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Abstract

Planktonic foraminifera and coccoliths were analyzed from six gravity cores obtained on a deep terrace located on
the upper continental slope of the Gulf of Cadiz, between 400 and 700 m water depth. The lithology of these cores
consists mainly of muds with some interbedded sandy or silty foraminifer-rich layers that have been reported as contourites
originated by the action of the Mediterranean Outflowing Waters (MOW) sweeping the sea-bottom today. After the
Last Glacial, characterized by muddy sedimentation, sandy contourites start to deposit in the Gulf of Cadiz during the
Belling—Allered (14-11 **C kyr BP) climatic optimum. This trend was broken during the Younger Dryas (11-10 *#C
kyr BP) and started again after the end of the Younger Dryas. This pattern is recorded in most of the cores by a single
sandy contourite layer formed during the first deglaciation stage (Bglling—Allerad time) and a sandy contourite interval
that initiates immediately after the end of the Younger Dryas, during the second stage of the deglaciation and continues
during the Holocene. The stratigraphy and climatic reconstruction was based on the evolution of the cal careous plankton
assemblages during the last climatic transition, from the Last Glacia to the recent Holocene. The sharp reduction of
sinistral N. pachyderma along with the reduction of G. quinqueloba mark the base of Balling—Allerad time. This is aso
related to a prominent peak of the subtropical species (G. sacculifer and G. ruber). The Younger Dryas is identified by a
reduction in abundance of the subtropical species, that again increase just after this period. The second step of deglaciation
is marked by a sharp decrease in the relative abundance of dextrally coiled N. pachyderma. In previous papers the sequence
of sandy contourites has been related to sea level rise, greater Gibraltar sill depth and enhanced energy of the MOW.
In this work, we suggest that the individual sand layer episodes are condensed layers originating during times of rapid
warming and relative sea-level rise within the last deglaciation. During these times the coastline migrated more rapidly
landward and the terrigenous input decreased as it began to be trapped on land and on the shelf, resulting in a major drop
in sedimentation rate on the upper continental slope. In times of low sedimentation rate the particles would have a longer
residence time within the upper mixed layer of the near surface sediment and therefore the energy of currents would act
longer, producing a more efficient winnowing of the sediment. At the same time more generations of benthic organisms
would rework the mixed layer, favoring this winnowing. O 1999 Elsevier Science B.V. All rights reserved.

Keywords: Pleistocene; Holocene; contourite; paleoclimatology; Foraminifera; Coccolithophores

* Corresponding author. Tel: +34 923 294497; Fax: +34 923 294514; E-mail: sierro@gugu.usal.es

0025-3227/99/$ — see front matter 0 1999 Elsevier Science B.V. All rights reserved.
PIl: S0025-3227(98)00145-5



158 FJ. Serro et al. / Marine Geology 155 (1999) 157-172

1. Introduction

The Atlantic South Iberian continental margin,
particularly the Gulf of Cadiz region is of great
oceanographic and sedimentologic interest. This re-
gionislocated at the entrance of the Strait of Gibral-
tar where a large water-exchange takes place be-
tween the Atlantic and Mediterranean.

The most prominent feature of the water dynam-
icsin the Gulf of Cadiz isthe presence of the highly
sdline Mediterranean Outflow Waters (MOW) that
flows westward and northwestward following the
contours of the Spanish and Portuguese continental
dlope at depths between 400 and 1800 m (Made-
lain, 1970; Zenk, 1970; Faugeres et al., 1985b, 1986;
Nelson et al., 1993). Current speed in the upper con-
tinental slope variesfrom 2.5 m/s, measured near the
Gibraltar Strait, and decreases progressively towards
the west to 1 m/s and 0.5 m/s (Madelain, 1970;
Kenyon and Belderson, 1973). In contrast, surface
currents from the North Atlantic flow eastward and
southeastward following the Portuguese and Spanish
shelf.

Numerous publications have addressed sediment
deposition under the action of the MOW on the
Portuguese continental slope. Many of these have
focused on the Faro Drift sediment (Mougenot and
Vanney, 1982; Faugeres et al., 1984, 1985a,b, 1986;
Gonthier et al., 1984; Stow et a., 1986, among oth-
ers) but only a few papers have dealt with sediment
deposited on the spanish dope (Diaz et al., 1985;
Nelson et a., 1993). The formation of contourites
in this region, mainly produced by along-slope de-
positional processes associated with the flow of the
MOW, has been well recognized and described by
many of the aforementioned authors. Faugeres et
al. (1984, 1985a,b, 1986) recognized three different
sandy or silty contourites in the Faro Drift interbed-
ded with muddy sediments and suggested that these
sandy contourites formed during episodes of inten-
sification of the MOW during the last deglaciation.
The first episode was dated about 15000-13 000 yr
BP, the second at 11 000—9000 yr BP and the third
at 3000-0 yr BP (latest Holocene). They, therefore,
concluded that climatic events play an important role
in Atlantic—M editerranean hydrodynamics.

