83 . dominates, however,

also the proportion of $4 is enhanced and fi-

Fig. 4-4: End-member Models of the element, grain-size and rock-magnetic data. (a) Cumulative downcore
contribution of element EMs §, normalized to the sum of concentration of considered elements plus Ca. (b)
Elemental ratios calculated based on the elemental composition of the EMs (cf. Table 4-1a). (¢) Cumulative
downcore contribution of grain-size EMs S .. (d) S1 and 82, correspond to a coarse sediment fraction, which is
indicative for dust exported to the Atlantic Ocean, while the fluvial §3 _ and §4 are much finer. (¢) Cumulative
downcore contributions of SIRM of rock-magnetic EMs. (f) IRM acquisition curves of rock magnetic EMs. The
curve of S7,, represents a mixture of coarse magnetite and a high concentration of high-coercivity minerals
(hematite and goethite). $3,, reveals a lower concentration of coarse grained magnetite and equally high-co-
ercivity magnetic minerals. The shape of $2,, indicates that magnetite is the main contributor to the magnetic
inventory. The gently rising slope at fields higher than 100 mT suggests an additional phase of high-coercivity

magnetic minerals.
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nally dominates during the Late Holocene.

For unmixing the IRM data, three EMs (S)
were used (R? of 0.96). The acquisition curve
of §1,, rises at lower fields than those of $2,,
and $3,, (Fig. 4-4f). Above 100 mT the curves
rise linearly on a logarithmic scale. This sug-
gests that low-coercivity magnetic minerals
(e.g., coarse grained magnetite) and high-coer-
civity minerals (e.g., hematite and goethite) are
present in the magnetic inventory. The slope of
$2  starts torise at higher fields, above ~150 mT
the slope rises linearly on a logarithmic scale,
but however, somewhat less steep than that of
§1,,. This indicates that $2 contains ‘harder’
magnetite, i.e., finer magnetic grain sizes and a
lower content of high-coercivity magnetic min-
erals. The acquisition curve of §3, rises at in-
termediate fields. Also here, at 100 mT a change
in the slope occurs, suggesting that it contains
a high proportion of a magnetic phase, which
is saturated at this field step (i.e., magnetite).

At higher fields the slope rises gently until an

approximate saturation at ~300 mT.

Since the IRM data relate to SIRM, rather than
to volume or mass fractions (cf. 4.3.2), we show
the downcore contribution scaled to SIRM (Fig.
4-4¢). The contribution of §7, is relatively low
throughout the section, except pronounced
peaks during HS 5, 4, 2, 1 of which HS 2 and 1
are by far the strongest. The abundance of $2 is
enhanced during HS 5 and 4, the LGM and the
Younger Dryas. During the Late Holocene, S7,
contributes but with low intensities and $2 is
literally absent. The proportion of §3,, remains
relatively constant throughout the record and is
only significantly reduced during HSs and in in-
tervals between 43-45 ka and 33-35 ka. A strong
reduction of SIRM in those intervals hints to

reductive diagenesis.

4.4.3 Multi-proxy characteristics of
grain-size end-members

Senegal site GeoB 9508-5

The calculated elemental ratios for the grain-

size EMs are very similar to the ones obtained

Al Si K Ti Fe Ca Mg Al/Si Fe/K Ti/Al TilFe ((SFlf'T'lp-:-ll)(/)
GeoB9508-5
a) S1, 0.182 0.711 0.038 0.012 0.057 na na 0.256 1.487 0.064 0.205 0.314
52, 0.261 0.543 0.036 0.015 0.145 na na 0.481 4.095 0.059 0.106 0.684
P1; 71192 283921 12938 4221 17728 0 na 0.251 1.370 0.059 0.238 0.295
P2, 75490 297673 18158 5361 23112 0 na 0.254 1.273 0.071 0.232 0.307
b) P3; 98590 220692 12659 5820 53294 0 na 0.447 4.210 0.059 0.109 0.635
P4, 100699 199084 13050 5524 52229 0 na 0.506 4.002 0.055 0.106 0.703
P5 ¢ 0 0 533 0 8032 408604 na na 15.071 na 0.000 15.071
GeoB13602-1
) 51, 0.174 0.700 0.030 0.013 0.056 na 0.027 | 0.249 1.843 0.076 0.238 0.310
52, 0.249 0.554 0.027 0.018 0.122 na 0.030 | 0.450 4.506 0.070 0.144 0.620
P1. 70218 294993 10135 5130 14793 0 na 0.238 1460 0.073 0.347 0.274
d) P2, 91178 232387 10482 6738 42333 0 na 0.392 4.039 0.074 0.159 0.535
P3; 98100 216186 10329 6732 45226 0 na 0.454 4.379 0.069 0.149 0.614
P4 0 1470 4181 0 9981 400439 na 0.000 2.387 na 0.000 1.766

Table 4-1: Elemental composition and element ratios of element EMs S, and predicted associated properties P,
of the grain-size End Members. (a, b) GeoB 9508-5, (c, d) GeoB13602-1.
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by unmixing the element data set (Table 4-1a,
b). P1, and P2, have low Al/Si and high Fe/K
and weathering index with respect to P3, and
P4 . The biogenic PS5, is mostly associated with
Ca.

The IRM acquisition curves of PI, and P2,
have slightly higher SIRMs with respect to the
remaining P, (Fig. 4-5a). The by far lowest
SIRM has P5,, which corresponds to the car-
bonate fraction. The IRM curves normalized
to one reveal compositional differences in the
magnetic mineralogy (Fig. 4-5b): PI, contains
amixture of magnetically ‘soft’ and ‘hard’ com-

ponents. The curve of P2 rises at higher fields

withrespectto P1, andis flatter above ~130 mT.
The normalized acquisition curve of P3, and
P4, are very similar and depart only above 100
mT, where P3, is flatter with respect to P4, . In
contrast, the IRM acquisition curve of the bio-
genic fraction P53, steeply rises above 40 mT

and is fully saturated at ~120 mT.
Gambia site GeoB 13602-1

The calculated elemental ratios for the grain-
size EMs 81 t0 83 . of GeoB 13602-1 resemble
the ones obtained by unmixing the element data
set (see Table 4-1c). Table 4-1d shows the as-
sociated properties P,: PI_ has low Al/Si and
high Fe/K and weathering index, with respect

GeoB9508-5 GeoB13602-1
d
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Fig. 4-5:Predicted IRM acquisition curves (P,,) from the least square fitting approach of GeoB 9508-5 (a, b)
and GeoB 13602-1 (d, e) in comparison to the IRM acquisition curves from EM unmixing of the magnetic

data sets (c, f).
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to P2, and P3_. The properties P4, associated
to the biogenic fraction are dominated by a high
concentration of Ca.

The acquisition curve PI,, is much higher with
respect to the other EMs (Fig. 4-5d). The shapes
of the acquisition curves also show distinct dif-
ferences (Fig. 4-5¢). PI starts to acquire IRM
at low fields above 20 mT. A change in slope
occurs at ~ 80 mT and above the curve rises
linearly on a logarithmic scale. The IRM ac-
quisition curves of P2, and P3, have similar
shapes. The curves start to rise at higher fields
(~30 mT), the break in slope occurs at ~130 mT
andrises above linearly on the logarithmic scale,
whereby the curve of P2 is less steep, while the
gradient of P3, is comparable to P1,. The IRM
acquisition curve of the carbonate fraction P4,
is very narrow and starts to rise at 50 mT and is

completely saturated at 110 mT.

4.5. Discussion

4.5.1 Interpretation of end-members in
GeoB 9508-5

Based on the geochemical composition of the
clement EMs S, and the previously reported
geochemical composition of aeolian dust sam-
ples (Chiapello et al. 1997; Moreno et al. 2006)
and material from the Senegal River (Gac and
Kane 1986, cf., Chap. 3, Table 3-1), we suggest
that $7, corresponds to dust and $2, to river
material. This interpretation is further supported
by the downcore record, which shows extremely
high §7, contributions during HSs.

§1, and 82 have modes coarser than 20 um,
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while $3 and 84 are finer than 10 um. The in-
vestigation of present-day dust samples collect-
ed off NW Africa indicate, that acolian material
is mostly coarser than 8 um (Stuut et al. 2005),
while 90% and 95% of suspended particles at
the Senegal River mouth is finer than 5 pm and
10 pum, respectively. We therefore assume that
the coarse EM 81 and 82 correspond to aeo-
lian material, whose contribution is highly en-
hanced during HSs and the LGM, and the fine
EMs §3,and §4,. correspond to fluvial material.
The observed strong reduction of the $3 . (mode
of 7 um) during HSs might point to the fact that
the water discharge and thus the potential for a
transport of coarser particles into the ocean was
strongly reduced during those dry intervals.

