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Abstract

Primary productivity of the Alboran Sea (Western Mediterranean) is reconstructed for the time interval 48,000 to 28,000
years BP using the following geochemical proxies: calcium carbonate, barium excess (Baeycess), total organic carbon (TOC) and
alkenone concentration. The records show a consistent pattern that indicates enhanced productivity during Dansgaard/Oeschger
(D/O) warm periods. At the same time, deep-water conditions were favorable for organic matter preservation in the sediments,
as indicated by the variation in redox-sensitive elements, such as Mn, Cr or V, and by the 6'>C record of benthic foraminifers.
The Alboran Sea productivity variation during D/O cycles is explained by the succession of two climatic scenarios that led to
latitudinal shifts of the westerly wind system. This mechanism would also account for the variability in the deep-water
ventilation of the Western Mediterranean Sea.
© 2004 Elsevier B.V. All rights reserved.
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compilations in Leuschner and Sirocko, 2000;
Voelker, 2002), thus demonstrating the existence of
a global climatic signal, but the causes behind this
variability are not well understood (Labeyrie and
Elliot, 1999; Sarnthein et al., 2002). Therefore, it
becomes increasingly important to better constrain the
underlying mechanisms that drove the D/O cycles and
to assess the potential linking between distinct
processes at different latitudes. High-resolution proxy
profiles from marine cores that record both paleo-
oceanographic and atmospheric processes are neces-
sary to accomplish this purpose since they help to
overcome the dating uncertainties that are usually
encountered in studies where such records are derived
from different cores or archives.

In the last few years, several high-resolution
paleoceanographic studies have been carried out in
the Western Mediterranean Sea, and demonstrated a
pronounced sensitivity of this basin to high-latitude
millennial-scale climate variability (e.g. Krijgsman,
2002). In particular, International Marine Global
Change Studies (IMAGES) core MD95-2043 from
the Alboran Sea has been intensively studied and
provides evidence for surface polar water invasions
from the Atlantic during HE (Cacho et al., 1999). An
atmospheric mechanism is invoked to explain both the
variability of sea surface temperature (SST) and deep-
water formation in the western Mediterranean that
occurred at the pace of the D/O climatic cycles (Cacho
et al., 2000). In addition, pollen records from the same
core document significant vegetation shifts on the
surrounding continents (Sanchez-Goiii et al., 2002)
while strong changes in fluvial and aeolian inputs
imply increased aridity in southeastern Iberia and
stronger Saharan winds during cold stadial periods
(Moreno et al., 2002).

In this complementary study, we assess in detail the
response of marine productivity to climate and
hydrological changes in the Alboran Sea. Paleopro-
ductivity records may provide valuable information
about the variability in the regional wind pattern and
strength because primary productivity at this location
depends on the strength of wind-driven upwelling of
nutrient-rich subsurface waters (Garcia-Gorriz and
Carr, 2001). Records of TOC and long chain
alkenones from the IMAGES core MD95-2043 were
presented in a previous study (Cacho et al., 2000) but
their interpretation in terms of paleoproductivity was

limited by the lack of independent control on the
influence of coeval changes in deep water ventilation
and their effect on organic carbon preservation. Our
new study combines (i) paleoproductivity proxies,
such as calcium carbonate, TOC, alkenones and
barium excess (Bagyeess), and (i) redox-sensitive
elements. Downcore variation in redox-sensitive
elements, e.g. Mn, V, Cr, Mo, Ni or Co, likely
indicate deep-water ventilation at the time of sed-
imentation for the time interval between 28 and 48 ky
BP (i.e. Calvert and Pedersen, 1993). This multi-
proxy approach allows separating real paleoproduc-
tivity signals from those that are altered by diagenetic
modifications. From this we gain, first, a better
understanding of the environmental conditions over
the last glacial cycle in the Alboran Sea and, second,
new insight into the linking between biological
productivity and millennial-scale climatic variations.

