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Abstract

We present results from the investigation of the primary productivity record over the last 250 kyr in the North
Canary Basin (30‡N) off Northwest Africa. Two distinct productive systems interfere in this area: the oligotrophic
open ocean and the upwelling filament off Cape Ghir, that occasionally carries offshore cool nutrient-rich waters. The
following geochemical and micropaleontological paleoproductivity proxies have been used in our study: calcium
carbonate, barium excess (Baexcess), total organic carbon (TOC) and diatoms. Time series analysis of these proxies
indicates that paleoproductivity in the North Canary Basin underwent important changes following precession and
eccentricity cycles. While the precessional signal appears to be mainly related to trade wind strength, superimposed
peaks in Baexcess, TOC and diatom records point to large productivity events at Terminations I, II and III. Lowering
of the North Atlantic sea surface temperatures by melt water discharges which in turn strengthened the Azores high-
pressure center and increased trade wind velocities is postulated as the mechanism to explain the enhancement of the
coastal upwelling and associated filaments at terminations. Additionally, the Canary Current may play a role in
transmitting cold melt waters and nutrients from higher latitudes to the North Canary Basin. ß 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Upwelling is driven by the interaction of along-
shore wind stress and surface current that brings

cold and nutrient-rich subthermocline waters and
CO2 to the surface. This process results in high
rates of primary production and carbon ¢xation.
Thus, upwelling systems play an important role in
global carbon cycle, acting as CO2 sources and
sinks [1]. Stronger upwelling and associated high-
er productivity were discussed as cause for varia-
tions in atmospheric CO2 contents during the last
glacial/interglacial periods [2]. Therefore, investi-
gation of productivity gradients and patterns in
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upwelling areas has become a very important is-
sue in global climate reconstructions.

Coastal upwelling is especially intense in east-
ern boundary currents, the most important re-
gions being NW Africa^Iberia, SW Africa,
Peru^Chile and Oregon^California, that account
for 80^90% of total new production [3]. Along the
northeastern Atlantic, productivity o¡ Iberia and
the NW African coast is linked to the trade winds
and the Canary Current (CC) systems through the
outgrowth of coastal upwelling and upwelling ¢l-
aments [4]. Thus, the location of the Azores high-
pressure center and its pressure gradient are the
main forcings behind upwelling intensity and the
resulting productivity pattern in both upwelling
regions [5].

According to classical paleoproductivity stud-
ies, the NW African upwelling was considered
the paradigm for glacial high productivity [6].
However, recent high-resolution studies reported
a distinct paleoproductivity maximum at termina-
tions o¡ Cape Blanc (20‡N) [7,8]. These authors
found that productivity was controlled by advec-
tion from the shelf and/or o¡shore shifts of the
upwelling cells related to sea level changes. Since
these study areas are under the in£uence of con-
tinental margin processes local oceanographic
conditions will determine the productivity records
[7]. Similar productivity peaks during glacial/in-
terglacial transitions were found in the Portugese
margin at 41‡N from diatom abundance, barium
and organic carbon records [9]. The mechanisms
that could explain these striking productivity
events are a matter of debate.

Although many paleoproductivity records have
been obtained from the NW African margin, very
few of them are from the region north of the
Canary Islands. Within the MAST III funded
CANIGO (Canary Islands Azores and Gibraltar
Observations) Project, paleoproductivity response
to climate changes was studied in the North Can-
ary Basin (NCB) (Fig. 1). The intermediate loca-
tion of the NCB (30‡N), between the upwelling
o¡ Cape Blanc and the Portuguese margin, allows
us to compare new paleoproductivity records in
terms of productivity patterns and forcing mech-
anisms as related to atmospheric and oceano-
graphic changes. In this study, a multi-proxy ap-

proach was carried out in two sediment cores
from the hemipelagic environment that record cli-
matically forced productivity changes beyond the
direct in£uence of coastal processes.

2. Present-day situation

The NCB is located o¡ NW Africa, between
28‡N and 32‡N (Fig. 1). At present, the NCB
receives dust transported from NW Africa by
two wind systems: the Saharan Air Layer, with
dust sources in the southern Sahara and the Sa-
hel, and the trade winds that carry dust from
Morocco and the eastern Sahara [10].

