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a Dipartimento di Scienze Geologiche e Geotecnologiche, Università degli Studi di Milano Bicocca, Piazza della Scienza 4, 20126 Milano, Italy
b Dipartimento di Scienze della Terra bArdito Desio,Q Università degli Studi di Milano, Via Mangiagalli 34, 20133 Milano, Italy
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Abstract

The relative and absolute abundances and accumulation rates of foraminifera and calcareous nannofossils were quantified in a

box core containing sapropel S1 from the Florence Rise area (SE of Cyprus; 2302 m water depth). The main objective of this study

was to reconstruct in detail variations in paleoecological conditions of water masses during the deposition of this sapropel. In

particular, we qualitatively evaluated the importance of carbonate dissolution on planktonic assemblages to better interpret the

abundance profiles obtained from the two investigated taxa.

Selective carbonate corrosion in the core is shown by (1) the decrease in shell mass weight of selected species of planktonic

foraminifera, (2) the decrease in accumulation rate of dissolution-susceptible holococcoliths and coccolith species, and (3) the

absence of pteropods. However, the presence of other relatively dissolution-susceptible coccolith species throughout all of the S1

interval suggests moderate dissolution.

Florisphaera profunda shows a marked increase in paleofluxes within the sapropel coupled with a decrease in the accumulation

rate of the upper–middle photic zone coccoliths, suggesting an ecological depth-separation of the water column, probably

characterised by higher nutrient availability at depth and nutrient-depleted surface waters between ~10 and 6.5 kyr BP. In the

same interval Turborotalita quinqueloba and Globigerina bulloides, two foraminiferal species frequently occurring during periods

of high fertility, increase in relative abundance. The maximum increase in relative abundance of Globigerinoides ruber (var. alba

and rosea) marks the climatic optimum phase and the maximum stratification in surface water that occurred at the beginning of

sapropel S1 deposition when the bottom waters were anoxic. An important change in foraminiferal assemblages occurs at ~8 kyr

BP and corresponds with a negative shift in CaCO3, Ba and Corg contents. This short interval marks the establishment of relatively

less anoxic conditions in the bottom water, introducing the last phase of sapropel formation.
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After ~6.5 kyr BP, a progressive re-establishment of normal oceanographic conditions occurred before the real end of the

sapropel S1. This transition is well recorded by the reoccurrence and major accumulation rate of the mixing indicator foraminiferal

species Globorotalia inflata and by the gradual decrease in abundance of F. profunda.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

One of the most pronounced paleoclimatic features

in Holocene sediments from the eastern Mediterranean

Sea is the occurrence of a distinct organic matter-rich

interval identified as sapropel S1 (Cita et al., 1977).

This level is usually found a few decimetres below the

sediment–water interface in normal pelagic–hemipela-

gic sediments and was formed between 9.0 and 6.3 14C

kyr BP (Rohling et al., 1997) or between 9.0 and 5.3
14C kyr BP (Thomson et al., 1999).

Nutrient-enhanced productivity seems to be involved

in the formation of sapropels of the eastern Mediterra-

nean. According to Meyers and Doose (1999), the range

in degree of organic matter preservation, from good to

moderate, suggests that a strong productivity can con-

tribute to improving organic matter preservation on the

seafloor. Precessional climate changes that freshened

Mediterranean surface waters have been invoked as a

primary cause of sapropel formation in the literature

(Rossignol-Strick, 1985; Fontugne and Calvert, 1992;

Sancetta, 1994). The premise is that increased season-

ality in the past, led to intensive precipitation and stron-

ger winds in the Mediterranean area. These cyclic

paleoclimatic changes contributed to decreased vertical

circulation combined with increased paleoproductivity

so that the delivery of marine organic matter to the sea

floor was sufficiently large to exhaust the available

dissolved oxygen at the bottom. As a consequence,

anoxic conditions occurred at the seafloor favouring

the preservation of organic matter in bottom sediment.

According to this hypothesis sapropel layers reflect high

productivity conditions (Meyers and Doose, 1999). In

particular, Calvert (1983) suggests that anoxic condi-

tions alone could not have been responsible for accu-

mulation of organic carbon into the sapropels and that a

consistent increase in primary productivity has to be

invoked. According to Howell and Thunell (1992),

during S1 formation the primary productivity changed

from 30 g C m�2 year�1to 393 g C m�2 year�1, which

is a value for modern upwelling systems. De Lange and

ten Haven (1983) have similarly concluded that organic

production significantly increased in the eastern Medi-

terranean during sapropel S1 deposition.
An oxidation front is currently located at the top of

the visual S1, concealing the real thickness of sapro-

pel. At this front, organic carbon and pyrite are oxi-

dized by oxidants diffusing downward from the

bottom waters into the sediments. As a result of this

oxidation, the organic-rich layer becomes progressive-

ly thinner, and iron and manganese oxides precipitate

directly above the sapropel (e.g., Ten Haven et al.,

1987; De Lange et al., 1989; Van Santvoort et al.,

1996; Passier and Dekkers, 2002). This kind of dia-

genesis produces the so-called bdouble-manganese-

peakQ used to define the real top of sapropel (Thomson

et al., 1999). Barium is considered a paleoproductivity

proxy because of an observed correlation between

fluxes of Corg and Ba intercepted by sediments traps

(Thomson et al., 1999). Therefore, Ba concentrations

represent another useful indicator of the original sapro-

pel thickness (Thomson et al., 1995; Van Santvoort et

al., 1996).

Several studies have been performed on the compo-

sition of planktonic assemblages during the S1 interval.

An early study of different microfossil groups (calcar-

eous nannofossils, planktonic foraminifera and ptero-

pods) from the Pleistocene–Holocene sedimentary

record of the eastern Mediterranean was performed by

Violanti et al. (1991). In this work a paleoenvironmen-

tal reconstruction of different sapropel intervals was

achieved by the integration of various abundance data

of the studied planktonic taxa. After the definition of a

more or less detailed planktonic foraminiferal ecozonal

scheme for the last 20 kyr in the central Mediterranean

sea (Jorissen et al., 1993; Capotondi et al., 1999; Sbaffi

et al., 2001), the study of Principato (2003) allowed a

partial identification of the assemblage zones (or

becozonesQ) in the Ionian sea and Levantine basin

(eastern Mediterranean). Principato et al. (2003) and

Giunta et al. (2003) studied the changes in abundance

of planktonic foraminifera and calcareous nannofossils

and reconstructed paleoecology and paleoceanography

of the S1 interval.

Insight into foraminiferal paleoproductivity varia-

tions can be obtained from the estimates of the absolute

abundances of these organisms in the sediment,

expressed as the number of specimens per gram of
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dry sediment (Giunta et al., 2003; Schmiedl et al., 2003;

Negri et al., 2003), combined with sediment accumula-

tion rates. This method, for example, allowed evalua-

tion of the role of global and local climate changes on

surface circulation in the Benguela region (Giraudeau et

al., 2001). Distribution patterns of living planktonic

foraminifera can be obtained through plankton tows.

Pujol and Vergnaud Grazzini (1995) used this approach

to trace the distribution patterns of living planktonic

foraminifera, as related to regional hydrography and

productive systems in the whole Mediterranean basin.

The abundance data for each species were expressed as

number of specimens/1000 m3 water.

Calcareous nannofossils that in the Holocene include

coccoliths and a few nannoliths are fossil remains of

one of the most important primary producers in the

modern Mediterranean and constitute a large part of

the biogenic carbonate fraction of sediments (Ziveri et

al., 2000; Rutten et al., 2000). Being primary producers

and sediment forming, calcareous nannofossils are of

great significance in paleoecological–paleoenvironmen-

tal reconstructions. The composition of assemblages in

the Holocene has been quantified in terms of relative

abundance (Violanti et al., 1991; Castradori, 1992,

1993; Crudeli and Young, 2003; Crudeli et al., 2004)

and as the number of calcareous nannofossils mm�2

(Negri et al., 1999; Negri and Giunta, 2001; Giunta et

al., 2003; Principato et al., 2003). These studies pro-

vided significant information on environmental varia-

tions during the deposition of sapropel S1. However,

only few studies have estimated the paleofluxes of

nannoflora which are of invaluable significance for

improving the interpretation of the fossil record (Ziveri

et al., 1999; Ziveri et al., 2001).