On the Spanish continental slope, Nelson et al.
(1993) studied numerous gravity cores and identified

several sandy contourite layers. The ages of these
layers dated by radiocarbon analyses, are approxi-
mately the same as those found by Faugeres and
coworkers. Nelson et a. (1993) concluded that the
sandy layers originated due to intensification of the
MOW during episodes of sea-level rise and therefore
designated them as highstand sandy contourites.

In this paper, planktonic foraminifera and coccol-
iths from six gravity cores were analysed with the
aim of reconstructing paleoclimatic evolution and its
relationship with the formation of the sandy con-
tourite layersin the upper slope of the Gulf of Cadiz.

2. Material and techniques

Six gravity cores from the Gulf of Cadiz conti-
nental slope were examined. Most of the cores were
taken on wide, gently dipping deep terraces located
between 400 and 700 m water depth, just below
the upper continental slope (Fig. 1). Cores TG-36,
TG-40 and TG-45 were taken in the central part of
these terraces, while TG-43 and TG-59 are located
just at the base of the steep upper continental slope.
In contrast, core TG-55 is very close to avalley that
runs SW straight across the continental slope. These
coresrange from 160 to 200 cm in length and consist
of hemipelagic silty clay with interbedded sandy or
silty layers. The sand fraction of these sandy layers
isdominated by planktonic foraminiferatests.

Samples for planktonic foraminifera anayses
were washed over a 63 um mesh sieve and dry
sieved at 150 wm. The residues were split, when
necessary, into suitable aliquots of about 250 speci-
mens which were then counted.

Light-microscope studies were carried out follow-
ing the preparation procedure proposed by Flores et
al. (1995) for calcareous nannofossils. In order to
determine the coccolith assemblage and to obtain
homogeneous and comparable data among different
samples, severa counts were made. Around 500 coc-
coliths were counted per dlide in a variable number
of fields of view. A second counting of around 300
coccoliths for specimens larger than 3 wm (in gen-
era less abundant than the small forms) was made.
To improve the counting resolution of several scarce
forms, a number of additional visual fields were ex-
amined until a minimum of one hundred specimens
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Fig. 1. Map of the Gulf of Cadiz region with the location of the core sites.

were found. The data are presented as coccoliths per
visual field (coccoliths per surface) and as relative
values among the species of the same genus (i.e.
Gephyrocapsa spp.) or for the total assemblage (i.e.
Syracosphaera, C. leptoporus).

3. Calcareous planktonic assemblages and
paleoclimatology

In this section we shall focus on the quantitative
evolution of some of the planktonic species, plac-
ing special emphasis on those of paleoclimatic or
biostratigraphic significance.

3.1. Planktonic foraminifera

In a general view of the quantitative analysis
shown in Fig. 2, it can be seen that the distribution
of some of the most abundant species of planktonic
foraminifera follow certain trends that are very sim-
ilar in most of the cores. Some of these changes
in abundance are isochronous based upon the radio-
carbon ages available for some cores (Nelson et a.,
1993).

Globigerinoides ruber (d Orbigny) along with
Globigerinoides sacculifer (Brady) are subtropical
and tropical species abundant today in surface waters
of the Gulf of Cadiz during the summer (e.g. Cifelli,
1974; Duprat, 1983; Devaux, 1985). These species
are almost absent in the lowermost part of some of
the cores (i.e. TG-59, TG-45, TG-43) and aways
show an increasing trend from bottom to top in most
of the cores analysed.

These species generally reach two maximaduring
the Pleistocene—Holocene transition in most of the
cores, separated by an interval of lower abundances
(see Fig. 2). Thisinterval is located between 40 and
80 cm depth in cores TG-55, TG-43, from 30 to 45
cmin core TG-45 and from 90 to 130 in core TG-40.
It was not identified in cores TG-36 and TG-59
probably because of the low sampling resolution.

Neogloboquadrina pachyderma (Ehrenberg), in
contrast, is a characteristic cold water species today
(i.e. Ericson, 1959; Cifelli, 1971; Imbrie and Kipp,
1971; Be, 1977). In generd, it is abundant in all of
the cores, reaching values of over 30 and 40%, until
it decreases sharply in the upper part where it usu-
aly persists at percentages under 10%. This strong
reduction coincides with the increase in subtropical
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forms previously described. The predominance of
sinistral forms of this speciesis associated with polar
waters in the North Atlantic (Ericson, 1959; Cifelli,
1971; Imbrie and Kipp, 1971). Absent today in the
Gulf of Cadiz, they were abundant during the Last
Glacia on the Iberian margin and Gulf of Biscaye
(Pujol, 1980; Duprat, 1983; Devaux, 1985; Weaver
and Pujol, 1988) and during the Younger Dryas in
the northern part of this region. In the cores anal-
ysed in this study, the sinistral forms are relatively
frequent only in the basal levels of cores TG-36,
TG-43 and TG-45, decreasing towards the top from
more than 5% to less than 1%. They are almost ab-
sent in cores TG-40 and TG-55, and very abundant,
reaching values close to 20% in some levels, in core
TG-59 from the bottom to 40 cm depth.