The main difference between the three S is the
proportion of high-coercivity minerals in S7,,
and §2,, with respect to $3, . The formation of
pedogenic iron-oxides is mainly influenced by
Eh/pH conditions and the excess of water within
the soils (Kdmpf and Schwertmann 1983). For
instance, decreasing soil temperature and a high-
er availability of water within the soil leads to a
decrease in the pedogenic formation of hematite
with respect to goethite (Maher 1986; Schwert-
mann and Taylor 1989). In former studies the
ratio of hematite/goethite in a marine sedimen-
tary record has been used to reconstruct pale-
omonsoonal precipitation over SE Asia (Zhang
etal. 2007) and off the Amazon (Harris and Mix
1999). Furthermore, (Lyons et al. 2010) report-
ed an association of increasing rainfall and the

pedogenic formation of magnetite with respect



Chapter 4

to high-coercivity phases (i.e., hematite). They,
however, did not discriminate between hematite
and goethite. Based on the downcore contribu-
tions i.e., the high abundance of S7,, and §2,,
during HSs, theses EMs most likely corresponds
to acolian sediments. Based on the strong reduc-
tion of the ‘magnetite rich’ §3, during HSs and
the domination during the Holocene, we infer at
this point that $3, corresponds to a background
EM, which has to be further evaluated by multi-

proxy characteristics.

4.5.2 Associated properties of grain-size
end-members

Senegal site GeoB 9508-5

A striking feature of the predicted properties
in terms of elemental composition P, and IRM
acquisition curves P, is their similarity to the
original EMs §, and S, (cf., Table 4-1a, b and
Fig.4-5b, ). The elemental compositions of P1,
and P2, are similar to S1,, while the elemental
composition of P3, and P4, resemble S2,. The
elemental composition associated to the carbon-
ate fraction P5, however reveals that Ca and
traces of Fe and K are the only contributors.

For the normalized IRM acquisition curves
similarities exist between PI, and S1,, P2,
and §2 . (Fig. 4-5b, ¢) P3, and P4, resemble
§3,, whereas the latter has a gentler slope at
fields higher than 130 mT. Although it appears
noisy, the IRM acquisition curve of the carbon-
ate fraction P5, is very steep in the interval of
40-110 mT, which is characteristic for a narrow

magnetic grain-size range and might thus be at-

tributed to bacterial magnetite (Moskowitz et al.
1989; Kruiver and Passier 2001). We conclude
that this component was not properly unmixed
in the original EM unmixing of the IRM data,
and hence, $3,, corresponds to a mixture of bac-
terial magnetite and fluvial derived magnetic
minerals. This phenomenon may be attributed
to an association of marine bioproductivity and
fluvial input, since during warm stages, both,
the fluvial input and the bioproductivity is en-

hanced.

Gambia site GeoB 13602-1

Similarly as for the previously discussed core
GeoB 9508-5, the elemental composition of
P1, is similar to the S7, and P2, and P3, has
elemental ratios similar to §2, (Table 4-1c, d).
The carbonate fraction is mainly associated to
Ca and to traces of Si, K and Fe.

When comparing the four P, to the EMs ob-
tained by Just et al. (Chap. 2), it appears that
P1,, is similar to 8§17, (Fig. 4-5e, f). The curve
for the carbonate fraction P4, is similar to $3,
pointing to an association of marine bioproduc-
tivity and the formation of bacterial magnetite.
The shape of P2, and P3, are distinctively dif-
ferent from $2, . The main difference exist at
fields higher than 50 mT, where P2, and P3,,
are much steeper with respect to S2, , indicat-
ing a higher content in ‘harder’ magnetite. At
higher fields, this higher proportion of magnet-
ite leads to a relative flattening of the P2, and
P3, curves with respect to §2, . We believe that

this phenomenon is an expression of the non-
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perfect correlation between carbonate fraction
and bacterial magnetite and to an additional as-
sociation of bacterial magnetite to fluvial input,
as similarly hinted at for GeoB 9508-5. It re-
mains however uncertain, if the contribution of
bacterial magnetite is overestimated in the EM
unmixing of the IRM acquisition curves, and
a similar magnetite phase of fluvial material is
unmixed into the ‘bacterial’ EM. Alternatively,
this phenomenon may arise due to the fact that
the production of bacterial magnetite is not
solely controlled by the same processes as the
production of carbonate. Furthermore, the pres-
ervation of bacterial magnetite in marine sedi-
ments is very sensitive for even slightly sulfidic
conditions (e.g., Petersen et al. 1986). Thus, if
dissolution of this magnetite phase occurred un-
equally over the record a possible primary as-
sociation of carbonate and the correlation would
be biased.

4.5.3 Differing signatures of terrigenous
material off Gambia and Senegal

The geochemical composition of all dust EMs
and respectively all fluvial EMs doesn’t vary
significantly, no matter if obtained by the un-
mixing or the multi-proxy approach (Table 4-1).
This indicates that specific environmental con-
ditions in the source areas are not reflected in
those data and that generic elemental ratios can
be used as deterministic EMs for aeolian and
fluvial material (Mulitza et al. 2010; Collins et
al. 2011). In contrast, the magnetic mineralogy

of identified EMs is much more variable. We
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therefore focus in the following on the magnetic

mineralogy.
Properties of aeolian material

The two dust EMs identified at the Senegal site
(GeoB 9508-5) have differing magnetic miner-
alogies. PI, contains softer magnetite (coarser)
with respect to P2, which might possibly be
associated to gravitational sorting, since also the
physical grainsizes S1 .are coarser (Fig.4-6). On
the other hand, at higher fields this finer EM also
contains a somewhat steeper IRM curve (P2,),
indicating a higher concentration of a high-coer-
civity magnetic phase. Lyons et al. (2010) found
that high-coercivity minerals may be enriched
within coarse sediments with respect to the fine
fraction, i.e., hematite can appear as coatings
on quartz grains. However, the grain sizes S7,
(60 um) and 82 (40 um) are not that different
and the elemental compositions do not indicate
a higher concentration of quartz (similar Al/Si
ratios). We therefore suggest that the higher
concentration of high-coercivity minerals is not
controlled by grain-size fractionation.

Also the comparison of the Gambia dust EM
and the dust EMs at the Senegal site reveals
differences. The dust deposited at the Gambia
site (P1,, of GeoB 13602-1, Fig. 4-6b) contains
a higher concentration of coarse-grained mag-
netite with respect to the aeolian EMs PI and
P2, at the Senegal site. Likewise, the acquisi-
tion curves of the end-member unmixing of the
IRM show the same pattern (Fig. 4-6¢).

We conclude that all aeolian EMs originate
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from different source regions. Due to the coarse
grain sizes, Just et al. (Chap. 3) inferred that the
aeolian EM in GeoB 13602-1 (Gambia) corre-
sponds to a proximal dust source. Likewise, we
suggest that the coarsest acolian EM of GeoB
9508-5 (Senegal) with its coarse magnetite phase
(P1,)) corresponds to a proximal dust source,
which is dominant during extremely dry HSs.
Most probably, the coarse dust phases in both
cores are transported by strong trade winds dur-
ing HSs (e.g., Hooghiemstra et al. 2006) from
proximal sources, since at these times the arid

conditions made additional areas available for

aeolian deflation. The finer dust most likely cor-
responds to a ‘background dust component’ as
its contribution is relatively stable during HSs.
It either represents dust exported by lower wind
strength or corresponds to a more distal source.
For the latter scenario it might be hypothesized
that the finer acolian EM corresponds to mate-
rial transported by the AEJ.

When comparing the contribution of the proxi-
mal dust from Senegal (this study) and the Gam-
bia sites (Just et al. Chap. 3), it appears that its
proportion in the latter cores is only strongly
enhanced during HS 1 and HS 4 while in the
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Fig. 4-6: (a, b) Comparison of the predicted IRM acquisition curves (P,,) of the aeolian EMs of both cores and
(c) the IRM acquisition curves from EM unmixing (S,,). (d, €) Comparison of the predicted IRM acquisition
curves (P,)) of the fluvial EMs of both cores and (f) the IRM acquisition curves from EM unmixing (S,,).
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Senegal 4

Gambia £

I:I Calcisol, Gypsisol
- Clay-rich (kaolinite) soils*
I:I Fluvisol, Gleysol

I:I Leptosol, Regosol
I:I Luvisol

- Rock Outcrops

*Acrisol, Ferralsol, Lixisol, Nitisol, Plinthosol

Fig. 4-7: Soil distribution in West Africa (data from Harmonized Soils World Database (2009), modified). The
soils studied by Lyons et al. (2010) are similar to the soils in the Senegal (Arenosols) and Gambia (clay-rich
soils) River basins. In Niger, mainly Arenosols are present, while Benin and Togo are characterized by clay-rich

soils.

Senegal core, coarse dust has also a strong vol-
ume contribution during HS 2. This finding is
in-line with observations of Itambi et al. (2009)
and Collins et al. (in prep.), who observed that
the ‘dusty’ signal diminishes when moving from

subtropical to tropical Africa.

