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Abstract In core ADE3-23 collected in the Libyan Sea, the
nannofossil species Coccolithus pelagicus, Coronosphaera
spp., Helicosphaera spp., Syracosphaera spp., Calcidiscus
spp., small Gephyrocapsa spp., and the planktonic foramini-
fers Globigerina bulloides, Neogloboquadrina pachyderma,
Globorotalia scitula, Turborotalita quinqueloba and
Neogloboquadrina dutertrei prevail in sapropel S6 (midpoint
at 172 ka B.P.), indicative of cold and highly productive
surface conditions. Warm and highly stratified water-column
conditions are recorded by the characteristic assemblage of
Globigerinoides ruber, Globoturborotalita rubescens, Flori-
sphaera profunda, Rhabdosphaera spp. during the sapropel
S5 depositional interval (midpoint at 124 ka B.P.). Compared
with S5, Globigerinita glutinata, Globorotalia inflata,
Globigerinella siphonifera, Globorotalia truncatulinoides
and the calcareous nannofossil Emiliania huxleyi characterise
less stratified conditions within sapropel S1 (midpoint at
8.5 ka B.P.). Multivariate statistical analyses of calcareous
nannofossil and planktonic foraminifers in core ADE3-23
identify planktonic assemblages which typify sapropels S6,
S5 and S1 in the Libyan Sea. A warmer interval is
recognised in the middle part of the cold S6, and can be
associated with an influx of less saline waters and the
occurrence of a faint, temporary deep chlorophyll maximum.
Evidence for enhanced surface productivity and breakdown

of stratification is observed in the middle–upper part of the
warm S5, associated with climatic deterioration. Moreover,
an increase in surface productivity in the upper S1 implies
weak stratification. Our combined calcareous nannofossil
and planktonic foraminiferal data add to the evidence that
climate variability was more pronounced than commonly
considered to date for all the three studied Eastern
Mediterranean sapropel depositional intervals.

Introduction

Though the Eastern Mediterranean is generally character-
ised by low primary productivity (e.g. Psarra et al. 2000)
and organic-poor sediments, the late Pleistocene deposition
of sapropels (dark-coloured organic-rich sedimentary
layers) demonstrates that dramatically different conditions
periodically occurred and coincided with changes in global
and regional climate (Cita et al. 1977; Vergnaud-Grazzini et
al. 1977). The precessional minima with which sapropels
coincide are periods of more humid climate in the
Mediterranean (e.g. Rohling and Hilgen 1991; Lourens et
al. 1992), associated with increased river runoff and higher
delivery of soil-derived nutrients, thereby promoting
primary production. The high content of organic carbon in
the sapropels implies a combination of elevated marine
productivity and enhanced preservation of organic matter
under deep-water anoxic conditions (e.g. Bethoux et al.
1999; de Lange et al. 1999). Enhanced burial of organic
carbon in sediments was likely initiated by an influx of
low-salinity waters which slowed or halted convective
overturning in the Eastern Mediterranean and reduced
deep-water oxygenation (e.g. Rohling and Gieskes 1989;
Emeis et al. 2000a). Recent palaeoceanographic records
suggest that, during intervals of precession minima, the

M. V. Triantaphyllou (*) :A. Antonarakou :M. Dimiza
Faculty of Geology & Geoenvironment, Department of Historical
Geology-Palaeontology, University of Athens,
Panepistimiopolis,
15784 Athens, Greece
e-mail: mtriant@geol.uoa.gr

C. Anagnostou
Institute of Oceanography, Hellenic Centre for Marine Research,
P.O. Box 712,
19013 Anavissos, Greece

Geo-Mar Lett (2010) 30:1–13
DOI 10.1007/s00367-009-0145-7



Eastern Mediterranean climate was less stable than previ-
ously thought (e.g. Rohling et al. 2002a, 2004; Casford et
al. 2003; Gogou et al. 2007; Marino 2008).

Numerous studies have revealed the dynamics of
planktonic communities during sapropel deposition in the
Eastern Mediterranean (among others, Violanti et al. 1991;
Castradori 1993a, 1993b; Capotondi et al. 1999; Negri et al.
1999; Geraga et al. 2000, 2005; Negri and Giunta 2001;
Cane et al. 2002; Corselli et al. 2002; Giunta et al. 2003,
2006; Principato et al. 2003, 2006; Triantaphyllou et al.
2009). However, few of these (e.g. Negri et al. 1999;
Corselli et al. 2002) have compared different sapropel
layers in terms of abundance and identity of both calcareous
nannofossils and planktonic foraminifers.

In this work, we have performed calcareous nannofossil
and planktonic foraminiferal analyses in sediments of core
ADE3-23 collected in the Libyan Sea, and have assessed
comparative distributional patterns in order to identify
ecological affinities of calcareous plankton assemblages
within sapropels S6, S5 and S1. We aim at contributing to
existing evidence of climatic instability during sapropel
deposition in the Eastern Mediterranean.