Other species such as Globigerina quinqueloba
(Natland) not as evidently related to water temper-
ature as the previous species but usually linked to
cold waters, follow a very similar trend to that of N.
pachyderma (sinistral) (Fig. 2).

Globorotalia hirsuta (d' Orbigny) is more strati-
graphically interesting than paleoclimaticaly sig-
nificant. We investigated both the analysis of rel-
ative abundance in the assemblage of planktonic
foraminiferaand coiling direction fluctuations of this
species. Globorotalia hirsuta is very scarce in the
sediments and it is therefore sometimes quite diffi-
cult to obtain enough specimens to monitor coailing.
In general, this species is rare in the lower part of
most of the cores becoming relatively frequent in
the uppermost centimeters. In these upper levels, the
specimens are nearly 100% dextrally coiled, whilein
the lower part they are sinistrally coiled. In the mid-
dle part there is an interval where both dextral and
sinistral forms coexist, athough the sinistral forms
are aways dominant. G. hirsuta gradually passes
from nearly 100% sinistral to nearly 100% dextral.
Although it is sometimes very doubtful, the location
of this coiling change from nearly 100% sinistral to
preferentially sinistral may be seen in Fig. 2. This
change is very difficult to identify, however, because
when the species become preferentialy sinistral, its

abundance becomes extremely low, in some cases
leading to a compl ete disappearance.

3.2. Caoccolithophores

Coccolithophores are an important component of
the sediments in the cores studied. Their abundance
is variable, as shown by the total number of coc-
coliths per visua field (Figs. 3 and 4). In cores
TG-36, TG-45 and TG-40, the average value is over
40 coccoliths per visua field (cc/v.f.) with only a
few exceptions in samples where coccoliths are al-
most absent. Core TG-43 shows very low coccolith
concentrations, with average values around 5 cc/V.f.
In core TG-59, the mean concentration is below 1
cc/v.f.

Generally, coccolith concentrations are inversely
proportional to the sand content (Figs. 3 and 4).
On the other hand, preservation is aso related to
sediment grain-size; intervals with low sand content
show better preservation than sandy intervals. These
data point to a certain disturbance in the assem-
blages, and should therefore be considered with cau-
tion. Dissolution is specidly significant in the small
and very small taxa, as well as in the peripheral and
central elements of placoliths, cribiliths, helicoliths
and canealiths. In several cases, the dissol ution effect
precludes the identification of several taxa.

The most abundant species in the cores stud-
ied are Emiliania huxleyi, Gephyrocapsa ocean-
ica, Gephyrocapsa muellerae and small Gephyro-
capsa (Gephyrocapsa ericsonii and Gephyrocapsa
aperta). These species represent about 90% of
the assemblage (Fig. 3). Other significant taxa in-
clude Calcidiscus leptoporus, Helicosphaera car-
teri, Braarudosphaera bigelowi, Coccolithus pelag-
icus, Florisphaera profunda, Umbilicosphaera sibo-
gae, Syracosphaera spp., Pontosphaera discophora,
Rhabdosphaera claviger, Umbellosphaera irregu-
laris and Umbellosphaera tenuis.

The commonly abundant E. huxleyi shows maxi-
mum frequencies towards the top of the cores, with
the exception of levels in which the sand compo-

Fig. 3. Frequency distribution of selected species of Coccolithophorids, the G. oceanica/G. muellerae ratio, concentration of coccoliths
in the sediment and the sand content. Dotted intervals illustrate Terminations 1A and 1B. Radiocarbon ages from Nelson et al. (1993) are
shown (rectangle = location of the radiocarbon samples) Holoc.: Holocene. Bgll.-Aller.: Balling-Allergd. Y.D.: Younger Dryas.
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nent is high (Fig. 3). The variations in abundance
of some of the Coccolithophorids can aso be linked
to climatic parameters. Weaver and Pujol (1988) ob-
served an increase in E. huxleyi above Termination
1B (10 kyr), and following Thierstein et al. (1977)
they relate this fact to the expansion of E. huxleyi
at the expense of G. muellerae. G. oceanica is a
warm water species (Geitzenauer et al., 1976) that in
colder waters is replaced by G. muellerae (Weaver
and Pujol, 1988; Jordan et al., 1996). As a result,
the G. oceanica/G. muellerae ratio (G. oceanica/G.
oceanica + G. muellerae = Go/Gm ratio) can be
considered as a temperature indicator of surface wa-
ter (Fig. 3).

In general, a progressive increase is observed
from bottom to top, with some intervalsin which the
ratio is reduced. A similar trend is observed in the
warm water species U. sibogae although this species
seems to reduce its abundance in the uppermost
centimeters of cores TG-36 and TG-45. This taxon
has been reported in subtropical to transitional waters
during interglacial periods. During glacia intervals
when there was a southward displacement of the
Subtropical Gyre, U. sibogae was restricted to south
of about 30°N near the African coast (Mclntyre,
1967).