Properties of fluvial material

Besides the uncertainties concerning a possi-
ble contribution of bacterial magnetite mingled
with the fluvial EM signature, we believe that
a tendency between the magnetic inventory of
the fluvial EMs at the Senegal and Gambia core
locations is apparent. The properties reveal that
at the Senegal core location the fluvial EM has
a higher concentration of low-coercivity mag-
netic minerals (i.e., magnetite) with respect to
the Gambia EM, which in turn contains a higher

proportion of high-coercivity minerals (goethite,
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hematite). In the proximity to the coast, the Sen-
egal mainly drains sandy substrates (i.e., Areno-
sols) which mostly lack soil horizon formation.
In contrast, the Gambia flows through clay rich
soils (Fig. 4-1b). It is therefore reasonable that
pedogenically formed high-coercivity minerals
are enriched within these mature soils. This as-
sumption is supported by a study carried out on
soil and sand samples from the African conti-
nent (Lyons et al. 2010). Magnetic parameters
measured on specific grain-size fractions of soil
and sand samples show a dependency of pedog-
enically formed minerals on precipitation. The
proportion of high-coercivity with respect to
low-coercivity magnetic minerals is higher for
areas of stronger precipitation. In soil samples
from Togo and Benin HIRM accounts for 10
—16.7 % of SIRM, while the respective propor-
tion is 1.5 — 4.5 % for samples from Niger. The
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substrates in Niger mainly correspond to Areno-
sols and sand dunes while Togo and Benin are
dominated by Luvisols (mixed clay accumula-
tion below a layer of humus and a leached ho-
rizon) and a group of clay-rich soils (Fig. 4-7).
We therefore assume that observed differences
in the Gambia and Senegal River EMs can be
attributed to the same phenomenon. Since these
differences are absent in the geochemical prop-
erties of the fluvial EMs, it may be hypothesized
that magnetic minerals are more susceptible for
reflecting soil forming processes than the geo-

chemical composition.

4.6. Conclusion

The multi-proxy investigation revealed that
grain-size EMs obey specific magnetic and
geochemical signatures. The magnetic miner-
alogy enabled us to distinguish three different
acolian EMs of different provenance. The con-
tribution of coarse proximal dust in each core is
particularly high during HSs and is strongest in
the northern core. The fine aeolian EM is only
detected at the northern core site off the Senegal
River and corresponds to a distant dust source.
This fraction corresponds probably to material
transported by the AEJ. To further evaluate the
spatial distribution of dust with the same char-
acteristics, and consequently derived from the
same source areas, the prosperous approach
used in this study should be applied on more
cores off NW Africa.

We found that in our study area bacterial mag-

netite seems to be associated to the carbonate
fraction and fluvial input, and thus marine pro-
ductivity and humidity. This association biases
the magnetic signal of the fluvial EMs. However,
a trend of higher proportion of high-coercivity
magnetic minerals in the Gambia River EM is
apparent. It is reasonable that the occurrence of
pedogenically high-coercivity minerals indicate
the higher maturation of the soils in the Gambia
catchment than the soils of the Senegal River
basin.

In conclusion, we suggest that by the investiga-
tion of grain sizes, geochemical composition,
and magnetic mineralogy a three level interpre-
tation of sediments from different sources may
be drawn. Grain sizes reflect the transport energy
and, thus, the wind strength and fluvial runoff.
Elemental ratios display generic characteristics
of fluvial and aeolian sediments. Finally, mag-
netic properties are influenced by more regional
environmental conditions such as weathering

and soil formation.
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Chapter 5

5. Synthesis

Principle aims of this thesis were to extend and
to evaluate the applicability, reliability and in-
terpretability of multi-proxy end-member (EM)
methods for a quantitative analysis of NW Af-
rican terrigenous sediments. The variability of
the EM solutions was tested on a regional scale
to identify fundamental properties of fluvial
and aeolian sediments as well as source- and
climate-specific variations. The parameters that
were investigated are grain-size distributions,
major element composition, grain-size distri-
bution and the magnetic mineralogy of marine
sediments retrieved off the Gambia and Senegal

Rivers.

5.1 Grain-size distribution

Asrevealed by the multi-proxy studies (Chapter
3 and 4), grain-size EMs are valuable for recon-
structing sediment fractions transported under
differing energetic conditions. For budgeting of
fluxes, the volumetric contributions of grain-
size EMs are essential. However, the physical
grain sizes do not permit a source characteriza-
tion of the material, and thus are not capable for
delivering information about the environmental
conditions in the potential source areas. The dis-
tance between the source area and the sampling
site has an impact on the grain-size distribution

of the accumulated material, since the particles

are subject to gravitational sorting. For aeolian
material, the grain-size distribution depends
on the transport energy and the distance to the
source area. The grain sizes of fluvial material
are controlled primarily by the distance between
the river mouth and the study site and therefore
by sea-level fluctuations. Additionally, the wa-
ter discharge and thus precipitation in the catch-
ment basin also influences the grain sizes of the
accumulated sediments since coarse grains are
potentially transported farther out at sea during

high water discharge.

5.2 Major element composition

Specific elemental ratios typical for fluvial
and aeolian material resemble the geochemical
composition of element EMs at the study sites
(Chapter 3 and 4). Elemental ratios of fluvial and
acolian sediments are mainly controlled by two
factors: (1) Because of chemical weathering, Al
and Fe are enriched in topical soils (Middelburg
et al. 1988; Driessen et al. 2001) and, accord-
ingly, in fluvial sediments of tropical climates.
(2) Since the particles transported by rivers are
finer than aeolian material off NW Africa, the
concentration of clay aggregates is higher with
respect to quartz grains. Consequently, based on
the elemental composition it is possible to dis-

tinguish sediments of distinct provenance when
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they are derived from source areas of contrasting
environmental conditions. Furthermore, such
a distinction is even amplified, when physical

transport mechanisms differ.

5.3 Magnetic mineralogy

The inventory of pedogenically formed mag-
netic minerals is - similar to the geochemical
composition - dependent on the environmental
conditions. The formation of hematite is favored
in relatively dry highly oxidized soils under el-
evated temperatures, while goethite is formed in
moister usually well-drained soils (Kdmpf and
Schwertmann 1983; Maher 1986). The magnet-
ic mineralogy of fluvial and aeolian EMs at our
two study sites is distinctively different. At the
Senegal sites two aeolian EMs were indentified
(Chapter 4), which differ in the concentration
of magnetite and in the proportion of high-co-
ercivity (goethite and hematite) magnetic min-
erals. Off the Gambia River, only one aeolian
EM was unraveled (Chapter 2). It contains a
higher proportion of coarse-grained magnetite
with respect to the acolian EMs off the Senegal
River. These differences suggest that the dust,
accumulated at both sites, is derived from dif-
ferent source regions.

Similarly, the magnetic inventory of the fluvial
EMs at both core positions shows distinct differ-
ences. Off the Gambia, the material has a higher
concentration of goethite and hematite with re-
spect to the material off the Senegal River. At

present, the Senegal River drains Arenosols in
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the proximity of the coast. These sandy highly
leached soils are depleted in clay minerals. In
contrast, in the Gambia basin mature clay-rich
soils are present. Although the paleosoil distri-
bution is not known, it is reasonable that the
higher content of goethite (and hematite) in the
fluvial material off Gambia most likely reflects
the differences in the maturity of the soils in the

catchments.

5.4 Multi-proxy characteristics

Since the investigated properties of terrigenous
sediments are influenced by different factors,
the multi-proxy characteristics of terrigenous

EMs enable a three-level interpretation.

(1) The grain-sizes of the terrigenous sediments

reflect the transport energy.

(2) The geochemical composition allows a gen-
eral differentiation of fluvial and aeolian

sediments.

(3) The magnetic mineralogy mirrors the degree
of weathering of the soils and thus environ-

mental conditions in the source areas.

Differing weathering conditions in the Senegal
and Gambia River basins suggested by the mag-
netic mineralogy donotemerge fromthe elemen-
tal composition of the fluvial EMs. However,
present day suspension samples of both rivers,
have likewise similar major element composi-
tions, but can be distinguished by the content
of smectite and interlayered clay minerals (Gac

et al. 1987). It may be hypothesized, that differ-
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ences in the magnetic mineralogy of the river
material is more susceptible to soil conditions,
since also pH and organic matter content influ-
ence the formation (Kdmpf and Schwertmann
1983). Most likely, the clay mineralogy would
also reveal differences of the fluvial EMs of both

cores.

5.5 Paleoclimatic implications

revealed by end-member analyses

At both study sites the volumetric fractions of
fluvial and aeolian sediments varies signifi-
cantly over the records. The accumulation of
fluvial material delivered by the Gambia River
is mainly controlled by the core-to-shore dis-
tance, i.e., by sea-level variations. During peri-
ods of sea-level stagnancy, the precipitation in
the hinterland appears to have an impact on the
accumulation and grain-size distribution of the
fluvial sediments.