As a consequence of the northward displace-
ment of the subtropical high pressure, coastal up-
welling occurs at the NCB latitude mainly during
summer and fall [4]. A characteristic feature of
this coastal upwelling is the presence of a prom-
inent upwelling ¢lament o¡ Cape Ghir that was
revealed by satellite imagery [11,12] and CTD sur-
veys [13]. The ¢lament structure was modelled in
both the temperature and velocity ¢elds showing
that it carries nutrient-rich cool water o¡shore out
beyond 13‡W [14]. Several studies in the NCB
area have shown that Cape Ghir ¢lament growth
appears to be forced by favorable high wind stress
[11]. However, recent SST satellite images indicate
that it may extend further o¡shore during winter,
in coincidence with the late winter/early summer
productivity bloom previously described in trap
studies [15,16]. An additional factor that might
control the strength of the ¢lament is the interac-
tion among the CC and bottom topography [4].

The core sites GeoB 4216-1 (30‡37.8PN;
12‡23.7PW; 2324 m water depth) and GeoB
5559-2 (31‡38.7PN; 13‡11.2PW; 3178 m water
depth) are located under the in£uence of the
Cape Ghir upwelling ¢lament, in a productivity
gradient from the coast to the open ocean. Recent
studies in the NCB have shown that the present-
day productivity signal of Cape Ghir upwelling
¢lament is transferred through the water column
and preserved in surface sediments [17,18]. There-
fore, the hemipelagic setting o¡ Cape Ghir holds
a strong potential to record climatically induced
productivity changes. In addition, the site loca-
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tions allow us to study the extent of Cape Ghir
upwelling ¢lament through the records.

3. Methods

Opening and visual description of the sediment
cores was carried out on board (see [19] for core
description). Age models based on oxygen isotope
stratigraphy for these cores are published [19,20].
Mean sedimentation rates are 2.4 and 4.9 cm/kyr
in cores GeoB 5559-2 and GeoB 4216-1, respec-
tively.

3.1. Major and trace elements

Bulk major and trace element contents were
analyzed with a sample spacing of 5 cm by means
of X-ray £uorescence (XRF). Samples were

ground and homogenized in an agate mortar
and prepared for major and trace element deter-
mination. For major element measurement, glass
discs were processed by melting about 0.3 g of
ground bulk sediment with a Li tetra borate
£ux. For trace element analysis, discs were pro-
duced by pressing about 5 g of ground bulk sedi-
ment into a briquet, with boric acid backing. Fi-
nally, XRF analyses were performed with a
Philips PW 2400 sequential wavelength dispersive
X-ray spectrometer. Analytical accuracy was
checked measuring international standards
(GSS-1 to GSS-7) and precision was determined
by replicate analyses of samples (0.8 and 4% for
major and trace elements, respectively). All stan-
dard X-ray £uorescence results were corrected for
the contribution and dilution e¡ect of the sea-salt
content in the dried sediment [8].

Calcium records obtained by the standard XRF

Fig. 1. Surface pigment concentration (mg m33) in the North Canary Basin as observed by SeaWiFS during an extraordinary
Cape Ghir ¢lament event on the 19th March 1998 (processed by R. Davenport). GeoB 4216-1 (30‡37.8PN; 12‡23.7PW; 2324 m
depth) and GeoB 5559-2 (31‡38.7PN; 13‡11.2PW; 3178 m depth) core sites are marked by black stars. The shelf boundary is indi-
cated with a white dashed line.
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technique were compared with those achieved at
1 cm interval by means of the XRF core scanner
at the Geosciences Department of the University
of Bremen. The central sensor unit consists of a

molybdenum X-ray source (3^50 kV), a Peltier-
cooled PSI detector (KEVEX1) with 125 Wm ber-
yllium window and a multichannel analyzer with
a 20 eV spectral resolution. The system con¢gu-