Other possible thermally sensitive taxa, such as
C. pelagicus and H. carteri, do not show any partic-
ular trend in these cores, while C. leptoporus has in
general a paralel distribution with the warm water

indicators. Other interesting taxa are the representa-
tives of the genus Syracosphaera. This genus has no
clear ecological significance (Bukry, 1974; Weaver
and Pujol, 1988). In general, however, it is more
abundant in warm water masses and occurred in
peak abundances after deglaciation eventsin the Cat-
alonian and Balearic seas (Flores et d., 1997). This
trend was seen here in core 36 and core 45 with
maxima at the base of the Holocene (Fig. 3).

4. Taphonomy

The concentration of coccoliths in the sediments
is inversely proportional to the distribution of sand,
which is mainly controlled by the foraminiferal
content especialy in residues larger than 125 um
(Figs. 3 and 4). At the same time, the abundance
of coccoliths is paralel to the calcium carbonate
curve, with the exception of the sandy intervals.
These data suggest that Cadiz slope sediments could
have been deposited under the action of intense bot-
tom currents, causing a sel ective winnowing of fines
and concentration of larger particles in the residual
sediment. Since the clay and coccoliths were prob-
ably washed out, the foraminiferal tests and silty or
sandy terrigenous particles increased in abundance
proportionally. Regardless of winnowing processes,
dilution effects should produce a parallel distribu-
tion of foraminifera and coccoliths, depending on
the fluctuations of terrigenous input over time. Thus,
the parallelism between the abundance of coccoliths
and the calcium carbonate curve may initialy be
due to dilution, although the winnowing processes
produced by bottom currents would modify the sed-
iments, washing out fine carbonate particles and
thereby reducing the final carbonate content. The
winnowing enrichment of calcareous foraminifera,
however, might also counterbalance carbonate losses
and explain why some of the sandy layers are car-
bonate-rich and yet the abundance of coccaliths is
extremely low or completely absent. The carbonate
and coccolith trends suggest efficient winnowing by
the MOW when sand layers were deposited.

In contrast, the low coccolith concentrations in
the clay intervals of cores such as TG-59 and TG-43
appear to be explained by terrigenous dilution, rather
than winnowing.
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5. Paleoclimatic inter pretation and stratigraphy

The distribution of calcareous planktonic taxa is
controlled primarily by thermal variations. The gen-
eral increasing trend from bottom to top of G. ruber
and other subtropical formsin all cores, together with
the decreasing pattern of N. pachyderma, a charac-
teristic cold water species, clearly indicates a pro-
gressive warming of surface waters from the Gulf
of Cadiz. These planktonic foraminifera data are in
agreement with the general progressive increase ob-
served inthe Go/Gm ratio and percentages of Umbili-
cosphaera. The paleoclimatic interpretation becomes
more complicated, however, when attempts are made
to follow the climatic changesin greater detail.

The absence of subtropical formsin the basal lev-
els of some corestogether with the relative frequency
of sinistral N. pachyderma and G. quinqueloba sug-
gest that these sediments could be related to full
glacia conditions in the region. From these levels
upwards, two significant paleoclimatic and hence
stratigraphic events have been identified in all cores
correlated with Termination 1A (14-12 “C kyr)
and Termination 1B (10-9 *C kyr), first and second
stages of the deglaciation, interrupted by the Younger
Dryas glacial event (11-10 *4C kyr).

The first increase in the abundance of G. ruber,
coinciding with the strong reduction of N. pachy-
derma (sinistral) and G. quingqueloba, and the rel-
atively high values in the Go/Gm ratio and Unm+
bilicosphaera must be related to the beginning of
postglacial conditions in the region and have there-
fore been correlated with Termination 1A. These
changes were already observed by Devaux (1985) in
the Gulf of Cadiz coinciding with Termination 1A.
Jorissen et al. (1993) illustrated a similar reduction
of G. quinqueloba in the Tyrrhenian Sea parallel to
an increase of G. ruber and coinciding with the limit
between their zones |11 and Il with a radiocarbon age
of 12.7 **C kyr BP. In the Strait of Sicily, Vergnaud-
Grazzini et a. (1988) found asimilar reduction in G.
quingueloba within Termination 1A. However, this
species increased again during the Younger Dryas.
Similar events occurred in the Alboran Sea (Pujol
and Verghaud-Grazzini, 1989), while Weaver and
Pujol (1988) reported small positive peaks in the
Go/Gm ratio coinciding with Termination 1A in the
North Atlantic and Alboran Sea.