In both cores proximal dust EMs were inden-
tified, whose volume fractions are high during
the Last Glacial Maximum (LGM) and Heinrich
Stadials (HS), with respect to the fluvial EMs. At
the Senegal site, all HSs have high contributions
of the aeolian EM, while at the southern Gam-
bia site HS 1 is by far the most pronounced. At
the Senegal location an additional dust EM was
identified, which has the same elemental com-
position as the coarse dust, but is finer in grain-
size and has a different magnetic mineralogy.
The volumetric proportion of this finer aeolian
component remains relatively stable throughout

the record, and it is assumed that it corresponds

to a background dust EM from a more distant
source. This material was probably transported
by the African Easterly Jet.

Budgeting fluxes of the terrigenous EMs over
the past 70 ka was carried out on the Gambia
site material (Chap. 3). During the LGM, dust
fluxes were ~ 5 times higher with respect to the
Late Holocene. These values are in accordance
to modeling approaches (Mahowald et al. 2006)
and studies of marine core material (Kohfeld
and Harrison 2001). Even higher dust input ac-
companied HSs, when dust fluxes were ~ 8-35
times higher compared to the present. Extremely
high dust accumulation of 400 g m? yr! occurred
during HS 1, which is 100 times higher than at
present.

During the LGM and HS 1 low-latitude Africa
experienced much drier conditions (Williams
1975; Streetand Grove 1976; Collinsetal.2011).
The dry conditions on the continent during the
LGM and HSs appear to correspond to a south-
ward displacement of the ITCZ due to cooler
temperatures in the North Atlantic (Street-Per-
rott and Perrott 1990; Chiang and Bitz 2005;
Dahl et al. 2005). For the African continent this
resulted in contraction of the rainbelt, and thus
a southward expansion of the desert (Collins
et al. 2011). Collins et al. (2011) observed that
the proportion of aeolian with respect to fluvial
material during HS 1 and the LGM decreases
when moving from North to tropical Africa. The
fact that HSs are less pronounced at the southern
Gambia than at the Senegal site supports such a

scenario. Moreover, the comparable intensity of
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HS 1 at both study sites suggests that the aridi-
fication reached farther south at this time, with
respect to the previous HSs. Notably, HS 3 is
the least pronounced in both records. Evidence
from the ice rafted detritus (IRD) components
in the North Atlantic revealed a different source
of material for Heinrich Layer 3 (Gwiazda et
al. 1996). The effect of fresh-water input on the
deep water formation is mainly controlled by
the transport of meltwater to the convection site
than by the amount of meltwater (Seidov and
Maslin 1999). It is suggested that the meridional
overturning circulation recovered more rapidly
after HS 3, compared to the other HSs (Elliot
et al. 2002). The weak expression of HS 3 in
our records is probably attributed to this phe-
nomenon.

During the Holocene dust accumulation was
strongly reduced. However, also the fluvial in-
put was much lower which is attributed to the
sea-level rise after the last deglaciation and
consequently increasing core-to-shore dis-
tance. This latter finding strongly suggests that
sea-level induced changes in fluvial sediment
supply must be evaluated when using relative
proportions of the aeolian and fluvial fractions

for paleoclimatic reconstructions.
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Abstract High-resolution multi-channel seismic data from
continental slopes with minor sediment input off southwest
Mallorca Island, the Bay of Oran (Algeria) and the Alboran
Ridge reveal evidence that the Messinian erosional surface
is terraced at an almost constant depth interval between 320
and 380 m below present-day sea level. It is proposed that
these several hundred- to 2,000-m-wide terraces were
eroded contemporaneously and essentially at the same
depth. Present-day differences in these depths result from
subsidence or uplift in the individual realms. The terraces
are thought to have evolved during one or multiple periods
of sea-level stagnancy in the Western Mediterranean Basin.
According to several published scenarios, a single or
multiple periods of relative sea-level stillstand occurred
during the Messinian desiccation event, generally known as
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the Messinian Salinity Crisis. Some authors suggest that the
stagnancy started during the refilling phase of the Mediter-
ranean basins. When the rising sea level reached the height
of the Sicily Sill, the water spilled over this swell into the
eastern basin. The stagnancy persisted until sea level in the
eastern basin caught up with the western Mediterranean
water level. Other authors assigned periods of sea-level
stagnancy to drawdown phases, when inflowing waters
from the Atlantic kept the western sea level constant at the
depth of the Sicily Sill. Our findings corroborate all those
Messinian sea-level reconstructions, forwarding that a
single or multiple sea-level stagnancies at the depth of
the Sicily Sill lasted long enough to significantly erode the
upper slope. Our data also have implications for the
ongoing debate of the palaco-depth of the Sicily Sill. Since
the Mallorcan plateau experienced the least vertical
movement, the observed terrace depth of 380 m there is
inferred to be close to the Messinian depth of this swell.

Introduction

During the Messinian, tectonic uplift caused the closure of
the Mediterranean—Atlantic connection, which consisted of
several gateways in southern Spain and northern Africa
(Esteban et al. 1996). The Iberian corridors became
restricted prior to the Messinian (Martin et al. 2001; Betzler
et al. 2006). The closure of the African gateways caused a
substantial sea-level drop within the entire Mediterranean
basin, triggering the Messinian Salinity Crisis (MSC; Hsii
et al. 1973; Ryan and Cita 1978; CIESM 2008; Ryan 2009).
The resulting sub-aerial exposure caused massive erosion of
the continental slopes (Rizzini et al. 1978; Clauzon et al.
1996; Lofi et al. 2005; Sage et al. 2005; Bertoni and
Cartwright 2006, 2007; Maillard et al. 2006). The sea-level
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fall further resulted in an increased salinity of Mediterra-
nean water and in the precipitation of evaporites. An
overview of various models regarding the timing, duration
and degree of sea-level fluctuations during the MSC has
recently been presented by CIESM (2008). Notably, basinal
evaporites up to some km in thickness have been intensely
studied by means of seismic reflection surveys, revealing
differences west and east of the Sicily Strait (Fig. 1; see
below). Based on individual water budgets for the basins, it
has been speculated that, during the MSC, the western and
eastern basins became separated at the Sicily Sill, located
southwest of Sicily.

Because the Sicily Sill is located in the southern part of
the Apennines-Calabrian arc (e.g. Dewey et al. 1989;
Gueguen et al. 1998; Gelabert et al. 2002), a tectonically
active zone, its depth cannot be precisely reconstructed with
available data. Nevertheless, Blanc (2006) demonstrated
that the timing of accumulation of evaporites in the western
and eastern basins is directly linked to the depth position of
this swell. During an early phase of the MSC, the western
basin water level supposedly reached the sill’s top, and the

35°N N i
7" Bayof Oran «/"
s v

water level remained constant for some thousand years in
this basin, while inflowing water from the Atlantic was
bypassed from the western to the eastern basin.
Alternatively, numerical simulations of Messinian sea-
level fluctuations by Meijer and Krijgsman (2005) and
Gargani and Rigollet (2007) showed that, from the time of
sea-level drop below the Sicily Sill, the two basins evolved
individually. Later, during the reflooding stage (Zanclean
flood) of the Mediterranean Sea, the western basin was
filled first until the height of the sill was reached (Meijer
and Krijgsman 2005). Afterwards, the water spilled over
the sill into the eastern basin, where sea level started to rise.
The assumption underlying the model of Meijer and
Krijgsman (2005) was that the inflow rate of Atlantic water
into the Mediterranean Sea equalled that of the present day.
This means that the geometry of the Gibraltar Strait would
have been the same as today. Furthermore, the depth of the
Sicily Sill was assumed to have been 300 m relative to
global sea level (i.e. equal to its present-day depth).
However, neither the inflow nor the depth of the sill are
precisely known. Accepting the assumptions of Meijer and

Sicily Strait

5°E 0°

5°W

10°W

15°W 20°W

Fig. 1 Bathymetric map of the Western Mediterranean basin, with the study areas indicated by arrows (GEBCO One Minute Grid). The western

and eastern basins are separated by the Strait of Sicily
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Krijgsman (2005), the bypass period of western Mediterra-
nean waters flowing into the eastern basin would have
lasted for some thousands of years, until sea level in the
eastern basin reached the height of the Sicily Sill. During
this time interval, sea level in the western basin would have
remained constant (Meijer and Krijgsman 2005; Fig. 2).
However, by examining the scenario for a wider and deeper
Gibraltar Strait geometry, and the resulting higher inflow
rate, Meijer and Krijgsman state that the refilling of the
Mediterranean could have been completed much faster.
According to Gargani and Rigollet (2007), repeated sea-
level fluctuations occurred during the MSC. It can be
hypothesized that recurring sea-level stagnancy at the
height of the Sicily Sill accompanied each refilling phase.

Blanc (2002) modelled the Zanclean flood in terms of
erosional mechanisms at the gateway between the Atlantic
and Mediterranean, proposing that a change in geometry
due to erosion resulted in increased inflow rates and flow
velocities and, consequently, a much faster (11 years)
refilling of the Mediterranean. Recently, Garcia-
Castellanos et al. (2009) observed erosive channels in the
subsurface west and east of the Gibraltar Strait, based on
seismic and well data. They concluded that these channels
are interconnected and that they were eroded during the
terminal flooding of the Mediterranean, and calculated
dramatically high inflow rates and velocities at the Gibraltar
Strait. The refilling of the western basin would have
occurred within 500 days until the height of the Sicily Sill
was reached, followed by a 300-day overspill phase into the
eastern basin and another 150 days until complete refilling
of the entire Mediterranean.