Physical setting

The modern Mediterranean Sea is characterised by an anti-
estuarine circulation pattern driven by wind stress and
thermohaline forcing (POEM Group 1992). The inflow of
Atlantic surface water and the deep-water outflow contrib-
ute to its oligotrophic nature, as more nutrients are exported
to than received from the Atlantic Ocean (Bethoux et al.
1999). Nutrient-depleted Modified Atlantic Water enters the
Mediterranean Sea through the Strait of Gibraltar, and
becomes gradually saltier and warmer to balance evapora-
tion while it flows eastwards (e.g. Pinardi and Masetti
2000). Modified Atlantic Water enters the Eastern Mediter-
ranean through the Strait of Sicily, with high salinities. It
feeds the Ionian Current and Mid-Mediterranean Jet
through the Ionian Sea and the Levantine Basin respectively
(Fig. 1). This circulation features several small-scale cyclonic
and anticyclonic gyres and eddies which change intensity
and location, due to atmospheric forcings (Pinardi and
Masetti 2000) and the irregular topographic structure of the
basin (POEM Group 1992). Seasonal density variability of
surface waters causes the formation of the Eastern Mediter-
ranean Deep Water, as well as the Levantine Intermediate
Water which forms in the Rhodes gyre region in the
northwest Levantine Basin, by vertical mixing during winter
(Malanotte-Rizzoli et al. 1997).

In the Libyan Sea, circulation of surface water is
modulated by the effect of one cyclonic gyre, the
Cretan gyre (Karageorgis et al. 2008). This part of the

Eastern Mediterranean Sea is also affected by the arid
conditions of northern Africa, the Arabian Peninsula and
the Near East. Fluctuations of the Intertropical Conver-
gence Zone and the monsoon/ENSO/Indian Ocean dipole
system influence the southern part (e.g. Saji and Yamagata
2003).

Materials and methods

Gravity core ADE3-23 was collected in 2001 during the
ADIOS3 cruise of the R/V Aegaeo. Located SW of Crete in
the Libyan Sea (Fig. 1) at 2,459 m water depth (34°750
(N, 21°880(E), the core recovered 3.49 m of grey hemi-
pelagic mud and silty mud interlayered with three distinct,
dark grey sapropelic layers (Fig. 2), defined as sapropel S1
(24–39 cm; oxidized layer 12–24 cm), S5 (225.5–236 cm)
and S6 (314–326 cm) on the basis of radiochemical
analyses (238U, 234U, 232Th), and total organic carbon
(TOC) and Ba contents (Fig. 2, records A, B; Gourgiotis
2003, 2004). The increase of TOC between 188 and
200 cm, together with higher values of total Ba at the same
level, indicates an interval with higher productivity (Fig. 2),
interpreted by Gourgiotis (2003) as a possible trace of
sapropel S3 or S4.

In all, 96 samples were taken for calcareous nanno-
fossil analysis every 3 to 5 cm in the hemipelagic mud
intervals, and every 1 cm in the sapropel intervals.
Sample preparation for calcareous nannofossil study
followed standard smear slide techniques. Analyses were
performed using a Leica DMSP polarising light micro-
scope at 1,250× magnification by counting at least 300
specimens per sample.

Specimens resembling Reticulofenestra spp. are here
assigned to EHMC (E. huxleyi moderately calcified)
morphotypes, following Crudeli et al. (2004, 2006).
Additional counts of 15 fields of view (Negri and Giunta
2001) were performed for the taxa Helicosphaera spp.,
Rhabdosphaera spp., Syracosphaera spp., Coronosphaera
spp., Calcidiscus spp. The rare species Braarudosphaera
bigelowii and C. pelagicus were counted in a fixed area of
150 fields of view. All results were converted into relative
abundances (percentages) of selected species in order to
avoid dilution effects, such as the input of terrigenous
matter (cf. Flores et al. 1997). The calcareous nannofossil
E. huxleyi acme zone (MNN21b, Rio et al. 1990) is
defined as the interval where E. huxleyi frequency values
exceed 20% in counts of 300 nannofossil specimens
(Castradori 1993a).