2. Environmental setting

2.1. Core location and present-day oceanography

Core MD95-2043 was retrieved in the Alboran
Sea, the westernmost basin in the Mediterranean Sea,
(36° 8.6/ N; 2° 37.3' W; 1841 m water depth) during
the 1995 IMAGES-I Calypso coring campaign
onboard R/V Marion Dufresne (Fig. 1). Three water
masses fill this basin. The surface layer is formed by
Modified Atlantic Water (MAW) that describes a
quasi-permanent anticyclonic gyre in the west, the
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Fig. 1. Location of IMAGES core MD95-2043 in the Alboran Sea.
Present-day dominant oceanographic circulation is represented by
dashed arrows. Main rivers in the Iberian Peninsula are indicated.
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Western Alboran Gyre (WAG) and a more variable
circuit in the east, the Eastern Alboran Gyre (EAG)
(Millot, 1999; Perkins et al., 1990). The intermediate
water is an extension of the Levantine Intermediate
Water (LIW) formed in the Eastern Mediterranean
(Parrilla et al., 1986). Finally, Western Mediterranean
Deep Water (WMDW) fills the deepest layer. WMDW
is formed in the Gulf of Lions (Fig. 1) where north-
westerly winds evaporate and cool surface water until
it sinks to the deep basin (Millot, 1999). Deep-water
overturning cell in the Gulf of Lions is also fed by the
salty LIW. Consequently, formation of WMDW is
influenced, to some extent, by the operation way of
the overturning cells in the eastern Mediterranean Sea
(Pinardi and Masetti, 2000).

In contrast with the rest of the Mediterranean Sea,
primary productivity is high in the Alboran Sea where
an annual mean of 200 g C m ~ year ' was observed
by Antoine et al. (1995). Both wind-induced upwell-
ing, located in the northernmost part of the Western
Basin and gyre-induced upwelling along the edges of
the anticyclonic gyres (Garcia-Gorriz and Carr, 2001;
Sarhan et al., 2000) occur in the Alboran Sea.
Although productivity is partially influenced by the
interaction between Atlantic and Mediterranean
waters (Heburn and La Violette, 1990), over this
oceanographic control, other factors have been
described in detailed present-day studies (i.e. Var-
gas-Yafez et al., 2002). Thus, it is well documented
that decreased atmospheric pressure over the Western
Mediterranean forces a faster Atlantic inflow that
enhances the development of the WAG and a
subsequently increase upwelling and marine produc-
tivity (Candela and Winant, 1989; Garcia Lafuente et
al., 1998; Vargas-Yafiez et al., 2002). Therefore, two
main factors influence surface productivity: (i) the
speed of the inflowing jet of cold and less-saline
surface waters from the Atlantic Ocean that interacts
with saltier and warmer waters from the Mediterra-
nean (Perkins et al., 1990), and (ii) westerly winds
(so-called Poniente) associated with the progression
of atmospheric low-pressure centers into the Medi-
terranean region (Parrilla and Kinder, 1987). Both
processes favor the development of anticyclonic gyres
that promote upwelling and primary productivity.
Additionally, the availability of nutrients via fluvial
input further supports high productivity in the Alboran
Sea as is clearly evidenced by the close correlation

between high chlorophyll concentration and fluvial
discharge from southern Iberian rivers (see Fig. 1)
(Fabrés et al., 2002).

2.2. Western Mediterranean climate characteristics

At present, summer-time Mediterranean climate is
usually dry and hot due to the influence of the
atmospheric subtropical high-pressure belt (Sumner et
al., 2001). During winter, the subtropical high is
shifted to the south allowing mid-latitude storms to
enter the region from the open Atlantic bringing
enhanced amounts of rainfall to the Mediterranean.
The present-day precipitation variability in this region
on a decadal time-scale has been linked to the North
Atlantic Oscillation (NAO) (Goodess and Jones,
2002; Rodo et al., 1997; Saenz et al., 2001). During
low NAO index years, northwesterly winds are
weaker and shifted to mid latitudes bringing higher
precipitation to the Mediterranean and North African
areas. However, during high NAO index years, the
strong meridional pressure gradient and the northward
shifted position of the surface pressure centers result
in the North Atlantic depression tracks that follow a
more northerly route and bring humidity to central and
northern Europe (Wanner et al., 2001). In addition to
this process and particularly during strong winters, the
Siberian High extended over Eastern and Central
Europe and combined with the Azores High, causes a
strong flow over the Mediterranean region thus
resulting in very cold and dry winters.