Sea-level stillstands are inherent to both conflicting
models described above. In the case of an extended
stagnancy in the western Mediterranean basin, however,
erosional cliffs and terraces are expected to have formed at

L - e — depth of Sicily Sill { 1
1000
E ‘\
2000
i) SN J
1] F —1
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Western Mediterranean
4000 Eastern Mediterranean [

0 2 4 6 8 10 12 14
time (10° years)

Fig. 2 Modelled sea-level curves for the Western and Eastern
Mediterranean (from Meijer and Krijgsman 2005). The sea level in
the western and eastern basins evolved differently from the time it
dropped below the depth of the Sicilian Sill. The assumptions for this
model are the present-day geometry and inflow rates at the Gibraltar
Strait and a depth of the Sicily Sill of 300 m. The reflooding of the
western basin was rapid until sea level reached the height of the sill,
after which sea level remained constant for about 2,000 years

the corresponding position of sea level. Although numerous
studies based on seismic reflection data indicate sub-aerial
erosion during the MSC, there is a lack of systematic
investigations of the Messinian Unconformity at shallow
depths. More precisely, for the identification of any
erosional features linked to sea-level stagnancies at the
level of the Sicily Sill, extensive mapping of this depth
interval is needed. Indeed, interpretation based on single
profiles is problematic for the discrimination between
erosional terraces and other features like incised valleys,
fault scarps or head scarps of submarine slides.

In search of evidence of such sea-level stagnancies at the
Sicily Sill, and of the duration of stagnant water levels in
the Western Mediterranean, we evaluated seismic reflection
data from the south-western shelf of Mallorca Island, the
Bay of Oran and the Alboran Ridge (Fig. 1), collected in
summer 2006 during the CARBMED research cruise M69/
1 aboard the R/V Meteor (Hiibscher et al. 2010). The data
further allow constraining the palaco-depth of the Sicily
Sill.

Messinian Salinity Crisis
Deep basin stratigraphy

Current understanding of the Messinian palaco-environment
is based mostly on studies of exposed sedimentary succes-
sions in peri-Mediterranean basins (e.g. Crete, Sicily, Cyprus,
southern Spain; Clauzon et al. 1996; Riding et al. 1998;
Butler et al. 1999; Rouchy and Caruso 2006). However, such
marginal basins represent only ~5% of all Messinian
evaporites. Our knowledge of the deep basinal evaporites
comes largely from seismic reflection data, which can be
considered as the most important archive of Messinian
environmental changes (Hiibscher et al. 2007). Seismic units
of MSC deposits have been investigated in several sub-
basins of the Western Mediterranean, including along the
Ligurian margin (Savoye and Piper 1991), and in the Gulf of
Lion (Lofi et al. 2005) and the Valencian Basin (Maillard et
al. 2006). Here, three units with distinct seismic facies have
been identified (Montadert et al. 1970), formerly labelled the
lower evaporite, salt and upper evaporite units. Recently, the
nomenclature has been modified to the lower, mobile and
upper units respectively (Lofi et al. 2010). East of the Sicily
Strait, seismic studies of basinal evaporites concentrated on
the Cyprus Arc (Bridge et al. 2005; Hall et al. 2005;
Hiibscher et al. 2009), the Nile cone (Loncke et al. 2004,
2006) and the Levantine Basin (Mart and Bengai 1982;
Garfunkel and Almagor 1984; Cohen 1993; Bertoni and
Cartwright 2006, 2007). Up to six evaporitic sequences can
be traced throughout the Levantine Basin (Hiibscher et al.
2007). The differing stratigraphy of basinal evaporites west
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and east of the Sicily Sill suggests a separation of the
Western and Eastern Mediterranean basins and, consequently,
individual water budgets being responsible for the formation
of evaporitic sequences.

Messinian erosional surfaces

The MSC sea-level drawdown resulted in sub-aerial
exposure of the continental slopes and triggered massive
erosion, canyon development, and the deposition of detritus
on the lower slopes and adjacent fringing abyssal plains
(Rizzini et al. 1978; Clauzon et al. 1996; Lofi et al. 2005;
Sage et al. 2005; Bertoni and Cartwright 2006, 2007,
Maillard et al. 2006, 2010). Several erosion surfaces have
been evidenced on seismic data, labelled as the MES (for
margin erosion surface, after Sage et al. 2005), BES (for
bottom erosion surface, after Maillard et al. 2006), IES
(intermediate erosion surface) and TES (for top erosion
surface, after Maillard et al. 2006). For a recent detailed
overview, the reader is referred to Lofi et al. (2010) and
references therein.

The MES is a widespread unconformity commonly
interpreted as resulting from several phases of sub-aerial
erosion. It is overlain by Plio-Pleistocene deposits and
extends downslope to the onlap point of the deep basin
Messinian trilogy deposits. There it passes laterally to the
BES, TES and IES, each of these erosion surfaces being
defined based on their relationship to the downslope
Messinian units. Since the pre-Messinian marine sediments
were eroded mainly during the MSC, there is a sharp
contrast between the reflection characteristics of the
consolidated strata beneath the MES and of the lower
Pliocene strata deposited under marine conditions after the
reflooding of the Mediterranean (Barber 1981; Stampfli and
Hocker 1989; Lofi et al. 2005).

Physical and tectonic setting

The Mediterranean Sea is a semi-enclosed marginal sea
located between southern Europe and North Africa,
connected to the Atlantic Ocean through the Strait of
Gibraltar, and comprising a western and an eastern basin
(Fig. 1), each consisting of several sub-basins. The gateway
between the western and eastern basins is a relatively
narrow seaway around Sicily, separating the Italian penin-
sula from North Africa. At the Sicily Sill, the present-day
water depth is about 300 m.

The Western Mediterranean has undergone a complex
tectonic evolution, Gelabert et al. (2002) recognizing three
stages: during the first stage, which lasted from the latest
Cretaceous until the Eocene—Oligocene transition, E-W-
striking subduction of Tethyan oceanic crust beneath the
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Iberian and the Austroalpine-Apulian plate occurred.
During the Early Oligocene (second stage), the Balearics,
Corsica and Sardinia collided with Iberia and the continen-
tal blocks of the Internal Zone of the Betics and Rif (Jolivet
and Faccenna 2000). From the Late Oligocene until the
Middle Miocene (third stage), extensional conditions led to
thinning of the continental crust in basins and the formation
of back-arc basins (e.g. Gelabert et al. 2002).

The opening of the western Mediterranean basins
occurred during the last 30 Ma. The westward subduction
(Apennines-Maghrebides arc) of Tethyan crust initiated an
extensional tectonic regime in the back-arc zone (e.g.
Dewey et al. 1989; Gueguen et al. 1998; Gelabert et al.
2002). Due to changing convergence rates and velocities,
the subduction zone retreated eastwards to its present-day
position beneath the Italian peninsular, reaching down to
Calabria and turning west via Sicily to the North African
margin (for details see Gueguen et al. 1998; Faccenna et al.
2001).

Sicily Strait

The Central Mediterranean has a complex tectonic history
because of the convergence between Africa and Europe
(see above). Sicily is located above the Apennines-
Calabrian convergence zone and was therefore affected by
complex tectonics during the Cainozoic.

The tectonic configuration of the Sicily Strait has been
reconstructed for Eocene to Recent times by Reeder et al.
(2002). During the Eocene, Neo-Tethyan crust existed
between southern Europe (Corsica, Sardinia and the
Balearic Islands) and northern Africa (Tunisia, Sicily;
Dewey et al. 1989). During the Oligocene and Miocene,
the eastward retreat of the Apennines-Calabrian arc caused
a reorganisation of the plate boundaries. By the end of the
Miocene, the present-day tectonic configuration was
developed (Dewey et al. 1989; Reeder et al. 2002). Using
the base levels of Western Mediterranean rivers incised
during sea-level stagnancy in the western basin, Blanc
(2006) reconstructed the depth of the Sicily Sill during the
MSC as ranging from 350—400 m relative to present-day
sea level.