A quantitative study of the planktonic foraminiferal
assemblages was performed on the same samples. Each
sample was washed, sieved at 150µm and then dried at 60°C.
Quantitative analysis was carried out on aliquots separated
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from each sample by means of a microsplitter, in order to
obtain at least 300 specimens. Planktonic foraminiferal speci-
mens were identified and counted following the taxonomic
concepts of Hemleben et al. (1989). N. pachyderma right and

left coiling (d and s), and the two varieties of G. ruber (alba
and rosea) were counted and plotted separately. The species
Globigerinoides sacculifer includes also Globigerinoides
trilobus, according to Hemleben et al. (1989); the species

Fig. 1 Map of the Eastern
Mediterranean with present-day
circulation patterns (modified
from Malanotte-Rizzoli et al.
1997) and location of core
ADE3-23. MMJ
Mid-Mediterranean Jet

Fig. 2 Core ADE3-23 stratigra-
phy. A, B TOC and Batotal
contents (extracted from
Gourgiotis 2004). C, D
Palaeoclimatic curve inferred
from planktonic foraminifers
and relative abundance of
E. huxleyi (present study).
Calcareous nannofossil biozones
are after Rio et al. (1990)
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G. rubescens and Globoturborotalita tenella were counted
and plotted together because of the similarity of their
ecological characteristics (Capotondi et al. 1999). Identified
species are expressed as percentages of the total number of
planktonic foraminifers.

A palaeoclimatic curve, indicative of sea surface
temperature (SST), is based on the planktonic foraminif-
eral assemblages of core ADE3-23 (Fig. 2, record C) and
was obtained using the formula (w–c)/(w+c)×100
(Rohling et al. 1993), where w represents the warm-
water and c the cold-water species. According to the
available literature on the ecological features of planktonic
Foraminifera (Bé and Tolderlund 1971; Thunell and
Reynolds 1984; Hemleben et al. 1989; Rohling et al.
1993; Pujol and Vergnaud Grazzini 1995), G. trilobus, G.
ruber var. alba and rosea, G. rubescens, G. truncatuli-
noides, Orbulina universa and G. siphonifera are consid-
ered warm-water species, whereas Globorotalia scitula, G.
inflata, T. quinqueloba and G. glutinata are considered
cold-water indicators.

Multivariate statistical analyses (R-mode hierarchical
cluster analysis, HCA; principal component analysis,
PCA) were performed on both calcareous nannofossil
and planktonic foraminiferal assemblages determined in
core ADE3-23, using SPSS (version 10.1) statistical
software.

Age assessment

Our analysis of E. huxleyi specimens in core ADE3-23
(Fig. 2, record D, Fig. 3) enabled the identification of an
MNN21b nannofossil biozone extending from the core top
to 130 cm depth, suggesting an age younger than 52 ka
(Table 1) for this part of the core. The top of the
Gephyrocapsa muellerae acme zone at 45.7 ka (Fig. 2,
Table 1), characterised by a dramatic and continuous
reduction in G. muellerae (Fig. 3a), is recognised at
125 cm from the core top. In addition, we recorded the
last occurrence (LO) of C. pelagicus (150–200 ka B.P., Raffi
and Rio 1980) at 305 cm from the core top (Fig. 2). We
used the best regression model for all the dating points
(Table 1), applying cubic fitting, in order to obtain the age–
depth profile for core ADE3-23. The adopted age model is
further confirmed by the positions of marine isotope stages
(MISs) 1–6 in the core (Fig. 3; ages used for MISs are after
Martinson et al. 1987). According to our age model, the
core depth of 203.5 cm from the core top has an age of
~83 ka. Therefore, our stratigraphic data reveal the imprint
of sapropel S3 (midpoint age 81 ka B.P.; Lourens 2004)
between 188 and 200 cm, and indicate a hiatus of approx.
35 ka between 203.5 cm (~83 ka) and 208.5 cm (~118 ka)
in the core (Fig. 3). All ages used are expressed in
conventional radiocarbon years.

Results

Calcareous nannofossils

Calcareous nannofossils are generally well-preserved in all
samples. The most abundant species are plotted vs. age in
Fig. 3a. Within MIS 1 and MIS 2, E. huxleyi abundances
increase abruptly. The species displays values well below
20% during MIS 4–MIS 6, slightly exceeding 10% only
during the deposition of S5. EHMC morphotypes are
particularly evident during MIS 2. F. profunda shows an
overall inverse distribution pattern to that of E. huxleyi,
with highest abundance during MIS 5 (sapropel S5
depositional interval). G. muellerae and Rhabdosphaera
spp. display distinctly high frequencies within MIS 3 and
MIS 4, featuring also the depositional interval indepen-
dently identified for sapropel S3. Gephyrocapsa oceanica
and small Gephyrocapsa spp. occur mainly in MISs 5 and
6. Coronosphaera spp., Helicosphaera spp. and Calcidis-
cus spp. are overall increased within MIS 6. Syracosphaera
spp. present the highest abundance within MIS 3 and MIS
6, particularly during the deposition of S6. B. bigelowii is
restricted to a few levels within S1, and in S3, S5 and S6,
but in very low numbers. C. pelagicus is represented by
specimens >10µm in the lower part of the core, mainly
during the S6 depositional interval. Abundances of
reworked specimens fluctuate along the core, with a major
peak in MIS 2.