The aim of this study is the reconstruction of paleo-

fluxes of different microfossils throughout the last 10

kyr. These data will improve the paleoecological recon-

struction of the sapropel S1 interval and will result in a

better understanding of the role of organic productivity

versus anoxia in sapropel formation, which has given

rise to intensive debate in the past decades (Cramp and

O’Sullivan, 1999; De Lange et al., 1999).

1.1. Carbonate diagenesis

The original composition of a calcareous biogenic

assemblage can be variably altered by carbonate disso-

lution in the water column and in the sediments. This

may lead to misinterpretation of the fossil records.

Nevertheless, carbonate dissolution is one of the more

difficult processes to quantify in micropaleontological

studies.
Biogenic carbonates are commonly very well-pre-

served in the present Mediterranean bottom sediments

because of the moderate depths and the chemical and

physical characteristics of this basin. The delicate ara-

gonitic pteropods are very common (Herman, 1981).

In the eastern Mediterranean, carbonate precipitation

affects the common calcareous nannofossil species E.

huxleyi, particularly above and below S1 (Crudeli et al.,

2004). The process may be related to diagenetic forma-

tion of high-Mg calcite in these sediments (Calvert and

Fontugne, 2001; Thomson et al., 2004).

The sapropel carbonate–environment appears com-

plex. Thomson et al. (2004) documented abundant

aragonite in S1 and discussed alternative causes for

the presence and formation of this carbonate phase,

preferring a relation with sulfide formation within the

organic matter-rich environment of the sapropel. Dis-

solution-susceptible species, commonly associated with

F. profunda in the lower photic zone, decrease in the

sapropel of cores from the deep basin. However, it is

not clear if this abundance trend is driven by dissolution

or if it reflects a primary variation (Thomson et al.,

2004).

Quantification of calcareous nannofossil paleofluxes

is particularly significant because data can be directly

compared with present surface sediment accumulation

rates (mainly controlled by export production) and can

give an indication of past export production and partial

carbonate dissolution.

In addition, in order to qualitatively estimate possi-

ble dissolution processes inside and outside the sapro-

pel, we performed a study on foraminiferal weight

variations. This approach is compatible with previous

studies using foraminiferal shell weights to evaluate the

biogenic carbonate preservation in oceanic environment

(Broecker and Clark, 2001, 2002; Broecker et al.,

2001).

2. Materials and methods

Box core SL9 (Fig. 1) was recovered in the Florence

Rise area (south of Cyprus) (34817.17VN–31831.36VE) at
2302 m water depth during the R/V Logachev-Cruise

1999. The box core (45.2 cm in length) includes both

the visible S1 sapropel (very dark grey to olive grey in

colour) and its oxidized part (dark brown in colour). The

interval of elevated Ba concentration is used here to

indicate the original thickness of S1, whereas the Corg

content marks the present thickness of the sapropel after

post-depositional oxidation processes (Van Santvoort et

al., 1996; Thomson et al., 1999). In the following, the

term S1 interval or S1 time is used to indicate both the



Fig. 1. Map of the eastern Mediterranean Sea indicating the location of the SL9 box core location.
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visible and the oxidized S1 according to De Lange et al.

(1989), whereas S1 and oxidized S1 indicate the visible

S1 and the oxidized S1, respectively.

2.1. Planktonic foraminifera

A total of 44 samples were studied at 1 cm resolu-

tion. Each sample was dried at 40 8C and carefully

washed through a 63 Am mesh sieve to retain most of

the foraminiferal assemblage. The obtained fraction

was split into aliquots of at least 300–400 planktonic

foraminiferal specimens that were identified and

counted, largely following the taxonomic concept of

Hemleben et al. (1989). All morphotypes of G. ruber

are plotted together, distinguishing only the alba and

rosea varieties. The species Globigerinoides sacculifer

also includes Globigerinoides trilobus, using the taxo-

nomic concept of Hemleben et al. (1989), and the 2

species Globoturborotalita rubescens and Globotur-
borotalita tenella are included in the same group be-

cause of their similar ecological responses. The species

Globigerinita glutinata includes the morphotypes with

and without bulla.

The identified species were quantified as percen-

tages (%) of the total number of planktonic and benthic

foraminifera (relative abundance) and as the number of

specimens per gram of dry sediment (nr/g) (absolute

abundance, AA). Planktonic and benthic foraminiferal

accumulation rates (pfAR and bfAR) (number of speci-

mens cm�2 kyr�1) were calculated by planktonic fora-

miniferal abundance data (Ivanova, 1999; Giraudeau et

al., 2001):

pfAR bfARð Þ ¼ AA� SR� DBD ð1Þ

where SR is the sedimentation rate in centimetres per

thousand years and DBD is the dry bulk density in

grams per cubic centimetre. Similarly, the abundance
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data of total pteropods were transformed to accumula-

tion rates (pAR).

A preliminary study of foraminiferal weight varia-

tions was performed using existing methods (Broecker

et al., 2001; Broecker and Clark, 2001, 2002). We

selected 3 planktonic foraminiferal species: G. ruber,

Orbulina universa and G. inflata after a further frac-

tionation over 250 Am and 355 Am sieves. The picking

of these species was carried out on the 250–355 Am
fraction. The same number of specimens for each spe-

cies (60 specimens of G. ruber, 20 individuals of O.

universa and 30 individuals of G. inflata) was selected

from samples at 2 cm resolution along the core and

weighed. Shells without visible secondary calcite

growths and with similar size were principally selected

to obtain a realistic weight-trend for each species. The

choice of two spined and globular species, G. ruber and

O. universa and of a smooth, flat and thick-walled

species, G. inflata, allowed us to test whether the

shell-weight decrease recorded during the S1 interval

was dependent on morphological characteristics.

A planktonic foraminiferal becozonalQ scheme

(Capotondi et al., 1999) for core SL9 was obtained

following criteria of Principato (2003). Four assem-

blage zones were recognised from the bottom to the

top: PF4a, PF3a, PF2 and PF1a. The meaning of the

bPFQ code is bplanktonic foraminifera,Q whereas baQ
indicates regional characteristics, common to cores

from the Levantine Basin. This scheme is based on a

micropaleontological study of Principato (2003) and

Principato et al. (2003) on the N150 Am fraction of

several other cores from the same basin.

2.2. Calcareous nannofossils

2.2.1. Relative abundance

The relative abundance of calcareous nannofossils

was estimated in the same 44 samples analysed for the

foraminiferal study. Analyses were performed by

cross-polarised light microscopy (LM) (Wild Leitz

GMBH microscope) at 1250� magnification by

counting three to four hundred specimens distributed

on smear slides prepared using standard techniques.

The relative abundance of minor species was calculat-

ed by an additional count of one hundred to one

hundred-fifty specimens with the exclusion of Emilia-

nia huxleyi, Gephyrocapsa and lower photic-zone

species (LPZ). These last forms were quantified

against one hundred upper–middle photic zone (UPZ-

MPZ) species. Counting methods follow the concepts

of Matsuoka and Okada (1989) and Castradori (1992,

1993).
2.2.2. Absolute abundance and accumulation rate

The absolute abundance (number of specimens per

gram dry sediment, nr/g) of calcareous nannofossil

(cnAA) was estimated for 29 samples already analysed

in terms of relative abundance. Analyses were carried

out at a stratigraphic resolution of 1 cm within the

sapropel and at 2 cm outside it.

Samples were prepared using the method described

by Ziveri et al. (1999). In addition, the organic matter

was oxidized following the procedure described in

Bairbakhish et al. (1999). The solution was then wet

sieved through a 32 Am mesh, using buffered demi-

neralised water; it was filtered with a low pressure

vacuum pump on a mixed cellulose esters filter (MF-

Millipore, 0.45 Am pore size, 47 mm diameter) and

successively oven-dried at 40 8C for 4–5 h. A filter

segment was mounted on a smear slide with a drop of

immersion oil. The absolute abundance of calcareous

nannofossils was estimated by LM (1250�) by count-

ing forms present in three fields of view (FOW),

whereas that of minor species by counting specimens

present in seven FOW.

The number of specimens per gram dry sediment

was calculated as:

N ¼ efA� N VÞ=ðcfA� wÞð ð2Þ

where efA=effective filtration area (cm2), NV=number

of counted coccoliths, cfA=counted filtration area

(cm2), w =dry weight of the sediment sample.