Fig. 2. (A) Oxygen isotope pro¢les of cores GeoB 5559-2 and GeoB 4216-1 plotted along age (kyr) axis [19,20]. (B) Calcium car-
bonate (curve with symbols) and Ca intensity from the XRF Scanner (continuous curve) in counts per second (cps), in core
GeoB 5559-2 (full symbols) and (C) GeoB 4216-1 (open symbols). Glacial isotopic stages and cold substages are shaded. (D) Bo-
real summer insolation at 30‡N is represented for comparison. (E) Variance spectra of the previous calcium records, expressed as
the logarithm of spectral power density vs. frequency in cycles kyr31 using the Blackman^Tukey method (continuous curve) com-
pared with the spectrum of ETP, eccentricity^tilt^precession combination curve (dashed line). The three main orbital periods of
eccentricity (100 kyr), obliquity (41 kyr) and precession (23 kyr) are marked as vertical gray bands. The coherency plot (below,
thicker line) indicates what frequency components are shared between the proxies and the ETP curve. An 80% con¢dence level is
set, above which statistical signi¢cance in the coherency relationship is considered to exist (this level corresponds in this case to a
coherency of 0.048). Bandwidth (BW) and 80% con¢dence interval (CI) are indicated with short horizontal and vertical segments,
respectively.
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ration (X-ray tube energy, detector sensibility) at
the University of Bremen allows the analyses of
elements from K (atomic no. 19) to Sr (atomic no.
38) (X-ray tube voltage: 20 kV). Each measure-
ment took place over a 1 cm2 area and we used 30
s count time and an X-ray current of 0.087 mA.
The KEVEX software Toolbox processes the ac-
quired XRF spectrum for each measurement.
Background subtraction, sum-peak and escape-
peak correction, deconvolution, and peak integra-
tion are successively applied. The resulting data
are element intensities in counts per second.

Total carbonate content was calculated from
the total Ca concentration using a correction for
clay-derived Ca, which was established for carbo-
nate-rich sediments: CaCO3 = 2.5(CaTOT3(Ca/
AlClayUAlTOT)); where Ca/AlClay is 0.345 [21].

3.2. Organic carbon

Total carbon was analyzed using a LECO CS-
244 at the University of Bremen. Total organic
carbon (TOC) was measured after removing the
carbonate with 6 M HCl and heating at 80‡C. The
loss of acid-soluble organic carbon was negligible.
Precision was determined by replicate analyses
and it was better than 3%.

3.3. Diatoms

While for core GeoB 5559-2 diatoms were
counted for the entire length of the core, in core
GeoB 4216-1 diatoms were only studied for the
two termination intervals. Presence of diatoms

was investigated by smear-slide analysis. In sam-
ples where diatoms were present, 2 cm3 of fresh
sediment were treated according to the method
described in Fenner et al. [22]. Four slides were
prepared from each sample using the evaporation
tray method [23] and mounted with Permount
medium. Diatoms were counted in three of the
four prepared slides.

4. Results

4.1. Calcium carbonate

Calcium and carbonate values display the same
general trends and amplitudes in both cores (Fig.
2). Higher contents are recorded during the cold
periods of interglacial stages and at Stage 3, and
tend to correlate with lower values of summer
insolation at 30‡N.

The cyclicity observed in the records was ana-
lyzed by means of power spectra calculations (Fig.
2 and Table 1). Spectral analysis and coherence
with the eccentricity^tilt^precession (ETP) combi-
nation curve show that both records are dominat-
ed by precession and eccentricity cyclicities. High-
er values in these proxy records are found during
summer insolation minima, which corresponds to
maxima in the precessional index (Table 1).

4.2. Barium excess

In order to assess the amount of barium in core
GeoB 5559-2 that is present as biogenic barite, we

Table 1
Correlation and phase angle of the studied proxies in cores GeoB 5559-2 and GeoB 4216-1 with respect to ETP

Period SPECMAP Ca (GeoB 5559-2) Ca (GeoB 4216-1) Baexcess TOC (GeoB 5559-2) TOC (GeoB 4216-1)
(kyr)

Correlation
100 0.92 0.42 0.75 0.72 0.77 0.89
41 0.86 0.60 0.74 0.48 0.46 0.75
23 0.92 0.80 0.71 0.70 0.38 0.91
Phase angle
100 3173 þ 10‡ ^ 3 þ 17‡ 3135 þ 20‡ 3175 þ 17‡ 3145 þ 12‡
41 3104 þ 13‡ 68.4 þ 27‡ 51 þ 18‡ ^ ^ 380 þ 23‡
23 389 þ 10‡ 3143 þ 15‡ 162 þ 20‡ 39 þ 21‡ ^ 340 þ 11‡

Maximum ice volume (N18O) is based on the SPECMAP curve. N
18O 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 con¢dence).
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corrected the total barium for the non-biogenic
portion. In this paper, we refer to this fraction
as barium excess (Baexcess). As calculation of
Baexcess is still a matter of debate, we have com-
pared the results from four di¡erent approaches
[24^27]. Given that both barium values and trends
are independent of the approach used, we selected
the Baexcess determined following Gingele et al.
[27] calculations since this method allows to cor-
rect the barium included in carbonates, a major
component in our sediments.