SW shelf of Mallorca Island

The study area off Mallorca Island comprises the SW shelf
and shelf slope in prolongation of the Campos Basin
(Fig. 3). The shelf is between 100 and 150 m deep, and the
seafloor descends in a SW direction to the Mallorca
Channel, where water depths reach 1,000 m. In the
southeast the shelf is bounded by the Emile Baudot
Escarpment, which has a very steep slope, descending to
water depths exceeding 2,400 m.
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Fig. 3 Bathymetric map (m) of
the SW shelf off Mallorca
Island. Lines Seismic profiles,
red lines profiles shown in
Figs. 6, 7 and 8; violet mapped
wide terraces with cliffs, white
change in dip of the MES;

dotted lines inferred continua- 39°30°N
tion of terraces between the
profiles
39°00°N
2°00'E

During the latest Oligocene and the Early Miocene, the
anticlockwise rotation of the Corso-Sardinic block (Mon-
tigny et al. 1981) led to extension and crustal thinning
between Iberia and the Balearic Promontory. As a conse-
quence, the Valencian Trough was opened (Vegas 1992).
During the Early Miocene, the Alboran Microplate started
to drift westwards, thereby imposing a compressional
tectonic regime on the Balearics. Mesozoic rocks,
consisting mainly of carbonates (Barnolas and Simé 1984;
Alvaro et al. 1989), were incorporated into the Alpine
fold-and-thrust belt during this phase. In the Late Miocene,
the persisting rotation of the Corso-Sardinic block and the
opening of the South Balearic-Algerian Basin caused an
extensional regime on Mallorca. During this phase evolved
both the main horst and graben structure, consisting of
Mesozoic and partially Palaeozoic basement (Jenkyns et al.
1990), and the small basins on the island (Pomar 1979).
From Miocene to Pliocene times, carbonate sediments
accumulated in these basins, onlapping onto the faulted
blocks (Pomar and Ward 1994; Alonso-Zarza et al. 2003
and references therein).

The SW shelf of Mallorca represents the seaward
prolongation of the upper Miocene Llucmajor carbonate
platform and of the Campos Basin. The top of the
Llucmajor platform lies today about 70 m above sea level.
The Campos Basin subsided during the Pleistocene (Pomar
and Ward 1994). Mesozoic and Neogene carbonates are
only slightly tilted, due to normal and strike-slip faulting
(Pomar 2001).

3°00'E

Earlier seismic data of the Mallorca Channel and the
continental slope adjacent to our study area were acquired by
Acosta et al. (2001, 2003, 2004), showing an unconformity
truncating the poorly to well stratified underlying unit. They
interpreted this horizon as the MES (labelled Messinian
Unconformity in Acosta et al. 2001, 2003, 2004). In the
Mallorca Channel, the MES is at a relatively deep position
(approx. 1 s two-way traveltime; Acosta et al. 2004), but
ascends to approx. 0.5 s TWT at the shelf slope (Acosta et al.
2001). The unconformity shows an irregular topography and
has an erosional appearance. Above this horizon, two units
were interpreted to have been deposited during the latest
Messinian to Quaternary. According to Acosta et al., the
post-Messinian succession is faulted due mainly to gravita-
tional, rather than deep-rooted processes (cf. the latter would
indicate vertical movement). One of their published survey
lines extends into our new survey area, thus allowing
correlating the stratigraphy in both datasets.

Bay of Oran

The Bay of Oran is semi-oval in shape and extends 30 km
in a W-E direction. The study area includes the shelf and
the continental slope down to a water depth of 1,000 m
(Fig. 4). The Yusuf Fault is a NW-SE-oriented strike-slip
fault which takes a W—E direction west of the Bay of Oran
(Ballesteros et al. 2008). According to Domzig et al.
(2006), a branch of this fault may extend into the region
of the bay (Fig. 4).
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Fig. 4 Bathymetric map (m) of 36°00'N -
the Bay of Oran (Algeria). Lines
Seismic profiles, red lines pro- om |
files shown in Figs. 9 and 10; 1
white mapped terraces of the
MES correlated between the |
profiles; dotted lines inferred 35°55'N -500 m
continuation of terraces between |
the profiles {
'+ -1000 m
35°50'N
-1500 m
-2000 m
35°45'N
-2500 m
-3000 m
35740'N
0°50' W 0°45'W 0°40'W 0°35'W 0°30'W 0°25'W 0200 W

The structural and geological setting in the vicinity of
Oran is dominated by the southward thrusts of the External
Tell, which formed during the Alpine continental collision
(de Lamotte et al. 2000). Folded and faulted Mesozoic
carbonates of the former southern margin of the Tethys are
unconformably overlain by post-orogenic Miocene marine
to coastal sediments (Cornet et al. 1952). From adjacent
areas southwest of Oran, some Messinian carbonate plat-
forms are known which evolved on folded Mesozoic
basement (Rouchy and Saint Martin 1992; Cornée et al.
1994 and references therein). The continental margin is
characterized by a steep north-dipping escarpment, with
possible normal faulting. Onshore, marine terraces of the
last interglacial (marine isotope stage 5) have uplifted at
rates of approx. 0.02 mm/year (Bouhadad 2001), indicating
active deformation in Oran Bay. Betzler et al. (2010)
observed that Holocene carbonate production occurs on the
shelf in the bay itself. Also, those authors found siliciclas-
tics close to the modern shoreline, but not on the outer
shelf.

At present, seismic activity in the region of Oran is
moderate in terms of intensity or magnitude, and charac-
terised by long recurrence periods (Bouhadad 2001), two
M<S5 earthquakes having occurred in 1889 and 1959.
Stronger seismic events were recorded in 1790 (Oran,
intensity I=XI) and 1994 (Mascara earthquake, M 6.0), with
a high death toll (Ayadi et al. 2002). Generally, the focal
mechanisms showed thrust-related dissolution (Bouhadad
2001), whereby strike-slip faults had a dextral component
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on N110-130-trending fault planes (Ayadi et al. 2002). This
is in accordance with the movement and seismicity along
the Yusuf Fault in the western Alboran Sea. Existing
bathymetry and seismic data for the Oran region do not
show any significant recent offshore tectonic activity, with
the exception of the Yusuf Fault (Domzig et al. 2006).

Alboran Ridge

The Alboran Ridge is a SW-NE elongated basement high
with a length of 180 km and a width of 30 km (Fig. 5),
rising up to 1,000 m above the surrounding abyssal plain
and forming Alboran Island. The ridge consists of mag-
matic and metamorphic rocks (Maldonado et al. 1992 and
references therein), while Alboran Island is composed
mainly of volcaniclastic rocks on a metamorphic basement
(Hoernle et al. 2003). The volcanic rocks are about 9.3 Ma
old (Duggen et al. 2004). The Alboran Ridge developed
due to compressional activity during the Tortonian to the
Present (Bourgois et al. 1992).

Drilling during ODP Leg 161 was performed in several
regions of the Alboran Sea, revealing that the oldest
sediments are derived from Early Miocene rocks and
overlie the metamorphic basement. Sedimentation contin-
ued until the MSC. An erosional surface represents the
MES (Campillo et al. 1992; Maldonado et al. 1992), and
deposition was re-established after the MSC.

Evidence for Pleistocene to Holocene deformation was
found in seismic sections of the ridge (Comas et al. 1999),
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Fig. 5 Bathymetric map (m) of the Alboran Ridge. Lines Seismic profiles, red lines profiles shown in Figs. 11 and 12; violet mapped terraces of

the MES

where the MES is characterised by an angular unconformi-
ty. Site 976 in the West Alboran Basin reveals two periods
of subsidence, one at 11-10.7 Ma (rate of 3 km/10° years),
another at 2.5-0 Ma (rate of 0.5 km/10° years), as well as
uplift at 5-2.5 Ma (Comas et al. 1999). Compressional
structures have been identified along both the southern and
the northern flanks of the ridge. On the southern flank,
fault-related uplifting and folding can be found within the
Pliocene—Holocene sediments. Comas et al. (1999) pro-
posed that both uplifting due to folding and faulting
occurred at different locations along the Alboran Ridge
since Late Miocene times. Furthermore, based on a fault
population analysis Maestro-Gonzalez et al. (2008) con-
cluded a reactivation of basement faults at the ridge due to
compression during the late Tortonian and Messinian.
These authors suggest that the compressional regime
probably prevailed also during more recent times.

Materials and methods

Seismic data were acquired using a 600-m-long digital
streamer incorporating 144 channels (Mallorca), a 150-m-
long 24-channel analog streamer (Bay of Oran and Alboran
Ridge), and two GI-guns as seismic sources. The volumes for
the generator and injector were 45 and 105 cubic inches

respectively, and the pressure within the air chambers was
kept constant at 140 bar. The shot distance was 25 m.

For the datasets from the Oran and Alboran study areas, a
CMP (common midpoint)-based data processing procedure
was used (editing, geometry processing, interactive velocity
analysis, stacking, post-stack time migration). The dataset
from the Mallorca study area was processed using a CRS
(common reflection surface) stacking routine (Mann 2002).
The procedure includes stacking over a hyperbolic area and,
thus, over neighbouring CMPs. As a result, the fold is
increased and, thereby, the data quality (e.g. S/N ratio). The
main frequencies were 20-160 Hz for all three study areas.
Assigned depths were calculated assuming a seismic velocity
of 1,500 m/s for the water column and an average velocity of
1,800 m/s for the post-Messinian sediments.

Seismo-stratigraphic interpretation incorporates previously
published information from surrounding areas such as the
Valencian Trough (Maillard et al. 2006), the Mallorca and
Ibiza channels (Acosta et al. 2003, 2004) and the Alboran
Sea (Comas et al. 1999). The correlation was performed on
the basis of specific acoustic facies characteristics of
individual seismic units and the occurrence of prominent
horizons—e.g. the MES.

