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Abstract

The Canary Basin lies in a region of strong interaction between the atmospheric and ocean circulation systems: Trade winds drive
seasonal coastal upwelling and dust storm outbreaks from the neighbouring Sahara desert are the major source of terrigenous
sediment. To investigate the forcing mechanisms for dust input and wind strength in the North Canary Basin, the temporal pattern of
variability of sedimentological and geochemical proxy records has been analysed in two sediment cores between latitudes 30°30'N and
31°40'N. Spectral analysis of the dust proxy records indicates that insolation changes related to eccentricity and precession are the
main periods of temporal variation in the record. Si/Al and grain-size of the terrigenous fraction show an increase in gla-
cial-interglacial transitions while Al concentration and Fe/Al ratio are both in phase with minima in the precessional index. Hence,
the results obtained show that the wind strength was intensified at Terminations. At times of maxima of Northern Hemisphere
seasonal insolation, when the African monsoon was enhanced, the North Canary Basin also received higher dust input. This result
suggests that the moisture brought by the monsoon may have increased the availability of dust in the source region. © 2001 Elsevier

Science Ltd. All rights reserved.

1. Introduction

Eolian sediment generated in the world’s arid and
semiarid regions with persistent dry winds is transported
over large distances and contributes to sediment in the
ocean basins (Prospero, 1996). Indeed, the Saharan re-
gion has been revealed as the major source of dust
particles to the deep-sea sediments of the North Atlantic
Ocean (Schiitz et al., 1981). Sedimentological and geo-
chemical analyses of sediments from deep-sea cores may
help to identify variations in continental aridity and wind
strength, thus helping to understand mechanisms in-
volved in climate change (see for example Sarnthein et al.,
1982; Stein, 1985). Changes in eolian grain size have been
used to investigate paleowind pathways off Northwest
Africa (Parkin and Shackleton, 1973). Pollen assem-
blages (Hooghiemstra et al., 1992; Marret and Turon,
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1994) and freshwater diatoms (Pokras and Mix, 1985,
1987) in marine cores have also been used as proxies
for wind strength. Mass accumulation rates (MAR)
of marine sediments free from biogenic and authigenic
components, can be used to study eolian sedimentation
(Clemens and Prell, 1990). In addition, mineral and geo-
chemical compositions, such as aluminium concentration
(Matthewson et al., 1995) or Fe/Al ratio (Bergametti
et al., 1989), are useful proxies to monitor changes in
aridity of the source areas. Therefore, sedimentological
and geochemical studies of deep-sea sediments may pro-
vide useful information about paleowind directions and
strength and continental climate.

In the study of marine sediments, Kolla et al. (1979)
pioneered the use of quartz as an indicator of eolian
transport to the Atlantic Ocean. They concluded that the
increase of wind strength and aridity were both higher
during the Last Glacial Maximum (LGM). Sarnthein et al.
(1981) and Hooghiemstra (1989) interpreted that wind
strength was enhanced during eccentricity-controlled
glacial periods on the basis of grain size and palynologi-
cal studies. In addition, Ruddiman (1997) proposed that

0277-3791/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0277-3791(00)00184-0



1328 A. Moreno et al. | Quaternary Science Reviews 20 (2001) 1327-1339

the high glacial influx of dust to the tropical Atlantic are
mainly due to changes in transport by winter winds,
rather than to glacial hyper-aridity. Recently, several
authors have highlighted the importance of the local
oceanographical conditions in the sedimentological re-
cord (Bertrand et al., 1996). In some Northwest African
records the higher dust input has been recognised at the
Oxygen Isotope Stage (OIS) 2-1 transition (Lézine and
Deneéfle, 1997; Martinez et al., 1999) thus questioning the
assumption that glacial stages were characterised by
stronger winds.

Several studies have linked dust input to climate vari-
ation in the source areas, thus providing a low-latitude
climate response to solar radiation. Matthewson et al.
(1995) and Tiedemann et al. (1989) interpret increments
in dust supply to an increase in aridity at the source. This
hypothesis is based on the relation between the humid-
ity/aridity cycles and the low-latitude insolation forcing
of the African monsoon. Therefore, in times of minima in
the precessional index, a higher seasonality leads to more
intense monsoons (Mclntyre et al., 1989). Wet intervals in
Northwestern Africa are recorded in lakes concomitantly
with intensifications in the monsoonal regime (Kutzbach
and Street-Perrott, 1985; Gasse et al., 1989; Lamb et al.,
1995). However, after mapping sand-dune extent on
North Africa, aridity has been related with Northern
Hemisphere glaciations instead of the precessional in-
solation timing (Sarnthein, 1978). In addition, results
from general circulation models (GCM) suggest that ice
sheets can affect African climate via changes in sea sur-
face temperatures over the North Atlantic Ocean (de-
Menocal and Rind, 1993a, b). In conclusion, the tempo of
aridity in Northwestern Africa during the Late Pleis-
tocene is still a matter of debate (Ruddiman, 1997).