Accumulation rates of calcareous nannofossils

(cnAR) (number of specimens cm�2 kyr�1) were esti-

mated from the dry bulk density (DBD, g cm�3) and

average sediment accumulation rate (SR, cm kyr�1)

cnAR ¼ N � DBD � SR: ð3Þ

2.2.3. Taxonomic remarks

Small Helicosphaera specimens were grouped as

small Helicosphaera spp. This group likely includes

Helicosphaera pavimentum and H. hyalina. Algiro-

sphaera coccoliths are assigned to A. robusta (Kleijne,

1992) whereas the diverse holococcolith species

present in core SL9 (Crudeli et al., in press) are

grouped as holococcolith spp. Umbilicosphaera sibo-

gae and U. foliosa are grouped as Umbilicosphaera

spp. Rhabdosphaera clavigera and R. stylifera are

lumped as Rhabdosphaera spp. Moderately to highly

calcified Umbellosphaera and Syracosphaera cocco-

liths (from qualitative observations), not identifiable at

species level, were separately counted and are here

termed OG (overgrown) Umbellosphaera and OG

Syracosphaera.
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2.3. Geochemical analyses

Sediment samples at 0.5 cm depth resolution were

freeze-dried and ground in an agate mortar. Total con-

centrations of Al, Ba and Ca were determined after

digestion in a mixture of HF, HNO3 and HClO4 and

final solution in 1 M HCl using ICP-OES (Perkin Elmer

Optima 3000). The accuracy of the measurements was

monitored by including laboratory standards. The error

in the analysis was b5% for all elements. Organic C

was determined on a Fisons Instruments CNS NA 1500

analyser. Inorganic C was removed prior to the analysis

by shaking the sample with 1 M HCl twice (12 h and

4 h). The sample was then rinsed with demineralised

water twice, freeze-dried and ground in an agate mortar.

Tests showed that the amount of organic C hydrolysed

by the HCl treatment was negligible. The error in the

analysis was less than 1%.

Dry bulk densities were calculated from the weight

loss upon freeze-drying of sediment samples taken at

0.5 cm resolution, assuming a sediment density of

2.65 g cm�3 and a density of seawater of 1.028 g cm�3.

2.4. Age model

A calibration line based on four 14C AMS dating on

G. ruber from the N150 Am fraction was used to

reconstruct a realistic temporal scale. The investigated

interval slice is the Holocene, that is the last 10 kyr.

According to this chronological scheme the duration of

the S1 interval exceeds 4 kyr, considering the black

interval and the oxidized level above it. The depth scale

in the core was converted to an uncalibrated 14C age

scale (kyr BP) on the basis of a calculated average

sedimentation rate of 4.6 cm /kyr.

3. Results

3.1. Micropaleontology

3.1.1. Planktonic foraminifera

Relative abundance data of nine selected planktonic

foraminiferal species from N63 Am fraction are shown

in Fig. 2. Simple diversity for planktonic foraminifera is

lower (10 species) in the lower part of S1, whereas it is

higher (16–17 species) in the oxidized S1 and just

below the base of sapropel (Fig. 3a). The Shannon

diversity index changes from values b1 in the lower–

middle part of sapropel (0.89 at 9.03 kyr BP) to values

N1 in the oxidized S1, in the normal pelagic sediments

below (1.67 at 9.95 kyr BP) and above the sapropel

(1.50 at 1.55 kyr BP, 1.55 at 0.44 kyr BP) (Fig. 3a).
The relative abundance curves clearly show that the

N63 Am fraction is dominated by the presence of T.

quinqueloba, which reaches a maximum in the abun-

dance curve at the base of sapropel. G. ruber alba and

G. ruber rosea abundance curves show the maximum

increase in the lower part of S1, strongly decreasing in

the remaining sapropel interval. In particular, the G.

ruber alba abundance curve increases again after sapro-

pel deposition up to the top of the core, whereas G.

ruber rosea almost disappears after the S1 interval.

The relative abundance curve of G. sacculifer/trilo-

bus shows a typical trend (Principato et al., 2003)

during S1 time with an increase in abundance at the

base of S1, a temporary disappearance into S1 and a

new increasing trend in the upper part of sapropel. O.

universa is present within S1, but it is more abundant

after sapropel formation, in the upper part of the core.

G. inflata and Truncorotalia truncatulinoides both

disappear in the lower part of the sapropel. G. inflata

temporary reappears with a significant increase in rel-

ative abundance in the upper part of S1, whereas T.

truncatulinoides totally disappears at the bottom of S1.

N. pachyderma dextral abundance trend is comparable

with the G. inflata one with the difference that the first

species is continuously present almost up to the core

top.

The curve of G. bulloides shows an increase into the

visible S1 and abruptly decreases in the upper part of

the sapropel interval.

In Fig. 2 the absolute abundances (nr/g) of the

nine selected foraminiferal species are transformed to

accumulation rates (nr. specimens cm�2 kyr�1). An

increasing trend in pfAR values of G. ruber rosea

characterises all the S1 interval. Species disappearance

is detected in the upper part of the oxidized S1. The

curve of G. ruber alba shows an increase in accumu-

lation rate at the S1 bottom, even if the maximum

value is recorded in the oxidized S1. A weak increase

in pfAR of O. universa characterises almost the entire

sapropel interval, but the species increases mostly in

the post-S1 interval, with the maximum value of pfAR

at the top of the core. The accumulation rates of G.

sacculifer/trilobus, N. pachyderma dextral, G. inflata

and T. truncatulinoides strongly decrease and the spe-

cies disappear about at the same level in the lowest S1;

however, only T. truncatulinoides totally disappears.

The other three species have a significant increase in

accumulation rate in the upper S1 or in its oxidized

portion, respectively. G. sacculifer/trilobus and N.

pachyderma dextral, after an abrupt decrease in accu-

mulation rate at the top of the oxidized S1, continue to

be represented in the most recent interval with various



Fig. 2. Relative abundance (%) and accumulation rate (pfAR) of the most representative planktonic foraminiferal species. S1 and oxidized S1 are

indicated in dark grey and light grey respectively. On the right side of upper graphs the boundaries of 4 bassemblage zonesQ (Fp1a–Fp4a), according
to Principato (2003), are reported.
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oscillations. In contrast, G. inflata decreases in accu-

mulation rate and disappears just above the oxidized

S1 top.

The occurrence of G. bulloides is characterised by

various oscillations and a maximum positive peak in

the upper part of core. The curve of T. quinqueloba, the

most represented species in the N63 Am fraction, shows

a trend comparable with that of G. ruber alba: the

accumulation rate of T. quinqueloba gradually increases

into the S1 and reaches the maximum value in the upper

part of sapropel, about in correspondence with the

boundary between S1 and the oxidized S1.

The measurements of shell weight outside and into

the sapropel interval gave the following results. We

obtained almost continuous signals of shell weight

variations for the two species G. ruber and O. universa

(Fig. 4). Weight measurements for G. inflata were

only possible in a portion of the sapropel interval

and just below it, where the species is present (Fig.

2). G. ruber and O. universa show an abrupt decrease

in weight at the beginning of S1 deposition, with

minimum values of 0.8 Am (Fig. 4). O. universa

shows the lowest weight (0.6 Am) at the top of the

sapropel interval. G. inflata has a minimum value

(0.5 Am) about in the middle of S1 interval, at the
top of the visible sapropel. The trend of this species

shows a clear increase in weight values proceeding

towards the top of S1 interval with a maximum of

1.8 Am in the last sample containing G. inflata.

3.1.2. Calcareous nannofossils

The calcareous nannofossil assemblage includes 44

coccoliths taxa (of which 8 holococcoliths, Crudeli et

al., in press) and the two Incertae Sedis F. profunda and

Gladiolithus flabellatus (Jordan and Kleijne, 1994)

(Table 1; Figs. 3b and 5). The simple diversity has

average values of 26. The minimum (20 species) occurs

just below the S1/oxidized S1 limit (7.41 kyr BP), the

maximum (31 taxa) close to the top of the core (2.85

kyr). The diversity index does not change consistently

throughout the last 10 kyr (Shannon diversity index,

1.0–1.7), showing minimum values just above the S1/

oxidized S1 limit (Fig. 3b). The relative abundance and

accumulation rates of the most abundant/significant

groups are compared in Fig. 5. Table 1 reports relative

abundance and accumulation rates of other minor

coccoliths.