Baexcess estimations for core GeoB 5559-2 show
a pattern marked by an increase in contents, up to

three times the background values, at Termina-
tions I, II and III (Fig. 3A). Smaller peaks are
also observed at 38, 60, 107 and 220 kyr. Strong
increases in the Ba/Al ratio during terminations
were also found in core GeoB 4216-1 (Kasten
and Freudenthal, in preparation). In core GeoB
4216-1 Ba/Al values are higher than in core GeoB
5559-2 (i.e. 325 vs. 180.8 at Termination I and
327.8 vs. 211.8 at Termination II) pointing to
higher productivity at site GeoB 4216-1 or/and
higher degree of barium preservation (Table 2).
Ba/Al values were slightly higher in Termination
II than in Termination I in both cores. The eccen-

Fig. 3. (A) Baexcess (ppm) record in core GeoB 5559-2 and TOC (%) records in cores GeoB 5559-2 (B) and GeoB 4216-1 (C).
Note that both cores are plotted with the same horizontal scale. Glacial periods are shaded and Terminations I, II and III are in-
dicated by arrows. (D) Variance spectra of the previous core pro¢les (cf. Fig. 2E caption for full explanation).
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tricity cycle (100 kyr) dominates the spectral anal-
ysis of the Baexcess record (Fig. 3D). Coherence
with ETP is highest at the eccentricity and preces-
sion parameters while the obliquity signal is not
as signi¢cant (Table 1).

4.3. Total organic carbon

TOC content is low in the studied cores, rang-
ing from 0.1 up to 0.24% in core GeoB 5559-2
and from 0.1 to 0.9% in core GeoB 4216-1 (Fig.
3B and C). Consistent with the barium results
(Table 2), highest TOC values are found at gla-
cial^interglacial transitions in core GeoB 4216-1.
However, the TOC record from site GeoB 5559-2
does not follow the Baexcess trend. The spectral
analysis of the TOC record does not show any
signi¢cant cyclicity for core GeoB 5559-2 but re-

veals a clear 100-kyr and 23-kyr cyclicity in core
GeoB 4216-1 (Fig. 3D).

4.4. Diatoms

In core GeoB 5559-2 diatoms are found be-
tween 10 and 40 kyr while diatom accumulation
rate (DAR) shows three distinct peaks at 38, 28
and 18 kyr (Fig. 4). One order of magnitude high-
er DAR is found at site GeoB 4216-1. The most

Fig. 4. Diatom accumulation rates (DAR), and oxygen isotope records in cores GeoB 5559-2 and GeoB 4216-1. A di¡erent x-
scale for DAR at Termination II in core GeoB 4216-1 is used. Baexcess (ppm) and TOC (%) are plotted for comparison. Termina-
tions are indicated with arrows.

Table 2
Comparison of Ba/Al values from GeoB 5559-2 and GeoB
4216-1 cores at Terminations I and II

Event Ba/Al (GeoB 4216-1) Ba/Al (GeoB 5559-2)

Termination I 325 180.8
Termination II 327 211.8
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common diatom is Chaetoceros, a genus that
thrives in coastal upwelling waters.

5. Discussion

5.1. Productivity vs. preservation

The original productivity signal might be modi-
¢ed by a variety of processes that include dilution
by eolian dust, dissolution and diagenesis. These
are considered below for the set of proxies used in
the present study.

5.1.1. Calcium carbonate records
According to Henderiks et al. [28] dissolution

should have a minor impact on carbonate varia-
bility in the NCB context and well-preserved car-
bonate records are expected in our cores. How-
ever, dissolution of sediment carbonate can occur
even if the overlying water is saturated with re-
spect to calcite by CO2 release during oxic decom-
position of organic matter [29]. Since carbonate
values are lower during TOC peaks (Figs. 2 and
3 and [20]) increased supralysoclinal dissolu-
tion could have occurred during higher TOC pe-
riods.