The second event located in the upper part of the
cores (Figs. 2 and 3) was correlated with Termination
1B, the second stage of the deglaciation. Thiseventis
defined by the sharp drop in abundance of N. pachy-
derma to percentages below 10% and paralleled by
arapid increase in G. ruber. This event has always
been related to the last deglaciation (Duprat, 1983;
Devaux, 1985; Vergnaud-Grazzini et al., 1988; Keig-
win and Jones, 1989; Pujol and Vergnaud-Grazzini,
1989; Jorissen et a., 1993; Rohling et al., 1993).
However, the reduction in N. pachyderma seems to
occur a bit later in the Alboran Sea than in the Gulf
of Cadiz (see Devaux, 1985; Pujol and Vergnaud-
Grazzini, 1989). Jorissen et al. (1993) used this event
to identify the boundary between zone | and Il dated
9600 yr BR, coinciding with Termination 1B and
correlated with the base of the Holocene. We there-
fore consider this event to be a good indicator for
locating the Pleistocene—Holocene boundary in the
region. In this study, an important increase in surface
warm water indicators in the coccolith assemblages
isrecorded at thistime.

Between these two events, another two intervals
characterized by relatively high and cool water tem-
peratures, respectively, can be observed. The in-
crease in subtropical forms such as G. ruber and
Umbilicosphaera above Termination 1A is inter-
preted as corresponding to the Bgalling—Allergd time
that reached its optimum at around 12 *C kyr BP
(Duplessy et al., 1981; Bard et a., 1989), while
the reduction in these warm and transitional forms,
along with the high percentages of N. pachyderma, is
correlated with the Younger Dryas at around 11-10
14C kyr (see cores 36, 43, 40 and 55 in Figs. 2 and
3). This interval concludes with the sharp increase
in G. ruber which characterizes the second stage
of the last deglaciation (Termination 1B, 10-9 “C
kyr BP) (Figs. 2 and 3). These faunal trends are
very similar to those found by Devaux (1985) in
the Portuguese region. In cores TG-36 and TG-45
the Younger Dryas cannot be identified, at least fol-
lowing the patterns of variation of G. ruber and N.
pachyderma. However, the strong reduction of N.
pachyder ma together with the other coccolith indica-
tors mentioned have also been used in these cores to
locate the Pleistocene—Hol ocene transition.

The changes in coiling pattern of some Globoro-
taliids have been used in the NE Atlantic as good
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stratigraphic indicators. According to Pujol and Car-
alp (1974), Duprat (1983), Pujol (1980), Faugeres et
a. (1984) and Devaux (1985), G. hirsuta is sinis-
trally coiled during the Pleistocene and passed from
preferentially sinistral to preferentialy dextral dur-
ing the Holocene. The level at which this species
pass from completely sinistral to preferentially sinis-
tral was illustrated in Fig. 2. As reported for the
North Atlantic, it coincides approximately with the
Pleistocene—Hol ocene boundary.

Several authors (Pujol and Carap, 1974; Pujol,
1980; Duprat, 1983; Devaux, 1985, among others)
have reported changes in the coiling pattern of G.
truncatulinoides throughout the late Pleistocene and
Holocene in the Iberian margin. However, Duprat
(1983) questioned the validity of these changes as
useful stratigraphic markers because today G. trun-
catulinoides shows different coiling patterns depend-
ing on the oceanographic region (Ericson et .,
1954). For this reason we did not use these changes
biostratigraphically, although the interval with scarce
and preferentially sinistral G. truncatulinoides could
be synchronous. Thisinterval has usually been iden-
tified between the first and second stages of the
deglaciation, approximately coeval with the Younger
Dryas.

As may be seen in Figs. 2 and 3, the main
paleoclimatic stages have been identified in most
cores, athough some doubt exists with respect to
core TG-45. On one hand, the main increase in G.
ruber is recorded at 80 and 60 cm depth, but N.
pachyderma still persists at higher percentages than
usua for the Holocene, although its abundance re-
duces at this level. This species definitely reduces
in abundance between 40 and 30 cm depth and,
hence, we place the Pleistocene—Hol ocene boundary
at this level. Unfortunately, the trend in coiling pat-
tern of G. hirsuta and G. truncatulinoidesis not very
clear.

6. Benthic foraminifera

The relative abundance of planktonic and benthic
foraminifera in the sediments was analysed in al
cores (Fig. 2). The proportion of benthic foraminifera
usually shows a progressively decreasing trend from

bottom to top. However, a prominent drop in this
ratio occurs in the upper part of the cores, coincid-
ing exactly with the upper increase in the sutropical
forms and the reduction in N. pachyderma. In cores
for which there are carbonate analyses, even though
the resolution is very low it is possible to see that
the main variations in the planktonic/benthic ratio
are opposite to those recorded in carbonate and sand
contents. The reduction in benthic foraminiferain the
sandy and sometimes carbonate-rich intervals may
be explained by the fact that these layers have been
intensively winnowed by bottom currents. Hence, the
fine grained organic detritus and other possible ade-
quate food for benthic foraminiferawould have been
washed away, thus preventing the small benthic or-
ganisms, especialy infaunal elements, from thriving
under these conditions. However this kind of habitat
can be very favorable to other groups of the macro-
and meio-infauna, especially the surface deposit and
suspension feeders that take advantage of the food
supplied by the strong bottom currents (Yingst and
Aller, 1982).