The dominant E. huxleyi (70–80%) has an average

accumulation rate of 300�108 specimens cm�2 kyr�1;

accumulation rates of other upper–middle Photic Zone



Fig. 3. Simple diversity and Shannon Diversity Index (SDI) of

planktonic foraminifera (a) and calcareous nannofossils (b).
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(UPZ-MPZ) coccoliths amount to 50�108 specimens

cm�2 kyr�1. Fluxes of E. huxleyi decreases below the

bottom of S1 and shows a maximum at ~6 kyr BP. H.

carteri has paleofluxes N3�108 cm�2 kyr�1 until

about 8 kyr BP and decreases upward where, as small

Helicosphaera spp., is rare to absent above the sapropel.
Fig. 4. Shell weights of three selected species of planktonic foraminifera. S1

Weight measurements are not recorded in two intervals (~1.5–2.5, 5–6 kyr

samples the shells selected from the 250–355 Am fraction were not abunda
The abundance curve of Syracosphaera pulchra shows

a weak increase within the visual sapropel. By contrast,

the species decreases in fluxes within the sapropel and

shows a major increase starting at about 6.5 kyr BP.

Rhabdosphaera spp. display an increase in relative

abundance from the base of S1 and decreases upward,

whereas the same species has a maximum peak in

accumulation rate after the top of S1.

Umbellosphaera tenuis displays two positive peaks

(%) within the visual sapropel that are detected in the

accumulation rate profile. Umbilicosphaera spp. reach

maximum values in abundance just below the top of

S1. The group increases in accumulation rates in S1

with maximum values just above the top of the

sapropel. Paleofluxes of holococcolith spp. abruptly

decrease in S1 and, after a temporary disappearance

within a short interval of S1, they increase again from

just after the S1/oxidized S1 boundary. Braarudo-

sphaera bigelowii is mostly confined to the post-

sapropel interval. The paleofluxes of F. profunda

are high from below the S1 bottom and decrease

upwards after about 6.5 kyr BP. A. robusta and G.

flabellatus paleofluxes are of moderate magnitude

only above the sapropel. Reworked forms (Cretaceous

and Neogene) are present along the whole core (5%,

average).

Calcareous nannofossil assemblage zones (eco-

zones) are defined in the Holocene eastern Mediterra-

nean sedimentary interval (Giunta et al., 2003;

Principato et al., 2003). In core SL9, we recognised

the upper boundaries of ecozones C4 and C3 (Princi-

pato et al., 2003) (Fig. 5). We did not find the upper

boundary of ecozone C2 (last common occurrence of B.

bigelowii), so that we located it at the top of the

sapropel; the C2 interval is generally characterised by

a decrease in F. profunda abundance curve and this

trend was also recognised in the SL9 core.
and oxidized S1 are indicated in dark grey and light grey respectively.

) for G. ruber and one interval (~1–2 kyr) for O. universa; in these

nt enough for weight estimation.



Table 1

Accumulation rates and relative abundance of minor forms of coccoliths

Centimetre

from top

Age

(kyr)

D. tubifera

(%)

Coronosphaera

spp. (%)

Other Syracosphaera

spp. (%)

C. leptoporus

spp. (%)

C. pelagicus

(%)

N. coccolithomorpha

(%)

Oolithotus

spp. (%)

Pontosphaera

spp. (%)

Anaplosolenia

spp. (%)

Ceratolithus

spp. (%)

H. perplexus

(%)

S. apsteinii

(%)

Other

(%)

0.7 0.5 10.3 1.7 7.3 3.0 0.0 0.9 0.9 0.4 7.7 0.0 0.4 0.4 3.0

1.7 0.7 10.9 2.5 4.6 4.2 0.4 0.0 0.8 0.0 8.4 0.0 0.0 0.0 3.8

2.7 0.9 10.8 1.4 7.2 2.3 0.0 0.0 0.0 0.5 6.8 0.0 0.0 0.0 6.3

3.7 1.1 14.0 2.3 5.4 3.1 0.0 0.8 0.0 0.8 7.0 0.0 0.0 0.8 4.7

4.7 1.3 10.6 1.5 4.0 5.5 0.0 0.0 1.0 0.5 4.5 0.0 0.0 1.0 4.0

5.7 1.5 3.4 2.1 6.8 3.4 0.0 0.7 0.0 0.7 5.5 0.0 0.0 0.7 6.8

6.7 1.8 6.8 1.7 2.8 4.0 0.0 0.0 0.0 0.0 6.3 0.0 0.0 0.0 8.5

7.7 2.0 5.5 3.9 11.0 2.2 0.0 1.1 0.0 0.0 7.2 0.0 0.0 0.0 5.0

8.7 2.2 7.7 2.7 7.7 2.7 0.0 0.0 1.1 0.0 7.7 0.0 0.0 0.0 7.1

9.7 2.4 9.3 4.1 9.3 2.3 0.6 0.0 0.0 0.0 5.8 0.0 0.6 0.0 7.0

10.7 2.6 2.0 4.1 6.8 1.4 0.0 0.7 0.7 0.0 6.8 0.0 0.0 0.0 5.4

11.7 2.8 6.8 3.7 7.9 0.5 0.0 1.0 0.5 0.5 4.2 0.0 0.0 0.0 7.3

12.7 3.1 5.7 3.4 2.9 1.7 0.0 0.0 2.9 0.0 9.7 0.0 0.0 0.0 5.1

13.7 3.3 5.4 3.9 6.9 2.5 0.0 1.0 1.5 0.0 8.8 0.0 0.5 0.0 6.9

14.7 3.5 6.7 3.4 4.5 2.8 0.6 1.7 2.2 0.6 9.5 0.0 0.0 0.0 5.6

15.7 3.7 2.1 2.7 11.8 3.2 0.5 2.1 2.1 0.0 4.3 0.0 0.0 0.5 5.3

16.7 3.9 6.5 2.6 5.8 3.9 0.0 0.6 2.6 0.6 4.5 1.3 0.6 0.6 3.2

17.7 4.2 6.6 3.3 7.0 4.2 0.0 1.4 1.9 0.5 8.9 0.0 0.5 0.5 5.6

18.7 4.4 4.0 1.3 8.0 2.2 0.0 0.4 0.9 0.4 8.9 0.0 0.0 0.0 7.6

19.7 4.6 3.8 3.3 6.6 2.4 0.0 0.9 1.4 0.0 10.9 0.0 0.0 0.5 3.3

20.7 4.8 5.2 3.1 6.2 3.6 0.5 0.5 1.0 1.5 11.3 0.0 0.0 0.0 3.6

21.7 5.0 2.3 1.9 7.9 2.8 0.0 2.8 1.9 0.0 10.2 0.0 0.0 0.5 4.7

22.7 5.2 3.8 4.2 6.8 2.5 0.0 1.3 1.7 0.8 7.2 0.0 0.4 0.0 4.2

23.7 5.5 4.7 3.0 6.4 3.4 0.0 0.8 2.5 0.8 10.2 0.4 0.0 0.4 2.1

24.7 5.7 3.1 4.6 9.2 2.3 0.8 0.8 0.8 0.0 11.2 0.0 0.0 0.0 3.5

25.7 5.9 5.3 5.3 14.6 4.1 0.6 0.6 1.2 0.6 9.4 0.6 0.0 0.0 1.8

26.7 6.1 4.7 3.2 11.1 4.2 0.0 0.0 0.0 0.0 9.5 0.0 0.0 0.0 1.1

27.7 6.3 4.6 2.8 9.2 2.8 0.5 0.5 0.0 0.9 8.3 0.5 0.0 0.0 1.4

28.7 6.5 3.1 3.5 8.3 2.2 0.4 0.0 0.0 1.3 7.0 0.0 0.4 0.4 2.6

29.7 6.8 6.4 2.9 9.8 2.3 1.2 0.6 0.0 0.6 13.3 0.0 0.6 0.6 0.0

30.7 7.0 5.2 4.0 14.5 3.5 0.0 0.0 0.0 0.0 6.4 0.6 0.0 0.6 0.0

31.7 7.2 5.1 4.1 10.8 2.1 0.5 0.0 0.0 1.5 5.6 0.0 0.0 0.5 0.0

32.7 7.4 2.4 5.3 14.2 1.8 0.6 0.0 0.0 0.0 6.5 0.6 0.0 1.2 0.0

33.7 7.6 6.2 2.9 16.3 1.4 0.5 0.5 0.0 0.5 5.3 0.5 0.0 0.0 0.5

34.7 7.8 4.2 3.2 13.2 4.2 0.0 0.0 0.0 1.6 8.4 0.5 0.0 0.0 0.0

35.7 8.1 4.8 3.8 8.1 2.7 0.0 0.0 0.0 0.0 8.6 0.0 0.0 0.5 0.0
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37.2 8.4 4.4 3.9 10.3 4.4 0.5 0.5 0.0 0.5 8.3 0.5 0.0 0.0 0.5