In summary, the deep-sea sediment recorded under the
influence of Saharan dust plumes can provide the key to
test the previous hypotheses. The aim of this study is to
evaluate to which extent orbital forcing plays a key role
driving changes in dust input to the North Canary Basin
(NCB). Our wind strength proxies show a variation
mainly controlled by the 100-kyr cycle while the dust-
input record is modified by the seasonality implied by the
precessional insolation timing. Finally, the interpretation
of these results leads us to propose a conceptual model to
explain the variation of dust supply to the NCB over the
last 250 kyr.

2. Oceanographic and climatic setting

The Canary Basin lies in the recirculation regime link-
ing the Gulf Stream with the North Equatorial Current
via the Azores and Canary Currents (Klein and Siedler,
1989). At this latitude coastal upwelling is driven by the
interaction between the trade winds and the Canary
Current. Along the Northwestern African margin, the

trade winds show a pattern of seasonal variations. Thus,
dividing the Northwestern African margin into regions of
permanent and seasonal upwelling (Wooster et al., 1976;
Fitterer, 1983). North of latitude 25°N, the upwelling has
a seasonal character, being more active in spring and
summer, because of the seasonal shift in the location of
the subtropical high-pressure cell, which drives the trades
(Mittelstaedt, 1983). Although the upwelling zone is re-
stricted to the coast, satellite image has shown that large
upwelling filaments develop at specific coastal positions
such as Cape Ghir, Cape Blanc or Cape Yubi (Van Camp
etal., 1991; Gabric et al., 1993; Davenport et al., 1999). As
a result, the upwelling signal can be transported far
offshore.

The NCB is located in the path of long-range atmo-
spheric dust transport offshore the Northwestern Africa
(Prospero, 1996). Dust input into this area is controlled
by the Northeast Trade winds and the Saharan Air Layer
(SAL) wind systems (Sarnthein and Koopmann, 1980). At
present, major dust outbreaks that carry dust to the NCB
are linked with the northern branch of the SAL wind
system (Gelado-Caballero et al., 2000). These observa-
tions were also confirmed from modelling results
(Tetzlaff and Wolter, 1980) and by the calculations of
isentropic back-trajectories after satellite data (Bustos
et al, 1998). These Saharan winds transport particles
from the rim of the South Sahara and Sahel regions.
There the widespread lateritic soils and ferruginous
crusts give characteristic high Fe content to the dust
(Sarnthein et al., 1981).

The current dust input to the NCB was studied by
Gelado-Caballero et al. (2001). These authors have found
that the highest occurrence of dust outbreaks take place
in winter and summer related to two dominant meteoro-
logical scenarios. In winter, dust events occur favoured
by the weakening of the Azores High and the Intertropi-
cal Convergence Zone (ITCZ) is located southwards.
Bergametti et al. (1989) observed dust transport from
the Sahelian regions when the incursion of a polar
depression cuts the Azores High into two anticyclonic
cells, an oceanic and a continental one. In contrast,
dust outbreaks appear in summer when the high pressure
is centred around the Azores combined with a low-
pressure cell over Northern Africa, which favours
dust transport from a northern source (Gelado-
Caballero et al., 2001).

Up to now, the Sahelian origin of the dust was the
most accepted in the literature. However, Chiapello et al.
(1997) showed that the low-level summer trade
winds transport mineral aerosol from northeastern
Morocco to the Canary region. This conclusion
opens the possibility that indeed the sediment composi-
tion of the North Canary Basin may represent two
different sources. The predominance of one source over
the other may be related to the prevailing meteorological
scenario.
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3. Material and methods

The two cores studied, GeoB 4216-1 and GeoB 5559-2,
were retrieved during R/V METEOR cruises M37/1 and
M42/4b in years 1996 and 1998, respectively (Wefer et al.,
1997, 1998) (Table 1). The core sites were selected because
they are located in the path of present-day dust plumes
originating in the Sahara and hence the cores are ex-
pected to monitor changes in dust supply (Fig. 1). Fur-
thermore, Core GeoB 5559-2 has been recovered from
a seamount slope as far offshore as to avoid the effects of
sediment transported by coastal currents, thus holding
the best potential to record a pure eolian signal (Rea,
1994; Grousset et al., 1998).

Both cores were sampled on board with a resolution of
5cm using syringes. Water content, porosity and density
were measured on each sample by weighing a known
volume of sediment (ranging between 8 and 10 ml) before
and after drying at 80°C.

Grain-size distribution was measured after leaching
the carbonate fraction with a pH ammonium acetate
solution buffered at a pH of 4.0 and after oxidation of the
organic matter with 10% H,O,. This carbonate-organic
matter free fraction was analysed with a Coulter LS 100
laser particle size analyser (CLS), which is able to
measure a wide range of particles (between 0.4 and
800 pum). CLS precision and accuracy were tested running
several analyses with latex micro spheres of a known
diameter and through replicate analyses that gave a coef-
ficient of variation of 0.44%. The calculated parameters
are the median and the ratio between the particles
coarser than 2 um and the total of particles.