At a centennial to millennial time-scale, abrupt
climate change was identified in the Mediterranean
region linked to the D/O variability during the last
50,000 years (Allen et al., 1999; Cacho et al., 1999,
2000; Combourieu Nebout et al., 2002; Moreno et al.,
2002; Paterne et al., 1999; Sanchez-Goiii et al., 2002;
Watts et al., 2000). Overall, during cold D/O events
(stadials) and HE lower SST and higher aridity were
detected, while during warmer periods (interstadials)
warmer SST and moister conditions were dominant in
the study region. Thus, it was suggested that a
prolonged winter anticyclonic stability, probably
related to the NAO activity, may be favoured the
intensified dryness in the Mediterranean region during
cold stadials (Combourieu Nebout et al., 2002;
Sanchez-Goni et al., 2002). In addition, a more
vigorous atmospheric circulation over the Western
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Mediterranean region during D/O stadials was in-
ferred from deep-water convection proxies (Cacho et
al., 2000) and Saharan winds intensity indicators
(Moreno et al., 2002). The study of paleoproductivity
variations in the Alboran Sea at this millennial time-
scale will help to test and complete these previously
deduced D/O scenarios by determining the relative
intensity and displacement of westerly winds which
lead productivity variability in the study area.

3. Material and methods
3.1. Chronostratigraphy

The chronological framework of the core MD95-
2043 is described and discussed in Cacho et al.
(1999). Two different age models have been devel-
oped by these authors that demonstrate a direct
correspondence between the D/O climatic variability
over Greenland and SST variability in the Alboran
Sea. In our study, we use the second age model, which
cover the core section older than 21,000 year BP and
is based on the graphical tuning between the down-
core UL -SST profile (Cacho et al., 1999) and the
GISP2 ice core 6'%0 curve (Grootes and Stuiver,
1997; Meese et al.,, 1997). According to this age
model, the core section studied here, from 1025 to
1585 cm core depth, spans the time interval 28,000
and 48,000 cal year BP. Sedimentation rates are 27
cm/ky on average resulting in a temporal resolution of
185 years at sampling intervals of 5 cm (Fig. 2).

Sedimentation rate values are in general higher
during interstadial D/O periods. These variations are
probably linked to the higher fluvial input observed
during warmer and moister periods (D/O interstadials)
(Moreno et al., 2002; Sanchez-Goiii et al., 2002).

3.2. Geochemical analyses

Major and trace element contents of bulk sediment
were analyzed at a sample spacing of 5 cm by means
of X-ray fluorescence (XRF). Samples were ground
and homogenized in an agate mortar and arranged for
elemental determination. For major element measure-
ments, glass discs were prepared by melting about 0.3
g of ground bulk sediment with a Li tetra borate flux.
For trace element analyses, discs were prepared by

pressing about 5 g of ground bulk sediment into a
briquet, with boric acid backing. XRF analyses were
performed with a Philips PW 2400 sequential wave-
length dispersive X-ray spectrometer. Analytical
accuracy was checked by 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).
Variation in the sediment content in redox-sensitive
elements, e.g. Mn, Cr, V, Zn, Ni or Cu will indicate
deep-water oxygen content at the time of sedimenta-
tion for the time interval between 28 and 48 ky BP in
the Alboran Sea. Thus, Mn forms a highly insoluble
oxide where oxic conditions prevail; Cr and V are
reduced to insoluble species of lower valency under
anoxic conditions, while Zn, Ni or Cu enrichments,
without changing their valency, will indicate anoxic
bottom waters (Calvert and Pedersen, 1993).

Total carbonate content (CaCOs) was calculated
from the total Ca concentration (Caror) obtained by
XRF analyses by means of two different approaches
(Fig. 3b,c). First, we make use of a formula that
corrects for clay-derived Ca, which was established
for carbonate-rich sediments (Eq. (1)). The original
formula from Turekian and Wedepohl (1961) is
modified here using the Ca/Al ratio obtained from
sediment traps in the Alboran basin. We selected the
minimum values of Ca/Al to represent the Calcium
associated to terrigenous input.

CaCO3 = 2.5(CaTOT — (Ca/Altraps X AITOT))
where Ca/Alggps is 0.21 (1)

Second, we calculated the carbonate content from
the percentage of volatiles lost on ignition (% LOI)
using a correction for dolomite production. Both
methods lead to different values, but the structure of
both down-core records is essentially identical
(r*=0.9786) (Fig. 3c). The offset between both
methods is constant and probably related to the
presence of dolomite that was not corrected for in
the first approach.