The locations of seismic profiles acquired during the
M69/1 cruise are illustrated in Figs. 3, 4 and 5. Of these,
seven are reported in more detail below.
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Results
SW shelf of Mallorca

Three seismic profiles from the south-western shelf of
Mallorca cover the shelf and upper slope (Figs. 6, 7 and 8).
The profile in Fig. 6 has a length of 18 km. In the proximal
part, the water depth is about 75 m and the seafloor
descends basinwards to a depth of 300 m. The profile in
Fig. 7 has a length of about 23 km. On the shallow shelf,
the water depth is about 75 m and the seafloor descends
south-westwards to 450 m. The profile in Fig. 8 has a
length of about 27 km and also strikes perpendicular to the
bathymetric contours. In the shallower part of the profile,
the water depth is 75-150 m. The seafloor descends to a
depth of 375 m towards the SW.

In all seismic profiles for this study area, we identified a
prominent high-amplitude reflection with an erosive char-
acter in the proximal part of the profiles. This reflection
correlates well with the MES of the seismic lines of Acosta
et al. (2004). In Fig. 6, the MES is located at 0.55 s TWT in
the proximal part, and ascends coastwards to the seafloor,
truncating several strong reflections at about 0.5-0.48 s
TWT. Adjacent to this truncation, a terrace about 1.5 km
wide is present at 0.48 s TWT.

In the distal part of the seismic section in Fig. 7, the
MES is downfaulted by 0.05 s TWT. Coastwards of this
morphological step, the MES occurs at 0.75 s TWT and
ascends at an angle of 1.4° up to a TWT of 0.48 s (approx.
400 m). At this depth, a change in dip is observed, the MES
becoming nearly horizontal (0.4°). Coastwards of this 400-
m-wide terrace, the MES ascends to 0.34 s TWT (1.5°)
before rising more steeply up to 0.19 s TWT. In the

Fig. 6 Seismic section from SW
the SW shelf of Mallorca

(for location, see Fig. 3; VE
vertical exaggeration). The MES
(red line) truncates internal
reflections of the underlying
unit at about 0.45 s TWT (red
arrow), and is overlain by a unit
with relatively weak reflections
which merges upwards into a
unit with strong reflections
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Fig. 7 Seismic section from the SW shelf of Mallorca (for location,
see Fig. 3; VE vertical exaggeration). In the distal part a fault can be
seen, the MES (red line) being displaced by about 30 m. The MES
ascends up to a TWT of 0.48 s with an angle of 1.4°. At 0.48 s TWT,
the MES has a gentle dip of 0.4° for about 1 km. Coastwards, it
proceeds more steeply to 0.38 s TWT, where it ascends even more
steeply to 0.19 s TWT

proximal part of the profile, the MES has an irregular, near-
horizontal morphology.

In Fig. 8, the MES is observed at about 0.8 s TWT in
the distal part and at 0.2 s TWT in the proximal part. At
about 0.45 s TWT (approx. 380 m), it forms an approx.
1.5-km-wide terrace and a morphologic step; an incision
into the underlying unit can be clearly seen at the foot of
this step. This change in morphology occurs at a relatively
constant depth interval (380-400 m) in all available
seismic data from the Mallorcan shelf, except for one
profile. In this profile (not shown), a depression in the
MES occurs at 0.45 s TWT, but here the morphology of
the underlying unit is generally irregular. The changes in
MES morphology on the SW shelf of Mallorca and, in

NE
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Fig. 8 Seismic section from the SW shelf of Mallorca (for location,
see Fig. 3; VE vertical exaggeration). At about 0.45 s TWT, the MES
(red line) is incised into the underlying unit (red arrow) and forms a
step-like feature about 1.5 km wide. Coastwards, the MES ascends
steeply to 0.22 s TWT. Above it, a unit comprising relatively weak
reflections is itself truncated at the top. This unconformity is
characterized by incisions in the proximal part (green arrows),
whereas the transition between the two units is more successive in
the distal part

particular, the locations of terraces and cliffs are indicated
in Fig. 3.

In all seismic profiles, the MES is overlain by two
distinct units with different acoustic facies. The lower unit
consists of generally continuous, low-amplitude internal
reflections parallel or sub-parallel to the MES. In Figs. 6
and 7, undulations in these reflections mirror the irregular-
ities of the MES, and gradually diminish upwards. This
lower unit is superimposed by a high-amplitude unit. The
transition is marked by an increase in the amplitude of
concordant reflections. In Fig. 8, an unconformity marks
the boundary between the low-amplitude unit and the
overlying unit. In the proximal part of this profile, channels
are incised into the low-amplitude unit. The infill deposits

TWT (s)

Fig. 9 Seismic section from the Bay of Oran (for location, see Fig. 4;
VE vertical exaggeration). At about 0.35 s TWT, a morphologic
terrace can be seen (red arrow) in the prominent reflection (red line).
This terrace is about 1 km wide; coastwards, the reflection which
forms the terrace ascends to 0.18 s TWT. It is overlain by a transparent
unit comprising basinward-dipping clinoforms

Fig. 10 Seismic section from the Bay of Oran (for location, see
Fig. 4; VE vertical exaggeration). A strong reflection (red line) forms a
terrace-like feature at about 0.35 s TWT (red arrow), about 500 m
wide. Coastwards, the strong reflection ascends to about 0.2 s TWT. In
the proximal part of the profile, the reflection is irregular and rugged,
probably due to former sub-aerial exposure. Superimposed on the
unconformity is a transparent seismic unit which itself is overlain by a
unit with basinward-dipping reflections. This latter unit is tilted due to
normal faulting in the distal part

of these channels correlate basinwards with higher-
amplitude reflections and, accordingly, with the high-
amplitude unit of Figs. 6 and 7. Figure 8 also shows a
sediment body which overlies the infill deposits of the
incised valleys. The internal reflections of the wedge dip
basinwards at an angle of about 1°. This unit is notably
present only in this seismic profile.

Bay of Oran

Figures 9 and 10 show seismic sections across the shelf
and the adjacent continental slope of the Bay of Oran, at
water depths of 75-150 m. The continental slope dips at
an angle of about 19°. Both profiles reveal an unconfor-
mity below the outer shelf deposits. This unconformity
forms a terrace at a TWT of about 0.38 s (320 m). In
Fig. 9, the width of this terrace is about 1 km, the
corresponding value being about 800 m in Fig. 10. This
terrace has been identified on four profiles from this study
area (Fig. 4), the unconformity being masked by the
seafloor multiple on other profiles.

Coastwards, the unconformity ascends to a TWT of
about 0.18 s, where another hummocky terrace approx.
2 km wide is visible (Fig. 10). In this region, a truncation of
the underlying deposits at the unconformity can not be
clearly identified. Above the deeper terraces occurs a
prograding wedge composed of several dipping clinoforms;
basinwards, it is tilted due to normal faulting.

Alboran Ridge

Figures 11 and 12 show details of seismic profiles from the
northern flank of the Alboran Ridge. In Fig. 11, the seafloor
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Fig. 11 Seismic section from the Alboran Ridge (for location, see
Fig. 5; VE vertical exaggeration). At a TWT of about 0.43 s, a
reflection (red line) truncates the internal reflections of the underlying
unit and forms an approx. 150-m-wide, terrace-like feature (red
arrows). The unconformity is overlain by a transparent seismic unit
which, in its proximal part, is characterized by a few strong,
basinward-dipping reflections just beyond the seafloor

ascends from 0.4 s (300 m) to 0.15 s TWT (112 m). A
distinct unconformity underlies the platform edge at
approx. 200 ms TWT below the seafloor. At a TWT of
0.43 s (360 m), underlying reflections are clearly truncated
at the unconformity. The unconformity shows a change in
dip indicating a 250-m-wide terrace-like feature, above
which a transparent seismic unit occurs. Close to the
seafloor, some high-amplitude reflections dip basinwards.
In Fig. 12, the seafloor ascends from 0.67 s (502 m) to
0.14 s TWT (105 m). There is a significant change in dip of
the seafloor at 0.15 s TWT (112 m), which marks the margin
of the flat-topped ridge. At about 0.45 s TWT (approx.
360 m), a 350-m-wide terrace-like feature similar to that in

Fig. 12 Seismic section from the Alboran Ridge (for location, see
Fig. 5; VE vertical exaggeration). An irregular rugged reflection (red
line) at about 0.43 s TWT represents an erosional unconformity (red
arrow). As in the case of the Bay of Oran (Fig. 10), this unconformity
is overlain by a transparent seismic unit above which basinward-
dipping clinoforms are visible

@ Springer

Fig. 10 is present. A transparent seismic unit is again
observed to be superimposed on the unconformity. The
terrace-like feature was clearly identified on four profiles,
mainly along the northern flank of the ridge (Fig. 5).