Sediment samples for X-ray fluorescence analyses were
ground and homogenised in an agate mortar. Glass discs
were prepared for major element determination by fusing
about 0.3g of ground bulk sediment with a Li tetra
borate flux. Pressing about 5 g of ground bulk sediment
into a briquet, with boric acid backing, produced the
discs for trace element analysis. Bulk sediment geochem-
istry of the samples was determined in a Philips PW 2400
sequential wavelength disperse X-ray spectrometer. The
following major elements, Al, P, K, Ca, Si, Mn, Ti, Fe,
Mg and Na, were calculated as oxides while the trace
elements, Ba, Mo, Nb, Zr, Y, Sr, Th, Pb, Sn, Ce, Ga, Zn,
W, Cu, Co, Ni, V were measured in ppm. After calib-
ration with international standards (GSS-1 to GSS-7),
the analytical precision was checked by replicate analyses
of samples. This was found to be lower than 0.8% for
major elements and about 4% for trace elements. All
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Fig. 1. Map of Northwest Africa showing the location of cores GeoB
5559-2 and GeoB 4216-1. Seasonal upwelling and filaments are out-
lined (light-shaded area) based on Van Camp et al. (1991), Hagen et al.
(1996) and Davenport et al. (1999). Arrows indicate the average position
of the present-day dominant wind systems and the Canary Current.

analyses were corrected for the contribution and dilution
effect of the sea-salt content of the dried sediment. Results
are presented after normalising the data to Al in order to
account for the metal variations with respect to the
variations of the aluminosilicate mineral fraction (Loring
and Rantala, 1992).

4. Isotopic analyses and age model

Stable oxygen isotope measurements on fine fraction
carbonate ( < 38 pum) of Core GeoB 5559-2 were made on
a Micromass PRISM (IRMS) mass spectrometer at the
Geological Institute, ETH Ziirich. Samples were hom-
ogenised by crushing before analysis. The analytical error
of the internal lab standard was maximally =+ 0.10%, for
5180. All data are reported relative to the PDB standard.

Compositional variations within the fine fraction can
significantly influence the stable isotopic stratigraphy
measured on the nanofossil fraction. For example, Paull
and Thierstein (1987) showed that oxygen and carbon
isotopic ratios of individual splits of the < 38 pm frac-
tion of deep-sea carbonate particles vary systematically
with size over a range of 1.25-4.09,. Low-diversity coc-
colith assemblage and other types of particles dominate

Table 1

Core data

Gravity core Cruise Longitude (N) Latitude (W) Depth (m) Core length (cm)
GeoB 4216 M 37/1 30°37'8 12°237 3,178 1,117

GeoB 5559 M 42/4b 31°38'7 13°112 2,324 585
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Fig. 2. Oxygen isotope records of GeoB 5559-2 plotted along coredepth (cm) and age (kyr) axes. Age control points based on the stacked record of
Martinson et al. (1987) are indicated (arrows). The small plateau in the §'80 GeoB 5559-2 curve during the last deglaciation could correspond to the
Younger Dryas (YD). The two intervals shaded (a volcanic ash layer and a foraminifera sand) were excluded before obtaining the age model to avoid
interpretative errors. SPECMAP curve (Martinson et al., 1987) and G. bulloides 580 curve from GeoB 4216-1 (Freudenthal et al., 2001) are shown for
comparison. Linear sedimentation rates (cm/kyr) and bulk accumulation rates (g/cm?kyr) from GeoB 5559-2 are also represented.

Table 2

Age control points based on the stacked record of Martinson et al.
(1987) for GeoB 5559-2. The corresponding isotopic events and linear
accumulation rates are also represented. Stratigraphy from Core GeoB
4216-1 has been elaborated in Freudenthal et al. (2001)

GeoB 5559-2
Depth (cm) Age (kyr) Event LSR (cm/kyr)
48 17.85 22 239
158 64.09 4.2 2.50
193 79.25 5.1 2.19
228 99.38 5.3 1.84
268 123.82 5.5 1.82
313 135.10 6.2 3.21
418 1833 6.6 1.38
443 196.06 7.1 1.92
493 215.54 7.3 2.73
538 240.19 7.5 0.91

most of these splits. However, empirical evidence from
many cores suggests that the glacial-interglacial variabil-
ity of the oxygen isotope signal dominates over possible
compositional effects, and therefore raw fine fraction
isotope data produce consistent isotope stratigraphy
from which general paleoceanographic inferences can be
made (Anderson and Steinmetz, 1981; Steinmetz and
Anderson, 1984).