Several studies have demonstrated that barite
(BaSQ,) and barium (Ba) have a strong association
with surface water productivity and they have been
used as productivity proxies (e.g. Gingele et al.,
1999). Nevertheless, the use of Ba as a record of
productivity is constrained by terrigenous Ba input
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Fig. 2. Records of (a) 680 from GISP2 core (Grootes and Stuiver, 1997; Meese et al., 1997) and (b) UY, -SST (Cacho et al., 1999) and (c) Linear
Sedimentation Rates (LSR) for the studied time interval from MD95-2043 core. Note that each change in the LSR record represents an age control
point in the age model constructed in Cacho et al. (1999) based on peak to peak correlation of the MD95-2043 SST record with the GISP2 6'%0
profile (correlation coefficient 7°=0.92). D/O stadials are indicated by shaded bars and D/O interstadials by numbers. (For color see online version).

and possible diagenetic remobilization (McManus et
al., 1998; Paytan et al., 1996; Schenau et al., 2001). In
order to assess the amount of Ba that originates from
“biogenic barite”, we corrected the total Ba (Bator)
obtained by XRF analyses for the non-biogenic
portion that was obtained after geochemical analyses
in present-day sediment traps located in the Alboran
Sea. From that study, the minimum Ba/Al value of all
sediment trap samples was taken as an indicator of the
terrigenous sediments (Eq. (2)):

Bagyeess = Baror — (Ba/Alminimum X AlTOT)
where Ba/Alyinimum = 0.0033. (2)

We have compared it with the results following the
more general and widely used Dymond et al. (1992)
calculation. Although both barium values and trends

are independent of the approach used, we selected the
first calculation since it is derived from our study area.
Similar Ba/Al values have been determined for the
Western Mediterranean Sea (e.g. Ba/Al.juminosilicates=
0.002 in Weldeab et al., 2003) and in recent global
estimations (0.0037 in Reitz et al., 2004). However,
the precipitation of biogenic barium through the water
column cannot be evaluated in this sort of approaches.
In this paper, we will refer to the corrected barium as
barium excess (Baeycess) instead of biogenic barium
since the effect of diagenetic remobilization should be
discarded before considering this proxy as a paleo-
productivity indicator.

In order to avoid dilution effect we present and
discuss Element/Al ratios or Mass Accumulation
Rates (MAR) (Calvert and Pedersen, 1993; Rollinson,
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Fig. 3. MD95-2043 age profiles of (a) UY; -SST (Cacho et al., 1999); (b) MAR carbonate (g/m? year); (¢) comparison between both carbonate
calculations (using a formula for carbonate-rich sediments and from the amount of lost volatiles; linear trend and 2 are also indicated); (d) MAR
TOC (g/m? year) (Cacho et al., 2000); (¢) MAR total C5, alkenones (Cacho et al., 2000) and (f) MAR Bagycess (2/m? year).
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Table 1

Trace element average data in this study compared with values from the literature

Data Cu/Al Cr/Al V/Al Zn/Al Mn/Al Ni/Al Co/Al V/Cr Ni/Co
(10% (10% (10% (10% (10% (10% (10%

MD95-2043 2.4-43 9-10.8 2.4-10 9-11.5 60-130 3.5-6.5 14-2.4 1-1.25 2-3.5

Shale® 5.1 10.2 14.8 10.8 96.2 7.7 2.15 1.4 35

PAAS® 53 11.6 15 8.9 85 5.5 2.3 1.36 2.4

Sediment traps® 7.52 11.67 14.85 27.21 118.24 7.84 2.17 1.28 4.03

Anoxic basin®* 534 13.4¢ 35.8¢ 16.2¢ 31.2¢ 5.8¢ - 1435 43-7°

Eastern Mediterranean sapropelsf 60 50 307 50 184 88 22 6.14 4

Sediment trap data resulting from the annual average of three mooring lines, one located in the western Alboran Sea (ALB-1, from Fabrés et al.,
2002) and two located in the eastern Alboran Sea (ALB4 and ALBS) are also indicated.

* Average shale, data from Wedepohl (1971).

® Post-Archean Average Shale, data from Taylor and McLennan (1985).
¢ Alboran sediment trap data resulting from the average of three mooring lines.