Discussion and conclusions
Stratigraphy
Mallorca

On the seismic profiles off Mallorca, the morphology of the
MES resembles an embayment with cliffs and terraces at its
margins but a much smoother morphology at its centre
(Fig. 3). This laterally changing MES morphology probably
reflects the existence of calmer hydrodynamic conditions in
the interior part of the embayment and higher energy along
the offshore margins. The transparent unit overlying the
MES consists of lower Pliocene sediments, and has been
identified in many other parts of the Mediterranean (e.g.
Acosta et al. 2004; Maillard et al. 2006). Because of the
low reflection amplitudes, it is likely that this unit is
composed of hemipelagic sediments which have accumu-
lated during a sea-level highstand. The incisions at the top
of this unit can be related to a drop in sea level, presumably
dating to the Mid or Late Pliocene. The infill deposits, as
well as their distal equivalents, accumulated during the
subsequent sea-level rise and highstand. The superimposed
sediment body on Fig. 8 with basinward-dipping reflections
is interpreted to have formed during Pleistocene to
Holocene times.

Bay of Oran

No seismic data from the Bay of Oran have previously been
published and the stratigraphy can not be linked to any well
data. However, marine and coastal sediments of Neogene
age occur in the vicinity of Oran (Cornet et al. 1952).
Furthermore, Miocene carbonate platforms are known from
onshore sites NW of Oran (Cornée et al. 1994). In the
seismic data, a distinct unconformity can be recognized at
the base of the progradational unit. There is no indication of
sub-aerial exposure within this superimposed unit. We
therefore interpret the unconformity as the MES, at which
underlying rocks have been eroded during the MSC. The
progradational unit is most likely composed mainly of
carbonates which were produced on the shelf and exported
to the continental slope since the Pliocene. This interpre-
tation is corroborated by the analytical data of Betzler et al.
(2010), who found Holocene carbonates unconformably
overlying Miocene to Pliocene or older rocks on the outer
shelf.
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Alboran Ridge

Seismic and sedimentologic data from the Alboran Basin
show that the sediments have accumulated on a folded
metamorphic basement, while the seismic data from the
Alboran Ridge reveal that it is composed of volcaniclastic and
volcanic rocks (Hoernle et al. 2003; Duggen et al. 2004).
Betzler et al. (2010) show that neritic carbonates are produced
on the ridge, which probably was also the case during past
episodes of sea-level highstands. Our data suggest that
sediments are present on the ridge crest as well as on its
flanks. An erosional surface can be seen in the seismic sections
which we interpret as the MES. Although the composition of
the basement rocks (carbonates or volcaniclastics) is unclear,
the pattern of basinward-dipping reflections below the MES
suggests the presence of sedimentary strata.

Since terrigenous input from adjacent areas can be
neglected, we conclude that the superimposed transparent
unit, which partly shows dipping reflections above the
MES, consists of material exported from the ridge crest,
which is expected to represent an admixture of volcani-
clastics and carbonates.

Evolution of erosional terraces

In each of the investigated areas, terrace-like features and
morphologic elongated steps coastwards of these are
observed along a high-amplitude reflection. Commonly,
these may result from normal faulting or submarine
landsliding. Assuming faulting, the step would represent
the fault plane of the footwall block. If the step is
considered to result from mass wasting, it would represent
a head scarp upslope of the slide (Locat and Lee 2002).
However, a deep-rooted fault should also be observable in
the seismic data in the downward prolongation of the
escarpment, which is not the case. Furthermore, the spatial
extent of a normal fault should be linear. If the escarpment
is considered to result from sliding, a curved head scarp
should have the concave side facing the basin (Lewis 1971;

western basin
*erosion, terraces

Dingle 1977). However, these diagnostic features differ
from the mapped escarpment and terrace morphology. Off
Mallorca, the morphologic step and terraces are present
only at the offshore margins of an embayment-like feature,
and not in its interior part (Fig. 3). In the Bay of Oran, the
step is bended with the convex side facing the deep basin
(Fig. 4). At the Alboran Ridge, no distinct step has been
observed, which rules out the presence of faulting or
sliding. Thus, we conclude that the terraces are formed by
erosion and, consequently, the elongated steps represent
cliffs which were generated during the MSC.

The presence of terraces at similar depths in three
different study areas strongly suggests that a common
regional event triggered their development. The notion of a
constant sea level in the Western Mediterranean at the depth
of the Sicily Sill during the MSC, as proposed by Blanc
(2000, 2006) and Meijer and Krijgsman (2005), is
consistent with these observations if the terraces evolved
contemporaneously and at essentially the same depth.

In the Bay of Oran, the TWT of these terraces
corresponds to a depth of approx. 320 m, whereas in the
study area on the Alboran Ridge they are found at about
360 m depth. Off Mallorca, the erosional truncation and the
terraces of the MES are present at a depth of about 380 m
(cf. all values calculated using a velocity of 1,500 m/s for
the water column and 1,800 m/s within the sediments).
These slight differences in terrace depths could be
explained by distinct subsidence and uplift rates in the
various study areas. Late Miocene reefs exist about 70 m
above present-day sea level in the hinterland of Mallorca
(Pomar 1979; Pomar and Ward 1995). According to Haq et
al. (1987), sea level was about 70—80 m higher in the Late
Miocene than today, but lower values (50—-60 m higher sea
level) have recently been published (e.g. Miiller et al.
2008). Although subsidence during the Pleistocene in the
Campos Basin was reported by Pomar and Ward (1995), we
conclude that the study area off Mallorca has been relatively
stable in terms of vertical movements since the Miocene.
The difference between the depths of the Mallorcan and the

eastern basin

\

Sicily Sill

Fig. 13 Schematic sketch illustrating the development of the MES
and associated terraces in the Western Mediterranean. During flooding
or drawdown events, water overflowed into the eastern basin, while
the sea level in the western basin remained constant. These events

triggered the development of erosional terraces due to abrasion,
dissolution and karstification close to sea level on western Mediter-
ranean continental margins
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Alboran Ridge terraces corresponds to an uplift rate of
0.004 mm/year at the ridge, which is consistent with data
reported by Comas et al. (1999). In the study area off Oran,
the calculated uplift rate based on terrace depth is about
0.012 mm/year in terms of a stable Mallorca scenario. This
value is in the order of previously published uplift rates
(0.02 mm/year) since the last interglacial (Bouhadad
2001).

As our observations reflect the postulated uplift trends in
the Oran (Bouhadad 2001) and Alboran region (Bourgois et
al. 1992; Comas et al. 1999; Maestro-Gonzalez et al. 2008),
and a possible minor subsidence trend oft Mallorca (Pomar
and Ward 1995), we infer a contemporaneous development
of the terraces at essentially the same depth in these areas.

Implication of occurrences of erosional terraces

Considering the sea-level history of the Mediterranean
basins during the MSC, the Sicily Sill is of central
importance. According to our interpretation for the
sediment-starved continental slopes investigated in this
paper, the margin erosion surface was shaped during
periods of sea-level stagnancy when water from the western
Mediterranean Sea overflowed into the eastern basin.
During these stillstands, hydrodynamic processes and,
accordingly, mechanical abrasion resulted in massive
erosion of MSC and older deposits. In addition, intensified
dissolution and karstification at or close to the sea level
could have contributed to the development of the observed
terraces and cliffs (Fig. 13).

Since the stratigraphy off Mallorca suggests that no
significant uplift or subsidence occurred after the Messi-
nian, we conclude that uplift must have occurred at the
Alboran Ridge and the Bay of Oran. Furthermore, we infer
that the palaeo-depth of the Sicily Sill corresponds to the
observed terrace depth of 380 m off Mallorca, thereby
contributing to the ongoing debate about the Sicily Sill
depth during the MSC. It remains unclear whether this
erosion appeared during the sea-level drawdown (Blanc
2000, 2006), during sea-level fluctuation in the MSC
(Gargani and Rigollet 2007) or during the terminal flooding
at the end of the MSC (Meijer and Krijgsman 2005). In the
case of rapid flooding (Blanc 2000, 2006; Garcia-
Castellanos et al. 2009), hydrodynamic processes would
not have the potential for massive erosion of the subsurface.
Even within such a scenario, however, modelling of the
genesis of evaporitic sequences in the Mediterranean
suggests that, during an early drawdown of the sea level,
water spilled over the Sicily Sill and stagnated in the
western basin during some thousand years (Blanc 2000,
2006). Such a protracted period of sea-level stagnancy
would plausibly suffice to erode the continental shelves and
to produce the detected terraces. Consequently, our obser-
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vations support all those scenarios which accommodate
long-term sea-level stagnancies during the MSC.

Future work should focus on areas of minor sediment input
to validate this hypothesis. In such settings, the geometries of
the continental slopes are essentially affected only by
hydrodynamic processes—e.g. erosion at the wave base or in
the breaker zone. Such data could provide valuable information
on the sea-level history of the time period in question.
Furthermore, if this concept were to be verified at other
locations of a wider study region, this would be a valuable tool
for reconstructing subsidence and uplift rates along the Western
Mediterranean margins since the Messinian Salinity Crisis.
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