The age model of Core GeoB 5559-2 has been obtained
from correlation between the measured 520 values and
the well-dated SPECMAP §'%0 chronology (Fig. 2)
(Imbrie et al., 1984; Pisias et al., 1984; Martinson et al.,
1987). Ages of individual samples have been calculated by
linear interpolation between the isotopic events shown in
Table 2 and Fig. 2. Final correlation index between

SPECMAP and GeoB 5559-2 is 0.807. It results, then,
that a sampling resolution of 5cm corresponds in aver-
age to 2150 yr. The sedimentary record spans the last
250 kyr, from Oxygen Isotope Stages (OIS) 1-8. The age
model of Core GeoB 4216-1, derived by correlating the
880 record measured on shells of planktic foraminifer-
rich Globigerina bulloides with the SPECMAP record,
was taken from Freudenthal et al. (2001).

5. Results

5.1. Sedimentological description and grain-size
distribution

The lithology in cores GeoB 4216-1 and GeoB 5559-2
consists of nanofossil mud with foraminifer- and ter-
rigenous-rich intervals (see core description chapters in
Wefer et al., 1997, 1998). Visual examination evidenced
a continuous sedimentation in Core GeoB 4216-1, except
for an ash layer at 775cm. The record in Core GeoB
5559-2 is interrupted in two intervals: a volcanic ash layer
(between 380 and 390cm) and a foraminifera sand (be-
tween 510 and 520 cm) (Fig. 2). In this area, this volcanic
ash layer has also been found in several cores (Wefer
et al., 1997). Since these intervals are sedimentological
events with no climatic significance, samples from these
layers were excluded from our results.

In order to study the wind strength variation, grain-
size analyses were carried out in the lithogenic fraction
( Sarnthein et al., 1981; Rea, 1994). After the statistical
analysis (k-means clustering) samples can be grouped
into two main families according to their grain-size
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Fig. 3. Grain-size distribution of the carbonate-free fraction of samples
from family 1 and 2 (a and b) from core GeoB 5559-2. Modes (also the
secondary mode in the bi-modal distribution) are indicated with a verti-
cal dashed line. (c) Temporal distribution of grain-size families. White
dots: family 1 and black squares: family 2.

distribution although other statistically non-relevant
sample typologies also exist (Fig. 3). Samples that belong
to the 1st family are the most abundant (63.5%) and they
are characterised by showing a unimodal distribution. In
most of the samples, the mode is centred at 8§ pum and
a few samples present about 5% of particles over 63 um
diameter (Fig. 3a). The 2nd family constitutes 30%
of the samples and displays a bi-modal distribution
dominated by the finest fraction, with the mode centred
at Sum. Sand content in this family is always less
than 10% (Fig. 3b). The rest of the samples (6.5%)
have a bi-modal distribution dominated by the coarsest
fraction and belong to the 3rd family. As they correspond
with the excluded intervals (the volcanic ash layer and
the foraminifera sand) we have not used them in our
study.

Grain-size families show a different distribution down-
core (Fig. 3c). The most homogeneous intervals, formed
only by the 1st family, correspond to full glacial condi-
tions (OIS 2, 4 and 6), while interglacial periods (OIS
1 and 5) and also OIS 3 present samples from family
2 which occurs within intervals where samples from the
Ist family dominate. Therefore, a clear glacial-inter-
glacial control over the grain-size distribution can be
observed in Core GeoB 5559-2.

Furthermore, grain-size distribution has been repre-
sented with a ratio that illustrates these glacial-inter-
glacial variations. In this way, the coarse carbonate-free
fraction, expressed here as (silt 4+ sand)/total ratio, is
significantly higher during full glacial conditions (OIS 2,
4 and 6) than during interglacials or OIS 3 (Fig. 4a). This
parameter displays an increase during colder periods in
within interglacial substages, as 5b, 5d, 7b and 7d. Events
with coarser lithogenic particles coincide with gla-
cial-interglacial transitions. Furthermore, the same pat-
tern of variation is recorded by the median of this
lithogenic fraction (Fig. 4b). Its values range between
6 and 12 um during full glacial periods and terminations
and between 4 and 6 um in the rest of the record. There-
fore, both parameters show the same glacial-interglacial
variations with the coarser values at Terminations (I, II
and maybe I1I) recorded in the core.

5.2. Geochemical markers

Geochemical parameters have been used successfully
to evaluate the wind strength and the variations in dust
input (Matthewson et al., 1995; Reichart et al., 1997).
Here we use the Si/Al ratio as an indicator of terrigenous
quartz input since in this region opal concentrations are
very low (Neuer et al., 1997). Quartz from Northwest
African sediments is mainly contained in the eolian
lithogenic coarse fraction (Beltagy et al., 1972). Further-
more, Si concentration in the Saharan aerosol end-mem-
ber is also higher in the coarser particles (Guieu and
Thomas, 1996). Thus, Si/Al variations can be related to
wind strength fluctuations (Boyle, 1983; Martinez et al.,
1999).