4 Cariaco Trench, data from Table 2 in Calvert and Pedersen (1993).

¢ North Sea, data from Jones and Manning (1994).

" Average composition of Pliocene sapropelic sediments from the eastern Mediterranean, ODP Site 969 (Wehausen and Brumsack, 2000).

1993) (Figs. 3 and 4). In addition, elemental concen-
trations and ratios from the literature and values from
a study based on sediment traps in the Alboran Sea are
used to help in detecting potential diagenetic enrich-
ments in our records due to changes in the water
column or porewater redox conditions (Table 1).

4. Results and discussion
4.1. Paleoproductivity signal

MAR Calcium carbonate displays a similar pattern
as the U%, -SST record in core MD95-2043 (Fig.
3a,b). Carbonate content of oligotrophic sediments
have been used as a proxy for carbonate paleopro-
ductivity since it is recording the abundance of
calcareous plankton (e.g. foraminifera and coccoli-
thophores) (Riithlemann et al., 1999a), but dissolution
likewise exerts control on carbonate records. How-
ever, foraminiferal fragmentation, an independent
dissolution estimator, along the core suggests that
carbonate dissolution was negligible during D/O
stadial periods and HE, and only increased during
the interstadials (Sierro et al., 2001). Thus, carbonate
contents during the D/O interstadial periods must
represent minimum values since a portion of the
carbonate that has been deposited has been lost to
dissolution. The excellent carbonate preservation
during the stadial periods indicates that processes

other than carbonate dissolution are responsible for
the reduced carbonate contents during these periods.
To discern if paleoproductivity variation was the main
process that influenced the carbonate record, other
proxies are needed for comparison.

Mass accumulation rates (MAR) of TOC, total
alkenones and Bay.ss (Fig. 3d,e,f') have previously
been used in numerous studies to obtain paleoproduc-
tivity variations; pitfalls and advantages of these
proxies as paleoproductivity estimators are discussed
there (Dymond et al., 1992; Gingele and Dahmke,
1994; Miiller and Suess, 1979; Suess, 1980; Villanueva
et al., 1998; Grimalt et al., 2000). In core MD95-2043,
the different paleoproductivity proxy records all follow
a coherent pattern that indicates higher productivity
during D/O interstadials (Fig. 3d,e,f). Terrestrial input
by rivers and wind has been proved to be a likewise
important contributor of terrestrial sediments in the
region (Moreno et al., 2002). Thus, an influence on the
productivity record due to dilution by non-marine
sediment components is likely of relevance. Therefore,
MAR of the paleoproductivity proxies are plotted
instead of percentages to properly consider the impact
of varying sedimentation rates, the variation of the bulk
density and the likely dilution effect.

Although the processes that lead to the production
of barite are still a matter of debate, the increase in
marine barite accumulation rates has been proved to
be a direct productivity indicator (Gingele and
Dahmke, 1994; Martinez-Ruiz et al., 2000). In this
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study, we calculated Bagycess as an estimated proxy of
biogenic barium. Bagycess has been extensively used
as a paleoproductivity indicator. Diagenetic influences
have to be considered before using Baeycess record as
a productivity proxy. The burial rate of particulate
organic matter in highly productive areas may exceed
the rate of replenishment of dissolved oxygen and
lead to the development of an anoxic environment
where sulfate reduction occurs. In those sulfate
depleted environments, dissolution and mobilization
of barite might take place. So that Bagyc.ss peaks
could result from reprecipitation processes linked to
the re-establishment of oxic conditions (De Lange et
al., 1994; Kasten et al., 2001; McManus et al., 1998;
Torres et al., 1996). Based on these considerations, it
has been concluded that the use of Bagess as a
paleoproductivity indicator in sulfate depleted envi-
ronments (Francois et al., 1995; Schenau et al., 2001),
such as highly productive nearshore areas (Dymond
et al., 1992), is prone to produce artificial signals that
are not directly related to changes in paleoproductiv-
ity. But even though Ba and TOC follow quite
different post-depositional diagenetic pathways, the
records of both proxies in our core display a high
degree of congruity. In addition, previous studies of
the pore water composition in Alboran sediments
(Bernasconi, 1999) indicate that sulfate is depleted by
bacterial sulfate reduction at depths below 15-50 m
of sediments. Our study is focused in the first 15 m of
MD95-2043 core thus minimizing the influence of
sulfate reduction in the Ba record. Based on these
observations, we suggest that the Ba and TOC signals
are primarily derived from productivity and that
diagenesis does not play a major role in defining
the structure of the records. However, our hypothesis
of using Ba record as a paleoproductivity proxy will
be tested using the down-core analyses of redox-
sensitive elements that enable to further constrain
whether or not post-depositional diagenesis may have
occurred.