The percentages of benthic foraminifera in sand
and mud differ considerably depending on the area.
In cores located near the base of the upper slope
(TG-43 and TG-59), and therefore closer to the
shore, the abundance of benthic foraminifera is
higher in relation to the plankton (from 60 to 90%),
while in cores located within the terrace (TG-36,
TG-40, TG-45 and TG-55) the percentages of ben-
thic foraminifera are lower (10-40%). The energy
of the currents is higher on the upper slope than
on the terraces, because the bottom is steeper in
these regions and hence one would expect a greater
winnowing efficiency and therefore fewer benthic
foraminifera. In addition, towards the land, espe-
cialy towards the mouth of the Guadalquivir river,
nutrients and organic detritus provided by the river
show an increase. Such detritus would have accumu-
lated over the bottom, at least over a certain time,
until they had been completely washed away by the
current. This would favor the growth of microben-
thic organisms during certain seasons of the year.
Furthermore, the organic detritus coming from the
land and surface productivity (Abrantes, 1990) de-
crease seaward, resulting in less favorable conditions
for the benthos in these more distal regions.



FJ. Serro et al. / Marine Geology 155 (1999) 157-172 167

7. Sandy contourites

After the Last Glacial maximum, characterized
by muddy sedimentation, the sand content tends
to increase in al the cores analyzed in the Gulf
of Cadiz. This trend was broken after the Balling
climatic optimum and started again after the end
of the Younger Dryas. This pattern is recorded in
most of the cores by a single sandy contourite layer
formed during the first deglaciation stage, during
Bdlling time, and a sandy contourite interval that
initiates immediately after the end of the Younger
Dryas, during the second stage of the deglaciation
and continues during the Holocene.

As shown in Figs. 2—4, a deep sandy layer is
present in all cores analysed, except core TG-59,
in which there is a hiatus at that time. In each
core the peak of maximum sand content is recorded
after the sharp reduction in the abundance of N.
pachyderma (sinistral forms) and G. quinquel oba. At
the same time, this layer always coincides with the
first significant increasein G. ruber and peaksin the
warm water indicators of the coccolith assemblage,
such as the Go/Gm ratio and Umbilicosphaera.

Although there are no isotopic data, the bios-
tratigraphic markers already discussed support the
idea that the first sandy contourite would be co-
eval with the end of Termination 1A (14-12 *4C kyr
BP) around the climatic optimum of Balling—Allered
time, and therefore with the first deglaciation. Thisis
also supported by the radiocarbon ages of Nelson et
al. (1993) (13170 4 180 and 12770 + 180 in cores
TG-40 and TG-55, respectively).

After this maximum at the base of the Balling—
Allerad time the grain-size in the sediments of the
region began to decrease, reaching minimum val-
ues in the Younger Dryas that usually coincide with
minima in carbonate and hence maximum terrige-
nous proportions. This interval is also characterized
by a reduction in the abundance of the subtropi-
cal forms G. ruber, G. sacculifer, G. oceanica and
Umbilicosphaera spp.

Immediately after the Younger Dryas, a signifi-
cant grain-size increase in the sediments is observed
in most of the cores, pointing to extremely high per-
centages of foraminiferal sand during the Holocene,
especially towards the top of the cores. In some
cores the entire Holocene is recorded by a layer of

about 20-30 cm thickness (i.e. TG-43, TG-45 and
TG-55). Here, the Holocene is characterized either
by a very low sedimentation rate or no sedimenta
tion at al during certain periods. So far, we have
no conclusive data to determine whether the entire
Holocene is recorded in this layer. However, at least
the late Holocene does seem to be registered, as
may be deduced by the relative abundance of G.
hirsuta, preferentially dextral in the first centimeter.
As we have seen in earlier discussion, according to
Duprat (1983) and Devaux (1985) this species is
preferentially dextral until 5 kyr.

Only in core TG-40, two different contourite lay-
ers were identified during the Holocene: the older
one, identified by a higher silt content, is located
between 70 and 90 cm depth, and coincides with
Termination 1B (10-9 “C kyr BP), whereas the
younger one is recorded within the late Holocene.
These two Holocene contourites were also found by
Faugeres et al. (1984, 1985a,b, 1986) in the Faro
Drift.

In conclusion, on the upper continental slope of
the Gulf of Cadiz there are two prominent sandy
contourites, one originated during Termination 1A
and the base of the Bdlling—Allerad time and the
other beginning after the Younger Dryas and reach-
ing maximum grain-size values towards the late
Holocene.