Si/Al records in both cores have the same trend, how-
ever, Si/Al ratio in Core 4216-1 presents higher values
(Fig. 4¢c). The results show that the pattern of the Si/Al
curve in cores GeoB 5559-2 and GeoB 4216-1 (Fig. 4c) is
very similar that the previously described for the grain-
size parameters (Fig. 4a and b). Higher values are re-
corded during cold periods and lower values during
warm stages (ranging from 2.5 in interglacial stages and
OIS 3 to 3.2 at Terminations I, IT and maybe III). This
pattern is found also during colder periods in within
interglacial stages (see OIS 5 and 7 in Fig. 4c) but the
signal is weaker than during full glacial conditions. Max-
imum values of Si/Al ratio are reached at Terminations
(I, II and maybe III) in the two studied cores. Since
lithogenic coarse particles can be related to wind strength
(Clemens, 1998), this implies that the wind strength in the
NCB was increased at terminations.

As reported by Matthewson et al. (1995), aluminium
concentration is taken as useful proxy of dust input in
NW African margin because it is incorporated into fine-
grained, wind-borne clays. In the studied cores, the Al
concentrations presents a similar range of variation al-
though somewhat higher values are shown in Core GeoB
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4216-1 (Fig. 4d). Although aluminium concentrations are
higher during full glacial periods, the general pattern
does not show the same glacial-interglacial signal that
Si/Al and grain-size proxies show. On the contrary, the
smaller increments recorded appear with a cyclicity of
23 kyr (Fig. 4d). This result leads us to propose that the
dust input in the NCB is related to the precessional
insolation timing.

Since eolian dust from the Sahel region has a high
content of iron oxides such as hematite and goethite
(Balsam et al., 1995), the Fe/Al ratio may be used as
a proxy for eolian particles (Bergametti et al., 1989). On
the contrary, dust transported by the low-level trade
winds is expected to have low Fe/Al values, since lateritic
soils are lacking in the dust source. In Saharan aerosols
collected in Barbados the Fe/Al ratio oscillates between
summer and winter with a mean value of 0.58 (Arimoto
et al., 1995). The Fe/Al ratio from an observed dustfall at
25°N of latitude is 0.54 (Game, 1962). The values in the
records range from 0.45 in warm periods and up to 0.55
in the cold ones (Fig. 4¢). The Fe/Al ratio and the alumi-
nium both display a similar pattern coherent with a
23-kyr cyclicity. In both cores, GeoB 5559-2 and 4216-1,
the Fe/Al ratio shows the same range of values (Fig. 4¢).
However, in Core 4216-1 the amplitude of variation is
large. The aluminium concentration and the Si/Al ratio

(Fig. 4c and d) follow the same trend. Therefore, the Core
GeoB 4216-1 record appears to be more sensitive to
oscillations in dust input. This is probably due to its
position along the path of the wind.

5.3. Spectral analyses

Spectral analyses of the records were carried with the
Analyseries software package developed by Paillard et al.
(1996) using the Blackman-Tuckey method. The results
show the presence of the 100 kyr (eccentricity) and 23 kyr
(precession) periods as the main cycles of temporal
variability in the dust input to the North Canary
Basin (Fig. 5). The two 100kyr cycles present in the
record can be identified by the strong peaks of
(silt 4+ sand)/total, the median and the Si/Al records at
the end of glacial stages (Fig. 4a—c). On the other hand, Al
concentration and Fe/Al ratio records vary with a 23-kyr
cyclicity (Fig. 4d and e). The wind strength proxies (Si/Al
ratio and grain-size parameters) also display a 23-kyr
cycle but it is not the dominant frequency in those
records.

Cross-spectral analysis on the dust proxies was carried
out against the eccentricity—tilt—precession combination
curve (ETP) (Imbrie et al., 1984). This curve is a nor-
malised combination of the three orbital parameters and
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can thus be used to compare variations in proxy records
with orbitally induced changes in the amount of insola-
tion (Matthewson et al., 1995). The cross-spectra of dust
proxies (Al, Fe/Al, Si/Al and grain-size) also show max-
imum coherency at the 100 and 23 kyr periods (Fig. 5).
Coherency and phase angle of these proxies with the ETP
curve are represented in Table 3.

6. Discussion

Two issues should be considered to explain which was
the forcing mechanism behind the supply of Saharan dust
to the North Canary Basin: (i) the increase of Fe-and-Al-
rich dust input at minima in the precessional index and
(i) the response of wind strength to the 100-kyr cycle.
Both are discussed separately.