The lowest carbonate values are also coincident
with high aluminum content and coarse grain size
[19] ; therefore, dilution by an irregular supply of
eolian dust should also be considered as proposed
by Matthewson et al. [30] and Shimmield et al.
[31] for whom dilution by aeolian dust is the dom-
inant control on carbonate content in the NW
African margin. Since our carbonate pro¢les mir-
ror dust records, and after comparison with other
carbonate records [30,31] in the NW African mar-
gin, we propose that dilution by non-carbonate
material is the most likely process controlling car-
bonate content variations in the NCB. Calcula-
tion of carbonate £uxes to avoid dilution e¡ects
has not proved to be useful in this case mainly
due to the error margin inherent to the age model
construction [19,20]. As a result, we conclude that
no reliable paleoproductivity signal can be in-
ferred from the carbonate records in the two
studied cores.

5.1.2. Barium excess record
Several studies have established a link between

Baexcess and high TOC contents in marine sedi-
ments underlying highly productive areas [25].
However, peaks of Baexcess could result from dis-
solution of barite and subsequent reprecipitation
as a diagenetic front under sulfate-depleted envi-
ronments [32]. This would lead to the formation
of Baexcess peaks that are unrelated to productiv-
ity. However, according to pore water data, these
conditions were not observed in this region [33].
In addition, since Ba and TOC behave di¡erently
under oxic or anoxic conditions and since their
records are very similar in our cores, we therefore
conclude that diagenesis had no signi¢cant e¡ects
on Baexcess. Consequently, this proxy can be used
as a reliable paleoproductivity indicator in the
NCB.

5.1.3. Organic carbon records
Prior to assessing past marine carbon £uxes,

the contribution of terrigenous to total organic
carbon was investigated. On the basis of the
C/N ratio, N

13Corg and N
15N values in cores

from the NCB, Freudenthal et al. [20] concluded
that marine organic matter dominates the records.

The proportion of organic matter that becomes
preserved in marine sediments depends on pri-
mary production, water depth, sedimentation
rate and sedimentary redox environment [34]. Dif-
ferences in TOC contents in the two studied re-
cords can be attributed mainly to distinct rates of
primary production at the two sites. The proxim-
ity to coastal upwelling and the fact that GeoB
4216-1 is below the direct in£uence of Cape Ghir
upwelling ¢lament (Fig. 1) may provide a higher
£ux of organic matter through the water column
at that site. On the contrary, GeoB 5559-2 is in-
£uenced by the upwelling ¢lament only when it
extends to the core site. The higher contents of
Baexcess and diatoms found in core GeoB 4216-1
support this hypothesis (Table 2).

In addition to di¡erences in primary produc-
tion, the lower sedimentation rates at site GeoB
5559-2 may contribute to reduce preservation of
organic carbon by allowing a deeper oxygen pen-
etration [34,35]. Thus, enhanced oxidation could
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explain the lack of Baexcess and TOC correlation in
core GeoB 5559-2 at terminations.

Kasten et al. [36] have recently proposed that in
low sedimentation regimes the action of oxidation
fronts induced by changes in deep water condi-
tions leads to a high degradation of TOC. When
NADW production was restored after glacial pe-
riods aerobic degradation of the organic matter
took place. These authors explain the oxidation
front development in sediments of the Equatorial
Atlantic Ocean in a sequence of three deposition-
al/diagenetic stages (¢g. 8 in [36]). First, there was
a productivity pulse at glacial/interglacial transi-
tion indicated by the increase in Baexcess and TOC.
Afterwards, caused by the decreased sedimenta-
tion rates and increased oxygen concentration re-
lated to NADW production at the onset of inter-
glacial periods, an oxidation front formed with
the consequent degradation of TOC. Finally, sedi-
ments are recording the productivity event by
their Baexcess peak and the redistribution of re-
dox-sensitive elements [36].