4.2. Deep-water conditions

Results of §'*C measured in the benthic foraminifer
Cibicidoides spp. (mainly Cibicidoides pachyderma)
were previously published by Cacho et al. (2000). We
present here an updated 6'°C profile (Fig. 4a) with
higher resolution than the previously published. These

results were interpreted to reflect changes in deep-
water oxygenation driven by the intensity of the
WMDW overturning in the Gulf of Lions (Cacho et
al., 2000). In this context, the high 813C recorded
during stadials (Fig. 4a; reversed axes), in contrast to
interstadials, indicates more efficient ventilation of the
deep-water mass during these cold intervals. Accord-
ing to our previous statement (section above), organic
matter flux increased during interstadials. Thus, the
less-oxygenated conditions at the benthic layer may
reflect oxygen consumption driven by degradation
processes of the organic matter. In this case, the
benthic §'°C record in MD95-2043 should be inter-
preted as a local Alboran productivity signal rather
than a whole Western Mediterranean signal for deep
basin convection. Over the considered time period, C.
pachyderma/kullembergy were present throughout the
investigated core section. These are epibenthic species
which prefer relatively low flux rates of carbon and
thus are considered good indicators for global signals
of deep-water ventilation (Altenbach and Sarnthein,
1989). Apparently, the high productivity Alboran Sea
intervals did not transfer high enough carbon fluxes to
prevent the presence of these species. For the high
productive African coastal areas, it has been estimated
that organic matter oxidation could account for up to a
~4-5%o depletion in the benthic 6'°C record (Sarn-
thein et al., 1988). Alboran '°C oscillations were
relatively large (~8—6%o) for a primary productivity
system of a far lower magnitude. Consequently, we
reaffirm the previous interpretation by Cacho et al.
(2000) where benthic ¢'*C record is considered to
reflect mainly changes in the operation mode of the
Western Mediterranean deep-water formation. This
interpretation was further supported by the parallel
covariance of benthic 6'°C and 6'%0 records,
suggesting the presence of a deep-water mass of
distinctive properties between stadial and interstadials
(Cacho et al., 2000).

To further explore the magnitude of these changes
in deep-water ventilation and to evaluate the potential
interference of preservational conditions on the
Bagyeess record linked to the deep-water conditions
redox-sensitive trace elements are presented. As a
first approach, we have compared our average geo-
chemical ratios to those from shale composition
(Post-Archean Average Shale, PAAS). PAAS values
are frequently used as a reference to characterize the
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composition of the aluminosilicate detritus (Turekian
and Wedepohl, 1961; Wedepohl, 1971) (Table 1). In
order to provide local values that can represent the
original supply to the basin without the effect of
diagenetic modifications, we have added sediment
trap results from the Alboran Sea to Table 1. Thus,
averaged values of selected elements from the sedi-
ment traps study are shown to be compared with our
average geochemical ratios from MD95-2043 core.
We further use data from Cariaco Trench sediments
(Calvert and Pedersen, 1993) and Mediterranean
sapropels (Wehausen and Brumsack, 2000) as a
reference for elemental ratios in sediments that were
deposited under suboxic to anoxic conditions. In
Table 1, the absence of enrichments of Cu, Cr, V, Ni
or Co mean values in the Alboran core is conclusive
from the comparison with PAAS values and sediment
traps data. This absence further supports that sed-
imentation occurred under oxygenated bottom water
conditions (Calvert and Pedersen, 1993). In addition,
we calculated Ni/Co and V/Cr, elemental ratios that
are frequently used in the literature to infer anoxic
conditions (Jones and Manning, 1994; Martinez-Ruiz
et al.,, 2000). Low values of these ratios in the
Alboran core support our hypothesis.