(i) Increase of Fe-and-Al-rich dust input at minima in the
precessional index

Aluminium concentration and Fe/Al ratio are good
indicators of dust input from the Northwest African
margin, as they reflect Sahelian clays and laterites, re-
spectively (Bergametti et al.,, 1989; Balsam et al., 1995;
Matthewson et al.,, 1995). These proxies together with
grain-size and Si/Al ratio, which are indicators of wind
strength, vary with precession (Fig. 5). Maximum coher-
ence with ETP for Al and Fe/Al is obtained at 23-kyr
periods while for grain size and Si/Al this is at 100 kyr
(Fig. 5). Therefore, the variation of dust supply into the
NCB over the last 250kyr is related to the precession
insolation cycle while the wind strength is linked to the
glacial-interglacial time scales.

Previous studies revealed a close relation between the
increase in dust input in the tropical North Atlantic and
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Table 3

Correlation and phase angle of the proxy records of dust in Core GeoB 5559-2 and TOC in Core GeoB 4216-1 with respect to ETP (Imbrie et al., 1984).
Maximum Ice Volume (§!80) is based on the SPECMAP curve. §'80 values refer to measurements in Core GeoB 5559-2. Phase angle is shown for
selected proxies (coherency with ETP higher than 0.6 at the 80% of confidence). (Si + Sa)/T is abbreviation for (silt 4+ sand)/total

Period (kyr) SPECMAP 3180 Al (%) Fe/Al Si/Al Median (Si + Sa)/T TOC
Correlation
100 0.92 0.85 0.65 0.72 0.89 0.75 0.84 0.89
41 0.86 0.78 0.67 0.13 0.46 0.31 0.54 0.75
23 0.92 0.94 0.89 0.77 0.85 0.87 0.90 0.91
Phase angle
100 —173 £ 10° 177 + 15° 169 + 30° —108 +24° —150 + 13° —163 +£22° — 154 + 16° — 145+ 12°
41 — 104 + 13° — 87+ 18 —129 +26° — — — — — 80 + 23°
23 — 89 + 10° — 119 +9° 14 +13° 13+21° —113+15° —87+14° —64+12° —40 + 11°

the increase in aridity in the Sahara (see for example
Tiedemann et al., 1989). These studies linked a higher
dust input into the basin with enhanced aridity during
glacial periods (Sarnthein, 1978; Kolla et al., 1979). In
addition, deMenocal et al. (1993b) suggest that gla-
cial-interglacial variations in the North Atlantic SST
field influence both dust source area aridity and the
intensity of the dust-transporting trade winds. However,
detailed studies showed that dust proxies vary with
a 23 kyr periodicity (Pokras and Mix, 1985; Matthewson
et al., 1995). These authors interpreted this periodicity to
reflect aridity associated with the monsoon cycle. They
further proposed that in periods with stronger monsoon,
maxima of Northern Hemisphere seasonal insolation,
extending to south Sahara and Sahel, the source area of
dust was less dry and hence less of dust was available. In
contrast, when monsoons were weaker at times of maxi-
ma in the precessional index, aridity increased together
with dust availability.

In order to investigate the relation between dust-input
proxies and precession we calculated phase angles
(Fig. 6 and Table 3). Aluminium and Fe/Al ratio,
which are indicating a Sahelian origin, appear in times of
maxima Northern Hemisphere seasonal insolation,
which means in phase with minima in the precessional
index. As Fig. 7 shows, aluminium concentration
and boreal summer insolation correlate peak to peak.
However, these two signals are not highly coherent: the
magnitude of the aluminium variation is greater during
glacial periods concomitantly with lower amplitude of
summer insolation fluctuation. This result may indicate
that, although the 23-kyr cycle is driving dust supply to
the NCB, a glacial-interglacial signal is also evident, as
we discuss below.

As outlined in the introduction, two wind systems
transport dust into the NCB, the trade winds and the
SAL. The trade wind system is also driving and control-
ling the intensity of the summer upwelling in the NCB.
Hence, if trade winds are related to dust supply and

upwelling, the precession signal should also be expected
in the basin’s productivity records. Freudenthal et al.
(2001) in their study of Core GeoB 4216-1 showed that
indeed the TOC record varies with precession (Fig. 7 and
Table 3). The phase angles between TOC (taken as a pro-
ductivity proxy) and ETP show that maximum produc-
tivity occurs in phase with minima in the precessional
index (Fig. 6). This is the same relationship we found for
the dust supply (Fig. 7).

A minimum in the precessional index implies high
seasonality; this means warmer summers and colder win-
ters (Kutzbach, 1981). Therefore, during warmer sum-
mers, with the ocean colder than land because of its
higher thermal capacity, a strong thermal land-ocean
contrast takes place. This leads to an intensification of
the Azores high pressure over the ocean (H) (Fig. 8a). On
the other hand, the higher insolation on the Sahara
induces the development of a stronger low pressure over
the continent (L). The strong pressure gradient between
the high and the low is then expected to increase the
strength of trade winds. Therefore, such scenario explains
both the records of dust and productivity in terms of
changes in trade wind intensity.