After model results, it was demonstrated that
there is a correlation between sedimentation rate
and TOC preservation in low sedimentation rate
regimes [35]. Thus, in low sedimentation areas a
higher degradation of organic matter is expected
when environmental conditions change, like in a
glacial/interglacial transition. The small di¡eren-
ces of sedimentation rate between our cores could
explain the lack of Ba and TOC correlation at
GeoB 5559-2 core since the value of sedimenta-
tion rates above 2^3 cm/kyr seems critical in con-
trolling TOC post-depositional oxidation [37].
Therefore, the organic carbon content initially
supplied to the sediments could have been de-
graded at site GeoB 5559-2 by the e⁄cient action
of oxidation fronts. In contrast, the initial corre-
lation between Ba and organic carbon in core
GeoB 4216-1 still exists because the higher sedi-
mentation rates protected the organic matter from
any signi¢cant oxidation. It comes then that,
while there is a good agreement between Baexcess

and TOC records in the relatively high sedimen-
tation regimes, such as site GeoB 4216-1 (Kasten
and Freudenthal in preparation) and the Portu-
guese margin [9], such a correlation is lacking in
GeoB 5559-2, a low sedimentation regime.

5.1.4. Diatom records
Since oceans are undersaturated with respect to

Si, diatoms can only be preserved in areas where
surface circulation leads to signi¢cant diatom pro-
duction [1]. Although the residence time in the
water column or at the sediment^water interface
control diatom preservation rates, the diatom
abundances and assemblage composition found
in the surface sediments of the NCB do re£ect
surface productivity conditions [18].

When compared to Baexcess and TOC records,
diatom maximum abundances precede these two
proxies in both cores (Fig. 4). This feature might
be explained by any processes favoring deeper
penetration of Si undersaturated waters. When
sur¢cial productivity and opal production de-
creased after Termination I, the Si content of sedi-
ment interstitial waters decreased concurrently,
leading to opal dissolution downward. According
to the estimations of Peng et al. [38] the penetra-
tion depth on these sites could reach over 8 cm in
GeoB 4216-1 and 25 cm in GeoB 5559-2. The
sharp and almost straight decrease of the top of
the diatom record at terminations supports this
explanation. Since Ba and TOC records are not
in£uenced by Si reduction in pore waters, the dif-
ferences between the diatom, Baexcess and TOC
signals could be explained.

At Termination II diatoms were found only in
core GeoB 4216-1. This fact could only be ex-
plained either by an enhanced primary production
at this site because of the higher in£uence of the
Cape Ghir upwelling ¢lament, or by diatom pres-
ervation conditions. Terminations are intervals of
increased melt water discharge into the ocean.
Under this scenario, the lower density of surface
ocean waters would reduce NADW production.
Thus, deep nutrient-rich southern ocean waters
can easily spread northwards [39,40]. However,
the higher DAR recorded in the shallower core,
GeoB 4216-1, from 2324 m depth, points to pri-
mary productivity variations between the two
sites, as pointed out in section 2, as the determi-
nant factor.

We then accept Baexcess, TOC and DAR records
as reliable paleoproductivity proxies in the NCB
and the analysis of their temporal patterns of var-
iation must be particularly useful to infer the
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mechanisms that in£uenced paleoproductivity
variations.

5.2. Productivity peaks at terminations

At low latitudes paleoproductivity records are
mainly dominated by the 23-kyr precession cycle
[41]. In our cores, both Baexcess and TOC records
correlate with minima in the precessional index
(Table 1). This is in agreement with the pattern
of grain size and geochemical parameters previ-
ously reported for the same cores [19,20]. It was
subsequently proposed that the trade wind system
was stronger at times of minima in the precession-
al index resulting in stronger upwelling in the
NCB region [19]. However, this precession-driven
mechanism does not explain the large productivity
peaks recorded at terminations by Baexcess, TOC
and diatoms.

Several hypothesis could be then considered.
The ¢rst refers to variations in NADW formation
and associated penetration of southern waters to
the NCB. It has been shown that terminations are
intervals where maxima in boreal summer insola-
tion, rapid ice-sheet melting and fast rates of sea
level rise concur. This favors both a reduction of
deep water formation in the North Atlantic and a
stronger northern penetration of deep nutrient-
rich South Atlantic waters (AABW). However, it
is improbable that this mechanism leads to stron-
ger upwelling and higher primary production at
the latitude of the NCB because deep waters are
not the source of upwelling in this region [6].
Therefore, this hypothesis has to be rejected as
the ultimate cause for paleoproductivity peaks at
terminations in the NCB.