Besides the mean elemental values displayed in
Table 1, down-core profiles of analyzed redox-
sensitive elements allow the investigation of the
deep-water oxygenation for the studied time period
(Fig. 4). The down-core Cu/Al, Cr/Al and V/Al
elemental ratios (Fig. 4b,c,d) remain below the
average composition of shales. However, Zn/Al
values (Fig. 4e) are higher than mean shale compo-
sition but still remain well below typical anoxic basin
values, if we compare with values presented in Table
1. Mn/Al ratio is above mean PAAS values in some
D/O interstadial periods (Fig. 4f) indicating occa-
sional enrichments of this element. Cu/Al, Cr/Al and
V/Al records do not follow the D/O pattern marked
by the paleoproductivity proxies (Fig. 3d,e,f) or the
deep-water ventilation indicators (Fig. 4a). Therefore,
a different origin of these elements is suggested. Cr
and V correlate with Al (%) (+*=0.7), an element that
does not respond to redox variations thus indicating a
possible primarily detrital origin of Cr and V
(Morford and Emerson, 1999). On the other hand,
Zn and Cu behave as micronutrients, so that are
commonly associated to the flux of organic matter

(Calvert and Pedersen, 1993). Zn has been partic-
ularly linked with the presence of diatoms and its
incorporation into their skeletons (Smetacek, 1985)
thus explaining its correlation with Bagycess in the
Alboran record (Fig. 3f).

Mn enrichment commonly has been linked with
post-anoxic increases in bottom-water oxygen content
(De Lange et al., 1994). Mn is supplied to the ocean as
oxide coatings on particulate material delivered by
wind or rivers and by diffusion from shelf sediments.
This element is dissolved in the water column
reaching a maximum at intermediate-depth when
oxygen concentrations fall below 100 pM (Calvert
and Pedersen, 1993). Dissolved Mn is also present
below the oxyhydroxide horizon in the sediments
from high-productivity areas where oxygen is con-
sumed at very shallow sediment depths. Solid phases
of Mn in these sediments appear as a result of upward
diffusion of dissolved Mn and its posterior precip-
itation at oxic horizons in the form of Mn oxides
(Thomson et al., 1987). Our record presents enriched
Mn/Al ratios right at the onset of most of the D/O
interstadial (Fig. 4f). But only three of those Mn/Al
peaks go beyond the PAAS values: at the beginning of
D/O interstadials 11, 8 and 7. According to the benthic
8'3C record (Fig. 4a), the observed Mn/Al enrich-
ments occur just after the maximum oxygen concen-
trations in deep water thus pointing to a possible link
with the Alboran redox variability.

Overall, we conclude that bottom water oxygen
concentrations in the Alboran Sea were high enough
to prevent extensive sulfate reduction and the remobi-
lization of Ba over the entire studied period. Con-
sequently, our Ba.,.cs record can be used as a reliable
paleoproductivity proxy. The combined picture from
the carbonate, TOC, Bagy..ss and alkenone records
consistently supports primary productivity oscillations
in the Alboran Sea occurring at the D/O frequency
which resulted on higher values during the interstadial
in relation to the stadial periods.

4.3. Mechanisms involved in the D/O variability of the
Alboran productivity record

In agreement with the present-day oceanography of
the Western Mediterranean Sea, we consider that the
D/O wvariability in Alboran productivity may have
been consequence of changes in atmospheric pressure
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distribution and river runoff regime (see Section 2).
Our multi-proxy results show solid evidences for
enhanced primary productivity during D/O intersta-
dials (Fig. 3) and we argue that this situation was
mainly the result of two combined processes that may
occur along these warmer periods:

(1) Nutrient fertilization induced by enhanced sur-
face water mixing associated with an energetic
inflow jet of Atlantic water, presumably result-
ing from stable low atmospheric pressure over
the Western Mediterranean Sea.

(2) Establishment of a wetter climate in the neigh-
bouring land and consequently enhanced
nutrient supply by increased river runoff into
the Alboran Sea.

In a D/O interstadial situation, North Atlantic Deep
Water (NADW) formation took place in the Nordic
Seas like at present-day and thus, the SST gradient
along the North Atlantic was probably lowered. We
therefore suggest that during this “warm scenario” the
westerlies were likely weaker and displaced south-
wards providing higher humidity to the Mediterra-
nean region. In that way, productivity would increase
in the Alboran Sea because of (i) the higher fluvial
supply of nutrients and (ii) the faster inflow of
Atlantic waters and westerly-wind-induced upwelling.
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The southward displacement of the westerly wind
system through a D/O cycle is schematically depicted
in Fig. 5.