8. Origin of the sandy contourite layers

According to the above data and other publica-
tions (Faugeres et a., 1984, 1985a,b, 1986; Nelson
et al., 1993), it seems evident that the origin of the
sandy contourite layers is certainly related to the
main deglaciation pulses, following the last glacia-
tion. Faugeres et al. (1986) and Nelson et al. (1993)
concluded that these layers were formed by the in-
crease in intensity of the MOW during the stages
of global sea level rise, causing stronger currents
reworking the bottom sediment of the upper conti-
nental slope of the Gulf of Cadiz. Thisconclusion led
Nelson and coworkers to cite these layers as high-
stand sandy contourites developed when the greater
depth resulted in increased development of MOW
circulation through the Strait of Gibraltar. Without
rejecting this hypothesis, we propose other possible
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mechanisms that could have plaid a significant role
enhancing the effects of current winnowing of the
sediment. Briefly, we suggest that these sandy layers
may in fact be condensed layers originated during
stages of relative sealevel rise.

During the stages of low sea level, as for ex-
ample during the Last Glacial, the mouth of the
Guadalquivir river probably was very close to the
present shelf break and hence the terrigenous supply
was probably very high, resulting in a very high sed-
imentation rate in the region. However, during the
first, and especially during the second deglaciation
the shore was rapidly displaced landward, causing a
major drop in terrigenous supply to the continental
slope and consequently a strong reduction in the sed-
imentation rate in the region. Evidently, the sedimen-
tation rate not only depends on terrigenous supplies
but also on biogenic production and the along-slope
sediment transport in the region. However, the over-
al carbonate content (mainly the biogenic fraction)
in the cores analysed ranges between 20 and 35%,
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so that fluctuations in terrigenous input are more
significant regarding the sedimentation rate control.

Bottom currents of the MOW have been wash-
ing the upper slope sediments of the Gulf of Cadiz
throughout the Quaternary (Mougenot and Vanney,
1982; Gonthier et al., 1984). Accordingly the fina
sediment facies in the Cadiz margin can be con-
sidered to be the result of a very delicate balance
between the sediment input and loss rates. The sed-
iment input is mainly controlled by the relative sea
level changes that shift depocenters landward or sea-
ward, while the loss rate is rather linked to the
intensity of the MOW at each particular site or to the
activity of the benthic communities reworking the
surface sediments. Fig. 5 shows an idealized model
explaining the processes controlling the sedimenta-
tion rate in the region.

This balance between the sediment input and loss
rate controls the sedimentation rate at each time and
therefore the sediment facies. During periods of low
sea level, the balance usually moves in a trend that
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Fig. 5. Proposed schematic model explaining processes controlling the sedimentation rate on the Gulf of Cadiz continental slope. The
degree of condensation depends on the energy of the current and on sediment input. The two extreme cases are illustrated: (a) high
fluctuations in the sediment input with a constant loss due to the action of stable energy. The intensity of the Mediterranean undercurrent
is assumed to be gtatic in this case. (b) High fluctuations in rate of sediment loss due to changes in the energy of the bottom currents

with no change in the sediment input rate.
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enhances the sedimentation rate unless a significant
increase in the intensity of the MOW occurs at
the same time. By contrast, during periods of high
rates of relative sealevel rise, the terrigenous supply
starts to be trapped at the shelf (Posamentier and
Vail, 1988; Loutit et al., 1988) and therefore the
balance moves in the opposite direction, producing
significatively low sedimentation rates.

During intervals of low sedimentation rates, the
surface sediments are winnowed by the bottom cur-
rents over longer times and more generations of
benthic organisms are able to rework the sediment
(Yingst and Aller, 1982). Conversely, with high sed-
imentation rates, the particles are buried very fast,
spending very little time within the mixed layer
where they can be affected by the current and the
benthic organisms. Rapid burial may aso be re-
sponsible for the better preservation of the coccolith
assemblages in the fine grain-size intervals, by re-
ducing the time the coccoliths are in contact with
pore watersin the mixed layer.

According to the data analysed in previous sec-
tions, the two sandy contourite units, specialy the
upper one, could also be condensed deposits formed
during times of eustatic rises. The first started to
form during Termination 1A and reached its maxi-
mum at the end of thefirst step of deglaciation during
melt-water pulse-lA (ca. 12000 yr BP) (Fairbanks,
1989). At this time, transgressive sands deposited
on the shelf (Nelson and Baraza, 1998) mark the
beginning of a landward migration of the deposi-
tional system. However, since sea level was still low
(see Nélson and Baraza, 1998), terrigenous sediment
input could have been high enough to maintain rel-
atively high sedimentation rates and therefore an
increase in sediment loss rates due to a higher in-
tensity of the MOW would be needed to form a
sandy contourite layer. After this event the sedi-
mentation rate started to increase becoming higher
during the Younger Dryas (e.g. TG-55) probably due
to the relatively higher terrigenous supply from the
Guadalquivir river due to the relative sea level drop
at that time. These high sedimentation rates sharply
reduce at about 10 **C kyr BP when the rate of sea
level rise increased very rapidly during melt-water
pulse IB (Fairbanks, 1989). During the Holocene,
sedimentation rate remains low. Thisis probably due
to a major decrease in the terrigenous supply as in-

dicated by the higher carbonate values during this
stage. The broad marshes of the Guadalquivir Valley
or those of the Tinto and Odi€l rivers and the Cadiz
shelf have been trapping a large part of the terrige-
nous sediments transported by these rivers through-
out the Holocene, preventing these sediments from
being supplied to the upper dope (Goy et a., 1996;
Nelson and Baraza, 1998). A similar scenario can be
suggested for the Balling—Allerad stage, while local
factors such as the growth or destruction of littoral
spit bars, which can partially close or open the mouth
of the Guadalquivir river, could play asecondary role
in the control of the terrigenous supply to the Cadiz
margin.