38.2 8.6 7.2 2.9 5.8 3.4 0.5 0.0 0.0 1.0 6.3 0.0 0.0 0.5 1.0

39.2 8.8 2.5 2.5 10.3 3.9 0.0 1.0 0.0 1.5 4.9 0.0 0.0 1.0 0.0

40.2 9.0 3.4 2.9 9.6 0.5 0.0 0.0 0.0 3.4 4.8 0.0 0.0 1.4 1.9

41.2 9.3 4.7 2.4 9.9 0.9 0.0 0.0 0.5 0.9 2.4 0.5 0.0 0.0 4.2

42.2 9.5 4.4 1.9 12.0 1.3 0.6 0.0 0.0 0.6 5.1 0.0 0.0 0.6 3.8

43.2 9.7 4.6 0.0 9.2 1.7 1.2 1.2 0.0 0.6 2.9 0.0 0.0 1.7 5.8

44.2 9.9 3.3 1.9 8.5 1.4 0.0 0.5 0.0 0.0 7.0 0.0 0.0 0.5 5.2

Centimetre

from top

Age

(kyr)

D. tubifera

(nr.�108/

cm2/kyr)

Coronosphaera

spp. (nr.�108/

cm2/kyr)

Other Syracosphaera

spp. (nr.�108/

cm2/kyr)

C. leptoporus

spp. (nr.�108/

cm2/kyr)

C. pelagicus

(nr.�108/

cm2/kyr)

N. coccolithomorpha

(nr.�108/cm2/kyr)

Oolithotus

spp. (nr.�108/

cm2/kyr)

Pontosphaera

spp. (nr.�108/

cm2/kyr)

Anaplosolenia

spp. (nr.�108/

cm2/kyr)

Ceratolithus

spp. (nr.�108/

cm2/kyr)

H. perplexus

(nr.�108/

cm2/kyr)

S. apsteinii

(nr.�108/

cm2/kyr)

Other

(nr.�108/

cm2/kyr)

0.7 0.5 2.3 1.4 3.3 1.8 0.0 0.4 0.6 0.0 3.5 0.0 0.2 0.2 0.0

2.7 0.9 0.0 1.9 2.1 2.3 0.0 0.2 0.5 0.0 3.0 0.0 0.0 0.5 0.0

4.7 1.3 2.1 1.4 2.1 1.4 0.0 0.0 0.7 0.5 3.3 0.0 0.0 0.0 0.0

6.7 1.8 2.4 0.7 3.1 1.4 0.2 0.0 0.5 0.0 3.4 0.0 0.2 0.0 0.2

8.7 2.2 1.8 1.1 4.1 1.1 0.0 0.2 0.0 0.7 3.4 0.0 0.2 0.0 0.5

10.7 2.6 1.4 1.4 2.4 1.4 0.2 0.0 0.5 0.0 2.4 0.0 0.5 0.0 0.2

12.7 3.1 2.1 1.2 2.8 2.4 0.0 0.0 1.2 0.2 2.6 0.0 0.0 0.0 0.2

14.7 3.5 0.6 0.6 3.4 1.3 0.0 0.0 0.8 0.0 2.5 0.2 0.2 0.0 0.0

16.7 3.9 0.5 1.2 3.1 2.4 0.0 0.2 0.7 0.7 4.2 0.0 0.5 0.0 0.2

18.7 4.4 0.9 1.4 4.0 2.3 0.0 0.2 0.9 0.2 2.6 0.0 0.2 0.0 0.0

20.7 4.8 0.4 2.0 3.1 2.0 0.0 0.4 1.3 0.4 4.2 0.0 0.2 0.0 0.0

22.7 5.2 3.0 2.2 3.4 1.2 0.2 0.4 1.4 0.2 3.4 0.0 0.2 0.0 0.4

24.7 5.7 3.7 1.2 4.8 1.5 0.0 0.4 0.2 0.0 5.2 0.0 0.2 0.2 0.2

26.7 6.1 0.6 1.1 5.0 1.5 0.0 0.0 0.0 0.2 2.6 0.4 0.0 0.0 0.0

28.7 6.5 0.7 1.2 2.7 0.8 0.0 0.0 0.0 0.5 1.0 0.0 0.3 0.2 0.0

30.7 7.0 0.5 0.6 2.9 0.3 0.0 0.0 0.0 0.2 1.3 0.3 0.0 0.2 0.0

31.7 7.2 0.5 0.9 2.5 0.3 0.0 0.0 0.0 0.3 0.5 0.2 0.0 0.2 0.0

32.7 7.4 0.0 0.8 3.0 0.6 0.2 0.0 0.0 0.2 0.5 0.0 0.0 0.0 0.0

33.7 7.6 0.0 0.7 3.2 1.2 0.2 0.0 0.0 0.2 1.2 0.0 0.0 0.0 0.0

34.7 7.8 0.2 1.0 2.6 1.0 0.2 0.0 0.0 0.0 1.2 0.2 0.2 0.3 0.0

35.7 8.1 0.0 1.0 2.8 0.7 0.2 0.0 0.0 0.0 1.0 0.2 0.0 0.0 0.0

37.2 8.4 0.3 0.8 1.1 1.1 0.3 0.0 0.0 0.5 0.2 0.0 0.0 0.2 0.0

38.2 8.6 0.2 0.8 2.4 0.3 0.2 0.0 0.0 0.3 0.8 0.2 0.0 0.2 0.0

39.2 8.8 0.2 1.4 3.1 0.8 0.2 0.0 0.2 0.3 1.2 0.2 0.0 0.2 0.2

40.2 9.0 0.3 0.7 2.3 0.7 0.0 0.2 0.0 0.3 0.8 0.3 0.0 0.2 0.0

41.2 9.3 0.5 1.4 4.0 0.5 0.0 0.0 0.0 0.3 2.3 0.0 0.0 0.2 0.0

42.2 9.5 0.4 0.4 4.7 1.0 0.2 0.0 0.6 0.6 1.2 0.0 0.0 0.0 0.0

43.2 9.7 0.8 0.6 4.4 0.6 0.0 0.0 0.0 0.8 2.3 0.2 0.0 0.4 0.0

44.2 9.9 0.5 2.3 4.8 1.1 0.2 0.5 0.0 0.0 2.7 0.0 0.2 0.0 0.0

The S1 and ox. S1 intervals are evidenced by black thin lines.
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Fig. 5. Comparison between relative abundance (upper line) and accumulation rate (lower line) of calcareous nannofossils. S1 and oxidized S1 are indicated in dark grey and light grey respectively.

The depth of the diagenetic intervals recognised in this core (D1 and D2, Crudeli et al., 2004) are shown on the right side of the panel. In the right side (upper line), the subdivision in ecozones for

core SL9 obtained applying the definition of Principato et al. (2003) is displayed. See text for further explanation. Upper line, from the left side: E. huxleyi, which includes normally preserved and

variably overgrowth forms (Crudeli et al., 2004)–H. carteri–small Helicosphaera spp. (H. pavimentum and H. hylina)–S. pulchra and OG Syracosphaera–Rhabdosphaera spp.–U. tenuis and OG

Umbellosphaera–Umbilicosphaera spp.–holococcolith spp.–B. bigelowii–F. profunda–G. flabellatus. and A. robusta. At the left side of the lower line the accumulation rate of E. huxleyi and of the

UPZ-MPZ forms, including E. huxleyi, is shown.
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3.2. Geochemical data

CaCO3 concentrations in the sapropel are generally

lower than in surrounding layers (Fig. 6a).

The profile of Ba/Al in box core SL9 shows a

Gaussian-shape starting at the lower part of S1 and

returning to initial values (around 25 ppm/%) at about

5.2 kyr BP (Fig. 6b). A brief drop in Ba/Al (153–159

ppm/%) is visible between 7.8 and 8.0 kyr BP (dotted

interval in Fig. 6b), whereas the maximum value (228

ppm/%) is recorded at 7.35 kyr BP.

After an initial increasing trend in concentration, the

Corg content shows an abrupt negative peak (1.84%) at

7.8 kyr BP, whereas the maximum value (2.64%) is at

7.5 kyr BP. In the remaining part of the box core, Corg

contents are almost constant and very low (b0.5%)

(Fig. 6c).