The problem with this interpretation is that it assumes
all the dust derived from a northern source. However, the
fact that dust from the equatorial latitude records also
displays the same precession-related variations
( Tiedemann et al., 1989; Matthewson et al., 1995; Flores
et al.,, 2000), means that it is difficult to explain these
records simply in terms of trade wind variations. Fur-
thermore, cores at these latitudes also show precession-
related variations in the fresh-water diatom record
(Pokras and Mix, 1985, 1987). Clearly, the source of
fresh-water diatoms is the dry lake beds from the Sahel
region (Pokras, 1991; Gasse and Fontes, 1992).
Therefore, their presence in the records cannot be related
to the trade wind system.

During a minimum in the precessional index, the mon-
soonal system is enhanced owing to the maxima of
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Fig. 6. Phase wheel summaries of insolation (represented as ETP
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and TOC from GeoB 4216-1. (A) Phase relationships at the eccentricity
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parameter is not shown since none of the proxy records presents high
coherence with that period. See Table 3 for the accurate phase angles.

Northern Hemisphere seasonal insolation (Kutzbach
and Gallimore, 1988). The intensification of monsoonal
winds weakens the Northern Hemisphere Trade winds at
the equatorial latitudes (Mclntyre et al., 1989). So that
the Northern Trade winds cannot supply dust from the
Sahel region to Equatorial latitudes. Such consideration
opens another interpretation for the dust record of the
NCB, which also can explain the records of Matthewson
et al. (1995).

In a maxima of Northern Hemisphere seasonal insola-
tion, the winter scenario is reverse with respect to the
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Fig. 7. Comparison among Al content, TOC percentages and proxies
for wind strength (Si/Al and grain-size parameters) with the boreal
summer insolation variation at 30°N (Berger, 1978). Glacial stages are
shaded.

summer one. At this case, due to the ocean’s higher
thermal capacity than land, the summer Azores high, is
shifted southwards and becomes very weak. Meanwhile,
on the cooler continent a very strong high pressure
develops (Fig. 8b). In this meteorological context, the
SAL, and specially its northern branch, should be well
developed, and thus may account for enhanced dust
transport to the NCB.

Apparently, this model may be in contradiction with
the fact that during a precession-minimum-summer, the
monsoon regime is enhanced bringing rainfall to the
Sahel region (Kutzbach, 1981; Mclntyre et al., 1989). This
increase is well documented in African lake level records
( Kutzbach and Street-Perrott, 1985; Gasse et al., 1990;
Street-Perrot and Perrot, 1990). Subsequently, the in-
creased moisture would have reduced dust availability.
Nevertheless, it is evident that an increase in moisture
also implies a change in the weathering patterns. Rea
(1994) concluded that in hyper-arid conditions
( < 100mm annual rainfall) dust generation falls off be-
cause the lack of moisture prevents the break down of the
large minerals into clays of a size suitable for long-
distance transport. In this case, an enhanced monsoon,
which probably extended to the Sahel area, may have
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provided enough moisture to increase significantly dust
generation, and therefore dust availability. The dust
would then be transported by the Saharan winds to the
NCB. Furthermore, a grass Savannah vegetation type
such as it is today in the Sahel area (White, 1983) allows
for dust generation. Since pollen studies from the region
show the presence of this vegetation type over the last
250kyr (Hooghiemstra, 1996), it is suggested that mon-
soon rainfall, because of its seasonality, may be insuffi-
cient to develop a more permanent type of vegetation
cover. This is inferred from the fact that grass Savannah
spreads northwards into the Sahara reacting to moisture,
while the Guinean rain forest belt did not shift beyond
15°N latitude (Hooghiemstra, 1996). According to the
data set compiled by Hoelzmann et al. (1998) the bound-
ary between steppe and savanna vegetation at 6000 yr BP
(maxima seasonal insolation) occurred at 20°N which
allows dust generation in the Sahel region. In the sugges-
ted model, the high seasonality typical during minima in
the precessional index, may have contributed in estab-
lishing suitable conditions, first for weathering in sum-
mer and second for deflation by the Saharan winds in
winter. Thus, the Sahel region can be considered a per-
manent source of dust.

Therefore, the record of dust supply into the NBC can
be interpreted as the result of combining two meteoro-
logical scenarios, a winter and a summer one, both linked
to minima in the precessional index. The summer scen-
ario of enhanced trade winds explains the productivity
variations and may also account for part of the dust
signal while the winter scenario can explain most of the
variation in dust supply. However, by means of frequency
analysis we have found that some of the studies proxies
(Si/Al ratio and grain-size parameters) have a clear re-
sponse to the eccentricity cycle (100 kyr). In addition,
productivity results in several cores from the NCB also
display this glacial-interglacial signal (Freudenthal et al.,

2001; Moreno et al., 2000). Productivity signal in this
area is linked to the trade wind system, by means of
upwelling intensification. Therefore, we will discuss the
importance of this cyclicity in our proxy records to
understand the trade winds system variability over the
last 250 kyr.