An alternative second hypothesis could be the
varying in£uence of the Cape Ghir upwelling ¢l-
ament as modulated not only by trade wind
strength but also by subaerial/submarine topogra-
phy and sea level. Since higher rates of sea level
rise occur at terminations, the change in subaerial
vs. submarine topography might have been the
main factor in£uencing in the remarkable devel-
opment of the upwelling ¢lament. However, such
an explanation, which can be acceptable for local
settings and coastal areas, cannot account for
similar productivity records observed in far dis-

tant areas, such as the open Equatorial Atlantic
Ocean [36].

A third and ¢nal hypothesis results from the
combination of oceanographic and atmospheric
mechanisms. Southward advection of cold surface
water by the intermediation of the CC was sug-
gested as the main pathway to transfer the high-
latitude climate signal to the eastern tropical At-
lantic [42]. This water mass would bring nutrients
and may then increase productivity all along the
NW African margin. Some authors suggested that
the re-establishment of the CC system could cause
the higher productivity events recorded at termi-
nations [9,43]. This reasoning deserves attention
when trying to explain the productivity peaks
found in GeoB 5559-2 and GeoB 4216-1. Over-
peck et al. [44] proposed, and tested using general
circulation models, that the lowering of North
Atlantic SST by glacial melt water releases during
deglaciation strengthened the North Atlantic
high-pressure system, thus favoring the enhance-
ment of trade wind velocities. This ocean^wind
system connection can be explained taking into
account the higher thermal di¡erence between
land and sea that was reached during termina-
tions. This temperature contrast may modulate
the Azores high-pressure intensity leading to an
enhancement of the trade wind system. This hy-
pothesis of a coupled tropical/high-latitude North
Atlantic climate system operating during the last
deglaciation is, in addition, supported by records
from various tropical records [45^47]. Therefore,
high-latitude low SST anomalies at terminations
can enhance trade winds and thereby explain pro-
ductivity events observed in the areas located
under their in£uence.

A similar hypothesis of stronger winds at ter-
minations has been invoked to explain the incre-
ments of Pinus and pollen from dry and steppe-
type formations at the 2/1 oxygen isotope transi-
tion found o¡ Northwest Africa [48,49] and
would also account for the grain size increases
at Terminations I, II and III observed in the
studied cores [19]. Scanning electron microscope
(SEM) observation of grains from Termination I
samples shows rounded edges and impact marks
in the particles surface (Fig. 5), features which are
common in wind-borne particles [50]. The large
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size of these particles (up to 600 Wm) further
strengthens the hypothesis of stronger trade winds
at terminations.

6. Conclusions

Carbonate, Baexcess, TOC and diatom records
were produced for two NCB sediment cores in
order to infer paleoproductivity variations over
the last 250 kyr. After comparison with previously
studied dust records [19], we conclude that calci-
um carbonate records are a¡ected by dilution. In
contrast, Baexcess, TOC and diatom records appear
as reliable indicators of paleoproductivity
changes. The precessional signal found in these
proxies can be related to trade wind variations
as a response to insolation changes in tropical
latitudes over the last 250 kyr. During times of
maximum summer boreal insolation (minima in
the precessional index) trade winds were more in-
tense, enhancing water column mixing and there-
fore, primary productivity in the NCB.

Large peaks of Baexcess, TOC and diatoms at
Terminations I, II and III suggest the operation
of an additional non-precessional-driven mecha-
nism. We hypothesize that the large increase in
primary productivity found at terminations results
from the intensi¢cation of the trade wind system.
This enhancement of the atmospheric circulation
is related to high-latitude processes occurring dur-
ing deglaciation, that is, lowering of the North
Atlantic SST by melt water discharges which in
turn induced the strengthening of the Azores

high-pressure center and increased trade wind ve-
locities. This mechanism may also explain the re-
inforcement of the coastal upwelling and associ-
ated ¢laments, and the productivity pulses
recorded at terminations. Additionally, the CC
plays a role in transmitting cold melt waters and
nutrients from higher latitudes to the NCB.
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