4. Discussion

4.1. Micropaleontological indications of carbonate

dissolution

The annual coccolith accumulation rate in eastern

Mediterranean surface sediments changes as a function

of the location (100�108 to 58.7�108 specimens

m�2 year�1, Ziveri et al., 2000; 300�108 to 6�108

coccoliths cm�2 kyr�1, Ziveri et al., 1999). Various

processes occurring at the sea floor or within the first

centimetres of sediments can alter the composition of

calcareous assemblages (Steinmetz, 1994 and refer-

ence therein). The average total UPZ-MPZ coccolith

accumulation rates from non-sapropel sediments
Fig. 6. CaCO3 (%) (a), Ba/Al (ppm/%) (b) and Corg (%) (c) versus age (kyr).

respectively. The Ba profile is normalized to Al to correct for fluctuations in c

S1 is indicated by a dotted area.
(Fig. 5) are comparable, suggesting absence of signif-

icant post-depositional dissolution of the calcareous

nannoflora. E. huxleyi coccoliths from non-sapropel

sediments of eastern Mediterranean are variably affect-

ed by carbonate precipitation as suggested by consis-

tent values of the E. huxleyi-overgrowth index (EXO)

(Crudeli et al., 2004). U. tenuis shows a behaviour

similar to that of E. huxleyi at carbonate diagenesis

(Winter, 1982), and indeed OG forms accompanied by

a variable amount of OG Syracosphaera are common

outside S1 (Fig. 5). A possible link between carbonate

precipitation on coccoliths and diagenetic formation of

high-Mg calcite (Calvert and Fontugne, 2001; Thom-

son et al., 2004) still needs to be established.

The decrease in number of calcareous nannofossil

per square millimetre within S1 sediments suggests a

decrease in coccolithophore productivity during sapro-

pel deposition (e.g., Negri and Giunta, 2001). This

decrease, expressed as the decrease in accumulation

rates of the total nannoflora in S1 from core SL9

(Fig. 7), could be partially due to selective dissolution.

Holococcolith spp. are likely dissolved within the

sapropel (Crudeli et al., in press). The fact that the

curves of more dissolution-susceptible species, G. fla-

bellatus and A. robusta, show a profile similar to that of

holococcoliths spp. (Fig. 5) also suggests effects of

dissolution. Similarly, B. bigelowii is susceptible to

dissolution (Thierstein, 1980), and the decrease in S1

may be due to preservation factors.

The species discussed above are minor components

of the assemblage, and they would imply only minor

carbonate dissolution. Nonetheless, the dominant E.

huxleyi is susceptible either to overgrowth or dissolu-
The S1 and oxidized S1 are indicated as dark grey and light grey areas,

arbonate content. The negative peak of Ba/Al and Corg recorded within



Fig. 7. Sand fraction (%), total paleofluxes of calcareous nannofossils (cnAR), planktonic foraminifera (pfAR) and pteropods (pAR). S1 (dark grey)

and oxidized S1 (light grey) are reported on the figure. The negative peak of Ba/Al and Corg recorded within S1 is indicated by a dotted area. The

white rectangle indicates the interval where pteropods are absent.
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tion (Ziveri et al., 1999; Crudeli et al., 2004). Its

decrease in S1 (Fig. 5) may result from partial carbon-

ate corrosion. Either way, the sporadic occurrence of

holococcoliths (Fig. 5) and the consistent presence of

other delicate species (e.g., Discosphaera tubifera,

Umbilicosphaera spp.) (Roth and Berger, 1975; Roth

and Coulbourn, 1982) within the sapropel of core SL9

suggest that carbonate dissolution was probably weak.

The curve of the pteropods shows an increase in

sedimentation rate at the bottom of the sapropel; these

organisms disappear in most of S1 and increase again in

the upper part of core where they reach maximum pAR

values (Fig. 7). Since aragonite is one of the more

soluble carbonate phases (Berner and Honjo, 1981),

the pattern within the S1 interval of core SL9 (Fig. 7)

and other sites from the region (Giunta et al., 2003)

may be due to dissolution rather than to primary vari-

ation. Planktonic foraminifera show an abrupt increase

in sedimentation rate in the upper part of sapropel. The

general increase in the sand content (Fig. 7) of the

visible S1 sediments can be attributed to the abundance

of various mineral components such as gypsum crystals

and pyrite aggregates that characterise the total sand

fraction together with foraminiferal shells.

A decrease in weight is detected at the beginning of

the S1 period for the three foraminiferal species G.

ruber, O. universa and G. inflata (Fig. 4). The interval

where these species decrease in weight roughly corre-

sponds to the interval where selected holococcoliths,

other delicate forms (G. flabellatus and A. robusta) and

pteropods are rare to absent.

Generally, foraminiferal shells from the sapropel

interval are slightly lighter than shells above and

below S1. For G. ruber, this could be partially related

to the dominance of the morphotype G. ruber s.s.

in S1 with respect to the other more compact mor-
photypes (Globigerinoides gomitulus, Globigerinoides

elongatus and morphotypes intermediate between

them) listed under G. ex gr. ruber according to Capo-

tondi et al. (1999). The fact that, within S1, a decrease

in weight is shown by more planktonic species sug-

gests that the decrease could be due to dissolution.

Consequently, morphological characteristics such as

the thin, foraminiferal shells with large pores as de-

scribed by Capotondi et al. (1999) in the Ecozone 4

(9–7.2 kyr) could not be a primary species-specific

phenotypic variation.

4.2. Paleoecological reconstruction of the S1 interval

based on micropaleontological and geochemical data

The distribution of modern planktonic foraminifera

is principally linked to physical and chemical properties

of the surface water masses where they live. The dif-

ferent environmental preferences of these organisms

allow a reconstruction of past oceanographic conditions

based on their spatial and temporal distribution (Thu-

nell, 1978). The collection of time series samples has

improved understanding of planktonic foraminiferal

ecology, marking the importance of parameters such

as, among others, the pycnocline and chlorophyll max-

imum depths, the thickness of the mixed layer, and

stratification of the water column. All these parameters

control food availability and the reproductive cycles of

these organisms (Pujol and Vergnaud Grazzini, 1995).

Coccolithophores are directly dependent on environ-

mental gradients in nutrients and sunlight (Brand,

1994). In the modern Mediterranean, species show

seasonal variations in fluxes associated with oceano-

graphic changes occurring between summer and winter

months (Knappertsbusch, 1993; Ziveri et al., 2000;

Malinverno et al., 2003).
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In the following we will try to reconstruct the bio-

geochemical environment during the sapropel deposi-

tion by an integrated interpretation of micropaleontolo-

gical and geochemical data obtained from box core

SL9.

Changes in the composition of foraminiferal assem-

blage indicate the occurrence of at least three different

ecological stages during S1 deposition (Principato et

al., 2003; this work, Fig. 2). Here, we mainly focus on

the fluctuations in accumulation rate of calcareous nan-

nofossils and only shortly summarise the paleoecolog-

ical interpretation of the foraminifera patterns since this

is discussed by Principato et al. (2003).

The pre-sapropel/S1 lower interval (before 9.2 kyr

BP; ~PF3/PF4a boundary) is characterised by an in-

crease of G. sacculifer and N. pachyderma dextral with

the presence of few G. inflata specimens and T. trun-

catulinoides as shown by both the relative abundance

and the pfAR curves. According to Principato et al.

(2003), the occurrence of both G. inflata and T. trun-

catulinoides confirms the presence of an isothermal

water mass with deep convective mixing just before

sapropel formation. The species G. ruber is exclusively

represented by the alba variety and more compact

morphotypes, such as G. gomitulus, are dominant. Vio-

lanti et al. (1991) documented the presence of these

forms in warm-temperate sedimentary intervals, where-

as they observed the absence during climatic optimum

phases such as those occurring during the formation of

sapropels S1 and S5. The weakly shifted G. sacculifer

positive trend at the base of S1 indicates the occurrence

of a shallow pycnocline, possibly linked to a strong

runoff period, and, at the same time, the development of

the Deep Chlorophyll Maximum (DCM), a high pro-

ductivity layer in the lower part of the photic zone.

According to Bianchi et al. (2006), processes responsi-

ble for an increase in sedimentation velocity of partic-

ulate organic matter can produce a redistribution of

nutrients in the photic zone, supporting the occurrence

of the DCM and the re-arrangement of the ecosystem

structure.