(i1) Response of wind strength to the 100-kyr cycle

Grain-size parameters, Si/Al ratio and grain-size families
display a clear glacial-interglacial pattern of variation.
On average, maximum values of these proxies appear
associated with OIS 2, 4 and 6. In addition, Si/Al ratio
and the grain-size parameters present mainly a 100-kyr
response. However, these proxies are not in phase with
the glacial maximum. On the contrary, they appear be-
tween 3000 and 6000 years after maximum ice conditions
in the eccentricity wheel (Fig. 6). Therefore, we propose
that the variation in these proxy records may be related
to any change that took place at terminations.

In principle, these grain-size variations might be
coupled with changes in the sedimentation patterns dur-
ing glacial-interglacial transitions. Higher rates of sea-
level rise occur at terminations (Shackleton, 1987). Be-
sides the common turbidite deposition during sea-level
lowstands, turbidite systems are observed to occur dur-
ing sea-level rise (Prins and Postma, 2000). Therefore, we
may consider that coarse particles deposited at the shelf
edge may have advected via turbidites to the NCB at
terminations. However, from the fact that both cores
record the same events and Core GeoB 5559-2 is located
in the slope of a seamount, any influence from the shelf in
the core records seems unlikely.

Arguably, the observed grain-size variations can be
interpreted as related to changes in the energy of the
transporting wind (Rea, 1994). Sarnthein et al. (1981) and
Grousset et al. (1998) found glacial-interglacial patterns
of variation in their records, south of the Canary Islands.
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They concluded that the increase in the particles grain
size during full glacial conditions was related to higher
trade wind intensities. However, the coarsest grain sizes
and the higher values in the Si/Al ratio are recorded at
terminations and not at glacial maxima in the studied
cores from the NCB (Fig. 4). Although the overall pattern
is an increase in the dust proxies during glacial stages,
superimposed to this signal there is a significant in-
crement of the wind strength proxies at Terminations.

As discussed before, wind and productivity are linked
to trade wind strength. In Fig. 7 the TOC record from
Core GeoB 4216-1 is represented and compared with
dust proxies and summer insolation at 30°N. The % TOC
record contains an intermediate mixture of the 23-kyr
proxies (%Al, Fe/Al ratio) and the 100-kyr proxies
(grain-size parameters and Si/Al ratio). This may indicate
that, although the precessional pattern is evident, the
glacial-interglacial signal is influencing trade winds vari-
ations. Consequently, a good correlation between grain-
size and Si/Al ratio and peaks in the TOC record is
shown (Fig. 7). Therefore, the trade winds in this region
were strongly intensified at the terminations. This con-
clusion is strengthened by the results from different
authors around this area. Thus, Lézine and Denéfle
(1997) produced a detailed pollen records for Termina-
tion I from a core from offshore Portugal and concluded
that anticyclonic circulation was strengthened over the
Northeastern Atlantic. They further stated that cooler
sea surface temperatures (SST) were coeval with stronger
trade winds. After a palynological study from a core
located offshore Morocco, Marret and Turon (1994) pos-
tulated an enhancement in trade winds strength during
last deglaciation. South of the Canary Islands Martinez
et al. (1999) and Ternois et al. (2000) also found an
increase in grain-size and productivity proxies at Termina-
tion I, which they related to trade wind intensity (Fig. 8a).

Terminations are unique intervals of climate change, in
which climate switches from a glacial to an interglacial
mode. In these intervals, maxima in boreal summer in-
solation, rapid ice-sheet melting and fast rates of sea-level
rise concur. Hughen et al. (1996) and Overpeck et al.
(1989) proposed that under this scenario the North At-
lantic SST lowered by the melt water, may have
strengthened the high-pressure system over the North
Atlantic. Therefore, SST variations in the North Atlantic
provide a mechanism to explain changes in trade wind
intensity. Moreover, this conclusion reinforces previous
ideas on how SST changes in North Atlantic have influ-
ence upon the African climate (deMenocal, 1995).

7. Conclusion
This paper shows that precession and eccentricity

cycles play a role in driving changes in dust input to the
North Canary Basin. The record of dust can be inter-

preted in terms of a summer and a winter scenario during
a minimum in the precessional index. During summers,
trade winds were intensified which resulted in higher
productivity and the transport of coarser grains from
a Northwest African source. Meanwhile, in the Sahel
area conditions were suitable for increased dust genera-
tion. During winter, the Saharan Air Layer could trans-
port this dust to the NCB.

Superimposed to the overall pattern of a trade winds
enhancement during glacial periods, maxima in produc-
tivity and grain-size both appear at Terminations I-III.
At these periods of higher insolation but lower SST over
the North Atlantic, the subtropical anticyclonic circula-
tion may have intensified. Then, the strengthened trade
winds forced upwelling and had the ability to carry
coarser particles at terminations.
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