One of the consequences of the model isthe lower
the sedimentation rate, the higher the sand content in
the sediments. Along this line of reasoning, during
the Holocene, especially the late part, the proportion
of sand is high, reaching values over 50%. It is still
difficult to know whether there is continuous con-
densed sedimentation throughout the Holocene, or
whether there are discontinuities or no sedimentation
at al during certain intervals. In any case, if we take
into account core TG-45 where the uppermost sedi-
ments were dated at 5380 yr BP, it can be suggested
that the latest Holocene was extremely condensed.
This greater condensation within the late Holocene
may be inferred from the increase in grain-size to-
wards the top of the section in core TG-40 and many
other cores (see Nelson et al., 1993). According to
our model, this means that, currently terrigenous
material continues to be trapped in the mid-shelf
mud layer (Nelson and Baraza, 1998) and within the
broad marshes and tidal flats that spread several km
inland in the Guadalquivir and other rivers of the
region (Zazo et a., 1992; Goy et a., 1996).

In conclusion, as in many other geological stud-
ies, time and energy are two parameters that are
very difficult to distinguish. A high energy of bot-
tom currents is totally necessary to explain sediment
winnowing and to produce current driven bedforms
as those observed on the Cadiz slope off Spain as
well as the current grading of grain size from proxi-
mal regions (Gibraltar) to distal regions (Faro Drift)
(see Nelson et al., 1993). As far as we know, this
has been the only factor considered. Here, we sug-
gest that time could aso be a very significant factor
controlling the final facies of the sediments that am-
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plifies or minimizes the effect of this energy. During
times of low sedimentation rate this energy acted
during a time long enough to completely rework the
sediments, while during times of high sedimentation
rates the energy acts only during a very short time
and hence is not able to induce significant changes
in the sediment facies. However, it is very difficult to
separate both factors because they produce the same
results.

9. Conclusions

The calcareous plankton studied in six cores from
a marginal terrace in the upper slope of the Gulf
of Cadiz allowed us to identify the paleoclimatic
history from late glacial to recent. From bottom to
top, two significant events have been recognized.
Thefirst isan increase in the subtropical and tropical
forms (G. ruber and G. sacculifer) following an in-
terval in which these forms were ailmost absent. This
event is correlated with Termination 1A. It is also
marked by the reduction in N. pachyderma (sinistral)
and G. quinqueloba, which are frequent during the
glacial stage, and the relatively high values of Umbi-
licosphaera and the G. oceanica/G. muellerae ratio.

The second event is recorded by the sharp re-
duction in N. pachyderma (dextral) paralel to the
increasein G. ruber and G. sacculifer along with the
increase in the warm water indicators of the coccolith
assemblage. This event is correlated with Termina-
tion 1B. An abrupt reduction in the proportion of
benthic foraminifera also occurred, coinciding with
the second stage of the deglaciation, and was prob-
ably due to the inhospitable conditions of the sea
bottom devel oped immediately after this event.

Between both deglaciation events, in some cores,
the Balling—Allered and the Younger Dryas stages
have been identified.

The opposite trend of the coccolith concentration
with regards to the sand content in the sediments is
due to the strong winnowing produced by the MOW,
washing out the fine particles (clay and coccoliths)
and thereby concentrating the coarser ones (plank-
tonic and benthic foraminifera and silty or sandy
terrigenous material).

As in other studies addressing the Gulf of Cadiz,
two or three sandy contourite layers have been iden-

tified in the cores following the glacial stage. The
first one is correlated with Termination 1A, while
the second and third are probably amalgamated in a
single layer that started to form during Termination
1B and continues during the Holocene. An exception
is core TG-40 inwhich two silty and sandy layersare
found; one of these coincides with Termination 1B
and the other was formed during the late Hol ocene.
Although in previous work these sandy contourite
layers have been related to episodes of intensification
of the MOW, the present work suggests that these
layers could be condensed layers originated during
episodes of relative sea-level rise. At these times
terrigenous material, which is the main component
of the sediments in this region, began to be trapped
on land, sharply reducing the sedimentation rate on
the continental slope of the Gulf of Cadiz. As a
consequence of this, the winnowing produced by
bottom currents of the MOW was more efficient
because it acted for longer times on the mixed layer
and at the same time more generations of benthic
organisms were able to rework these sediments.
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