The presence of a DCM during sapropel deposition

was initially suggested by Castradori (1993) on the

basis of increases in abundance of F. profunda, a typical

lower photic zone species from low–middle latitude

regions (Okada and Honjo, 1973). Successive studies

demonstrated the basin-wide repetition of the pattern of

this species (Negri and Giunta, 2001; Corselli et al.,

2002; Principato et al., 2003; Thomson et al., 2004).
Differently from F. profunda, the surface water coc-

colith E. huxleyi shows a decreasing trend in abundance

during the same interval. This species is very sensitive

to an increase in nutrients and can produce huge sur-

face–water blooms (Young, 1994; Winter et al., 1994;

Nanninga and Tyrrell, 1996). In the oligotrophic Med-

iterranean basin, peaks in abundance of E. huxleyi are

responsible for the seasonal coccolithophore production

at winter wind-driven breakdown of stratification

(Knappertsbusch, 1993; Ziveri et al., 2000). Nonethe-

less, in the modern eastern Mediterranean, fluxes of F.

profunda parallel E. huxleyi production (Ziveri et al.,

2000). A similar production of the two species is ob-

served from more productive tropical and equatorial

areas with F. profunda being often on average more

common than E. huxleyi (Tanaka and Kawahata, 2001).

In contrast, during sapropel deposition the anti-correla-

tion of fluxes of these two species suggests an increased

fertility in deep photic zone. The pattern of the paleo-

flux of E. huxleyi suggests low fertility of the surface

waters. This interpretation is supported by the moderate

paleofluxes of Rhabdosphaera spp. The group includes

upper photic zone warm water species with a marked

preferences for low nutrient concentration (Okada and

Honjo, 1973; Roth and Coulbourn, 1982; Winter et al.,

1994). In the waters of the modern Mediterranean,

Rhabdosphaera species are commonly concentrated in

the upper 5 m (Malinverno et al., 2003).

The highest coccolithophore diversity is found in

stratified and oligotrophic waters. In highly eutrophic

domains, few species dominate (e.g., Winter et al.,

1994). A decrease in simple diversity occurs within

S1 (Fig. 3b), and a similar pattern is obtained when

the holococcoliths, represented by 8 taxa and that are

likely dissolved within the sapropel (Crudeli et al., in

press), are not considered in the calculation. Possible

selective dissolution of other forms suggests, how-

ever, caution in the interpretation of the decrease in

diversity.

High fertility conditions during the S1 time are also

recorded by the increasing trend in relative abundance

of T. quinqueloba, a foraminiferal species living in the

photic zone (Bè and Tolderlund, 1971). The increase in

abundance of this small and cold water species in the

sapropel S1 deposited during warm climatic conditions

suggests its strong link with periods of low water

density, highly stratified water column in concurrence

with high nutrients and terrestrial organic material input

(Capotondi et al., 2004).

The trends in Ba/Al and Corg (%) could be explained

by the increase in productivity in the lower photic zone

recorded by F. profunda and a contemporaneous in-
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crease in organic matter preservation due to the estab-

lishment of an anoxic environment at the bottom (Fig.

6b, c). Corg contents in the sapropel (Fig. 6c) are

comparable to Corg values recorded in S1 (1–3.4%)

from various areas of the eastern Mediterranean

(Murat and Got, 2000).

The S1 medium interval (~7.5–9.2 kyr BP) is

characterised by the maximum increase in relative

abundance of G. ruber (alba and rosea) and G.

bulloides with an abrupt decrease and temporary dis-

appearance of G. sacculifer, N. pachyderma dextral

and G. inflata. The maximum increase in accumula-

tion rate of G. ruber occurs within the oxidized S1

interval.

In the present Mediterranean Sea, G. ruber prolifer-

ates during summer in nutrient-depleted warm surface

water, and therefore its abundance in S1 could mark the

real climatic optimum phase and maximum stratifica-

tion conditions in the water column. In this interval, the

morphotype G. ruber s.s. is dominant and its rosea

variety, the warmest form of this species, occurs in

significant amounts.

Foraminiferal diversity shows a clear decrease in this

interval, suggesting critic conditions also in surface

waters; at the same time, benthic foraminifera totally

disappear because of the establishment of anoxia at the

bottom. In the same interval, G. bulloides also increases

both in relative abundance and accumulation rate. This

species can live in near-surface waters during times of

high productivity but often can occur within a subsur-

face chlorophyll maximum beneath the mixed layer and

the thermocline as stratification increases (Pujol and

Vergnaud Grazzini, 1995; Field, 2004).

Changes in the paleoecological conditions of the

water column throughout this interval are traced by

various coccolithophores species (e.g., H. carteri and

small Helicosphaera spp.). H. carteri and H. hyalina,

previously distinguished at variety level, have been

shown to be separate species (Sáez et al., 2003). In

the modern Mediterranean, H. carteri is relatively com-

mon, but the other species are rare (Cros, 2002). H.

carteri is a eutrophic species (Ziveri et al., 2004) and

proliferates between 40 and 70 m close to the chloro-

phyll maximum (Cros et al., 2000; Cros, 2002). Its

increase in fluxes during S1 formation (Fig. 5) indicates

nutrient availability at depth. The roughly opposite

trend of S. pulchra (Fig. 5) is related to the different

ecology of the species (Ziveri et al., 2004 and refer-

ences therein). This species increases in oligotrophic
stratified waters such as the tropical Atlantic Gyres. The

ecology of species included in the Helicosphaera spp.

group is less known. H. hyalina and/or H. pavimentum

are rare to occasional in the equatorial tropical and

subtropical zone of the Pacific and in the equatorial

Atlantic (Okada and McIntyre, 1977; Steinmetz, 1991).

The parallel increase in S1 of Helicosphaera spp. and

H. carteri suggests ecological affinity. This may be

expected since these are sister species (Sáez et al.,

2003). Nonetheless, the fact that Helicosphaera spp.

decrease and disappear upward suggests that these

forms have a more restricted ecology. Their pattern

suggests that the ecological conditions deteriorated

after about 6.5 kyr BP.

In the upper part of this interval, the reoccurrence of

the three species G. sacculifer, N. pachyderma dextral

and G. inflata marks a significant change in the upper

water column, as confirmed by the almost contempo-

raneous (at ~8 kyr BP) significant decrease in both the

Ba/Al and Corg profiles (dotted interval in Figs. 6 and

7). At the same time, a small negative peak in sand

content (Fig. 7), possibly related to a general decrease

in biogenic production is also well recorded in core

SL9. The brief decrease in Ba/Al and Corg is possibly

related to the interruption in sapropel deposition

recorded in other Mediterranean areas (Perissoratis

and Piper, 1992; Rohling et al., 1997; De Rijk et al.,

1999; Mercone et al., 2000). Both these geochemical

proxies may be linked to primary production (Thomson

et al., 1995, 1999; Van Santvoort et al., 1996), so that

their decrease could record a temporary change in the

planktonic and benthic ecosystem and, at the same

time, in deep water circulation that even led to re-

oxygenation in some areas (Adriatic and Aegean

Seas). Therefore, it is possible that the geochemical

change detected in core SL9 at ~8 kyr BP is linked

to the short climatic deterioration that is suggested to be

responsible for the S1 interruption (Mercone et al.,

2000).

The S1 upper interval (about 5.5–7.5 kyr BP; near

PF1a/PF2 boundary) is marked by an increasing

trend in abundance of G. sacculifer, N. pachyderma

dextral and G. inflata in both the curves. This fora-

miniferal assemblage suggests the reoccurrence of a

shallow pycnocline, immediately followed by a well

mixed water column that is consistent with the break-

ing of stratification. Foraminiferal diversity clearly

increases in this interval, reaching the values of

normal pelagic conditions. Benthic foraminifera reoc-
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cur in detectable quantities, confirming the start of a

re-oxygenation process at the bottom. In particular,

the short and abrupt increase in foraminiferal simple

diversity is approximately coincident with the signif-

icant decrease of cnAR and pfAR (Fig. 7) and

exactly corresponds to the strong decrease in Ba/Al

concentration in the sediment that marks the real top

of the sapropel and the final breaking of water column

stratification.

The major decrease in paleofluxes of F. profunda,

corresponding with an increase of the total nannoflora

after about 6.5 kyr BP, suggests a switch in productivity

from the lower to the upper photic zone and a reestab-

lishment of bnormalQ nutrient availability in the surface

water.