Supporting our hypothesis increased precipitation
during interstadials has been previously suggested on
the basis of (i) ecosystem modelling using transfer-
functions that were applied to fossil pollen assemb-
lages and (ii) grain-size and geochemical analyses
along the same Alboran core (Moreno et al., 2002;
Sanchez-Goni et al., 2002). In those previous studies,
the decrease in steppic pollen, the predominance of
finer terrigenous particles and the increase in fluvial
source elements (Al and K), point to wetter conditions
in the region during the D/O interstadials. Wet
conditions during D/O interstadials were demonstra-
ted by marine pollen records from the Mediterranean
region and the Western Iberian margin (Combourieu
Nebout et al., 2002; Roucoux et al., 2001; Sanchez-
Goiii et al., 2000, 2002). Italian and Greek pollen
sequences also report wet interstadial climate (Allen et
al., 1999; Tzedakis, 1999; Watts et al., 2000). There-
fore, we hypothesize that surface water fertilization by
enhanced river runoff during D/O interstadials may be
a consequence of humid climatic conditions on a
basin-widescale.

It is known from model results obtained recently for
the last glacial period that the location and intensity of
the deep water overturning in the North Atlantic has

Dansgaard-Oeschger interstadials

330°  340° 350° 0° 10° 20° 30° o
60° 1 + ! n 60
o I Weaker-and L o
30 southward Enhanced humidity 50
displaced
North-westerlie:

40° 40°

in the Mediterranean regign |
\ »&
(Y

30 350° 0° 10°

330°  340°

2 (Combourieu Nebout et al., 2002)
3 (Allen et al., 1999)

1 (Cacho et al., 1999,2000; Sanchez-Goifii et al., 2002; Moreno et al., 2002)

4 (Tzedakis, 1999)
5 (Roucoux et al., 2001)
6 (Sanchez-Goiii et al., 2000)

Fig. 5. Climatic scenarios inferred for HE and D/O stadial and D/O interstadial periods.
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varied throughout the Oxygen Isotope Stage 3 (OIS 3):
during D/O stadial periods, NADW formation was
considerably reduced and only produced south of
Iceland (Ganopolski and Rahmstorf, 2001). Therefore,
as inferred by Rithlemann et al. (1999b) for the last
deglaciation, it is proposed here that the temperature
gradient in the North Atlantic Ocean increased during
D/O stadials as a consequence of the decreased
northward marine heat transport as result of the
reduction in the formation of NADW. This intensified
gradient may lead to a strengthened zonal circulation
with the concomitant enhancement of the north-west-
erly winds system. In this “cold scenario”, aridity
conditions were established in the Mediterranean Sea
as indicated by paleodata (Allen et al., 1999; Sanchez-
Goili et al., 2002) and high-resolution climate simu-
lations (Barron and Pollard, 2002).

5. Conclusions

Primary productivity in the Alboran Sea oscillated
at millennial time scale parallel to the D/O variability
of the last glacial period. All proxies considered,
carbonate, Bag,..s, TOC and total alkenone records,
show consistent patterns indicating a general increase
of the Alboran productivity during D/O interstadials
relative to the stadials. Abundances of redox-sensitive
elements indicate that sulfate reduction did not occur
in this deep environment and thus no Ba remobiliza-
tion should be expected. We infer that enhanced and
prolonged primary productivity was sustained during
interstadials by a southward shift of the westerly
winds to the latitude of the Alboran Sea which forced
a more intense inflowing of Atlantic surface jet and
led to increased gyre-induced upwelling of nutrient-
rich subsurface water. Additionally, moister condi-
tions on land, as documented by Al (%) and pollen
records, may have supplied additional nutrients by
enhanced river runoff during interstadials. Thus, we
present two different scenarios associated to D/O
stadials and interstadials: (i) during D/O stadials the
westerly belt was positioned over northern Iberia thus
promoting wind-induced cooling and evaporation and,
in consequence, a very efficient deep overturning in
the Gulf of Lions; (ii) during D/O interstadials the
westerly wind belt shifted southward thus stimulating
physical upwelling in the Alboran Sea and, in

consequence, deep water convection was less effec-
tive in the Gulf of Lions.
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