U. sibogae is a species that is characteristic for the

intermediate layer of the tropical–subtropical zone and

prefers oligotrophic water (McIntyre and Be, 1967;

Okada and McIntyre, 1979; Reid, 1980; Winter et

al., 1994). Nonetheless, Umbilicosphaera, as other

placolith-bearing coccolithophores, has a tendency to-

ward eutrophic adaptation (Young, 1994 and refer-

ences therein). The increase in accumulation rate of

Umbilicosphaera spp. starting just before the S1 ter-

mination (about 7.5 kyr BP) is consistent with the

nutrient redistribution in the surface water recorded

by the general increase of E. huxleyi as well as with

the permanence of the general oligotrophic condition

of the Mediterranean surface water. This is also sug-

gested by moderate but continuous fluxes in and

outside S1 of U. tenuis, a typical oligotrophic form

(Winter et al., 1994) occurring at 50–75 m water depth

in nitrate depleted waters (Cortés et al., 2001). As

discussed above, pronounced variations contempo-

rarily characterise the foraminiferal assemblage. It is

therefore probable that an early re-establishment of

normal surface water ecological conditions occurred

before the end of the sapropel deposition.

4.3. Sapropel formation and plankton productivity

Sapropel formation has been suggested to require

both density stratification of the water column and

increased primary productivity (Rohling, 1994; Strohle

and Krom, 1997). Surface water productivity can be

estimated from the benthic flux of organic carbon by

applying various empirical flux equations (e.g., Suess,

1980). Benthic foraminiferal accumulation rates (bfAR;

Fig. 7) also can be used as a proxy of paleocarbon

fluxes (de Stigter et al., 1996). Here, we tentatively

reconstruct changes in surface productivity by the inte-

gration of bfAR, pfAR and cnAR trends. Estimation of
paleocarbon fluxes can be complicated by the fact that

most of the organic carbon arriving to the seafloor is

relatively rapidly remineralized or recycled as benthic

biomass, and so only a minor proportion is preserved in

the sediment. The enhanced Corg burial rate during

sapropel S1 leads to enhanced preservation of organic

carbon in the bottom sediments, protecting it from

remineralization. At the same time, both pelagic and

benthic bacteria decomposing particulate organic mate-

rial produced by all the surface water living groups

consume oxygen and favour anoxia establishment at

the bottom (Bianchi et al., 2006). The bfAR decreases

in most of S1 of the SL9 core and shows 0 values in the

lower–middle part of the sapropel (Fig. 7). The benthic

forms usually require oxygen to survive, so they were

strongly affected by the extreme oxygen deficiency at

the seafloor during S1 deposition rather than by the

paleocarbon flux.

In the lower part of S1, calcareous nannofossil and

foraminiferal total accumulation rates are moderate and

increase in the upper part of sapropel. As previously

discussed, planktonic assemblages are likely not heavi-

ly affected by dissolution, and the significant changes

in fluxes and species composition of the assemblages

(Figs. 2, 5, and 7) record important paleoecological

variations that occurred during the deposition of the

sapropel.

The formation of sapropel S5 (125 kyr) occurred

during a general warming phase (Marine Isotopic Stage

5e), a climatic stage similar to that of the deposition of

sapropel S1 (MIS1) (Emeis et al., 2003). The main

difference between these two sapropels is the preserva-

tion in S5 of diatoms and other siliceous microfossils in

finely laminated intervals alternated with more terrige-

nous levels that record annual flux cycles (Kemp et al.,

1999; Corselli et al., 2002). No siliceous microfossils

are recorded in S1. There is, however, a similarity

between calcareous nannofossil and planktonic forami-

niferal assemblages in sapropels S5 and S1 (Corselli et

al., 2002; this work, relative abundance data, respec-

tively) as here summarised. F. profunda and small

Helicosphaera spp. increase in abundance within the

organic-rich interval, a peak in relative abundance of

Umbilicosphaera spp. occurs just after the top of sapro-

pel S5 in correspondence with a major decrease of

diatoms (Corselli et al., 2002), G. ruber alba and

rosea show a positive trend in relative abundance in

the lowest part of both sapropels, and G. inflata dis-

appears at the beginning of anoxia in both sapropels.

The similar patterns of pelagic organisms documented

in two temporally distinct sapropels suggest the occur-

rence of similar paleoecological conditions in the water
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column. So, despite the absence of diatoms in S1 sedi-

ments, it may be possible that these were productive

during the deposition of sapropel S1. In particular, in S1

sediments some organic compounds related to silica-

shelled organisms such as diatoms were detected (SAP

Project Final Summary, 2001) and would support the

previous hypothesis. During sapropel S5 deposition, the

paleoceanographic conditions favoured proliferation ei-

ther of diatoms and F. profunda in a DCM (Kemp et al.,

1999; Corselli et al., 2002, respectively) as also

recorded in S1 from core SL9 by the increase in paleo-

fluxes of F profunda.

Significant changes in the composition of micro-

planktonic assemblages imply that the S1 deposition

was a complex event, characterised by distinct phases

and probably marked by short-term climatic changes

(Principato et al., 2003; Giunta et al., 2003; this work,

Figs. 2 and 5).

On-going studies coupling geochemical and paleobi-

ological approaches, together with a comparison with

independent proxies, will better constrain the sources of

organic matter in the sapropels and the major mechanism

leading to their formation. In particular, it is a central

theme to separate preservation from bio-productivity,

taking into account that proxies for productivity suffer

from modifications such as dissolution, aerobic decay,

and migration (e.g., Versteegh and Zonneveld, 2002).

5. Conclusions

Based on relative abundance and accumulation rates

of calcareous nannofossils, planktonic foraminifera

and pteropods, we reconstructed the paleoecological–

paleoenvironmental variations that occurred in the

upper water column during the deposition of the Holo-

cene sapropel S1 in the eastern Mediterranean. In par-

ticular, the quantification of the assemblages in terms of

accumulation rates provided an estimation of absolute

variations in primary and secondary productivity during

sapropel S1 formation. The study of foraminiferal

weight variations in and outside the sapropel and the

evaluation of pteropod occurrence allowed a qualitative

estimation of carbonate dissolution in sapropel S1 sedi-

ments. At the same time, the integration of these results

with changes in accumulation rate of the major calcar-

eous nannofossil species allowed an estimation of the

possible intensity of corrosion processes on calcareous

biogenic material. We observed that the three analysed

foraminiferal species show a clear decrease in weight

into the sapropel. The same interval is also charac-

terised by the absence of selected holococcoliths,

other delicate forms of coccoliths (G. flabellatus and
A. robusta) and pteropods, likely because of moderate

dissolution processes. Also the decrease in accumula-

tion rate of the most abundant calcareous nannofossil

species E. huxleyi in S1 may be weakly biased by

changes in preservation.

After evaluation of possible dissolution effects in

the planktonic assemblages, environmental variations

during S1 deposition were reconstructed as follows.

The decrease in accumulation rate of the total UPZ-

MPZ nannoflora within most of the S1 interval

suggests moderate productivity in surface waters.

By contrast, the significant increase in paleofluxes

of F. profunda suggests that the lower photic zone

was nutrient-rich. These changes in paleoecological

conditions occurred before the sapropel started to

form at the seafloor. Trends in Ba/Al curves within

the sapropel are in accordance with the increase in

productivity in the lower photic zone recorded by F.

profunda.

The beginning of S1 deposition is characterised by

the development of a shallow pycnocline recorded by

G. sacculifer probably related to a runoff phase due to

the intensification of the African monsoon. The in-

creased paleofluxes of Helicosphaera species are likely

related to the nutrification conditions in the middle part

of the photic zone that occurred from the beginning of

S1 formation until about 6.5 kyr BP, as also suggested

by the increase in accumulation rate of G. bulloides.

The increase in relative abundance of G. ruber alba and

rosea in the lower part of sapropel marks the climatic

optimum phase and the maximum stratification in the

upper water column, whereas the contemporaneous

disappearance of benthic foraminifera record anoxia at

the sea floor.

A transition phase (binterruptionQ) is recorded by a

negative peak in Ba/Al and Corg within the S1 layer at

~8 kyr BP. During this short interval, the general

biogenic production most likely decreased, as indicated

by the contemporaneous negative shift in the sand

content.

Just after the mid-sapropel transition phase, the re-

occurrence of the three foraminiferal species G. saccu-

lifer, N. pachyderma dextral and G. inflata marks a

significant change in the upper water column. In par-

ticular the reappearance of the last species records the

development of frontal systems in the surface/subsur-

face water, leading to the breaking of stratification

before the end of sapropel deposition. At the same

time, the reoccurrence of benthic foraminifera in the

oxidized S1 underlines that the bottom conditions also

started to change gradually during the last stages of

sapropel deposition.
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