Planktonic foraminifers

The planktonic foraminiferal assemblage is very abundant
and can be well documented (Fig. 3b). One of the most
abundant species throughout the core is G. ruber (var. alba
and rosea). G. ruber var. alba shows high relative
frequencies, whereas G. ruber var. rosea is present in low
percentages. O. universa and G. siphonifera generally have
low and discontinuous distributions, whereas G. rubescens
often occurs in high abundances (>20%) with sharp
increases (>50%) in MISs 1, 4 and 5. G. trilobus is
essentially confined to two significant peaks in abundance,
during MIS 1 and MIS 5 (sapropel S1 and S5 depositional
intervals). G. bulloides is abundant in the core, with a mean
percentage of 25% and maximum abundance (~50%)
within S6. G. inflata varies between 0–16%, featuring also
the S3 depositional interval, but it is absent during MIS 2
and MIS 5. G. truncatulinoides presents notable abundan-
ces within MISs 1, 4 and 6. Peaks of G. scitula are
significant at the base of MIS 1 and MIS 2. G. scitula
abundance increases also during MIS 6, while T. quinque-
loba together with N. pachyderma and N. dutertrei are the
main faunal components, particularly during the sapropel
S6 depositional interval.
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Multivariate analyses

R-mode HCA (Fig. 4a, b) of calcareous nannofossil and
planktonic foraminiferal associations within the sapropels

reveals two main groups, A and B (subgroups B1, B2) in
each case. Among the calcareous nannofossils, group A
consists of Coronosphaera spp., Helicosphaera spp., small
Gephyrocapsa spp., Syracosphaera spp., Calcidiscus spp.
and C. pelagicus. Group B represents a separated species
(E. huxleyi), whereas group B2 includes F. profunda,
Rhabdosphaera spp., G. oceanica. Among the planktonic
foraminifers, group A consists of N. dutertrei, G. bulloides,
T. quinqueloba, G. scitula, N. pachyderma. Group B
comprises two smaller groups: group B1 consists of G.
glutinata, G. trilobus, G. siphonifera, G. truncatulinoides
and G. inflata; group B2 clusters G. rubescens and G.
ruber.

A PCA plot reveals a distinct calcareous nannofossil/
planktonic foraminifer association for each sapropel layer
(Fig. 4c). Component 1 (36.4% variance; Fig. 4c) is
positively loaded mainly by the planktonic foraminifer T.
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Fig. 3 Relative abundances of calcareous nannofossil (a) and planktonic foraminiferal species (b) in core ADE3-23, correlated with age (ka) and
(right, MIS) the marine isotope stages. EHMC denotes Emiliania huxleyi moderately calcified morphotypes sensu Crudeli et al. (2004, 2006)

Table 1 Age model pointers for core ADE3-23. All ages are
expressed in conventional radiocarbon years

Event Depth (cm) Age (ka B.P.) References

S1 midpoint 26 8.5 Lourens (2004)

G. muellerae
acme zone top

125.5 45.7 Incarbona (2007)

Base E. huxleyi
acme zone
(NN21b)

130.5 52 Lourens (2004)

S5 midpoint 231 124 Lourens (2004)

S6 midpoint 320.5 172 Lourens (2004)
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quinqueloba (0.91) and the calcareous nannofossils Coro-
nosphaera spp. (0.85), Syracosphaera spp. (0.84) and
Helicosphaera spp. (0.81). Component 1 is negatively
loaded by the calcareous nannofossil F. profunda (−0.89)
and the planktonic foraminifers G. rubescens (−0.83) and
G. ruber (−0.82). Component 2 (26.8% variance; Fig. 4c) is
positively loaded mainly by E. huxleyi (0.85) and G.
glutinata (0.84), with negative loadings for N. dutertrei
(−0.85) and small Gephyrocapsa spp. (−0.77).

Discussion and conclusions

Sapropel S6 depositional interval

The interval below sapropel S6 in the Libyan Sea is
characterised by high SSTs, as shown in the palaeoclimatic
curve (Fig. 2, record C). Relatively stratified conditions are
evidenced by the presence of F. profunda in the calcareous
nannofossil assemblages (Fig. 5a), this being a lower photic
zone species of tropical and subtropical oceans (Okada and
Honjo 1973) indicating the nutricline–thermocline level

(Molfino and McIntyre 1990; Castradori 1993b; Incarbona
et al. 2008a, 2008b). In addition, the warm-water plank-
tonic foraminifers G. ruber, G. siphonifera and G.
rubescens are significant components of the assemblages
(Fig. 5b), justifying the interpretation of stratification in the
water column (Bé and Tolderlund 1971; Fairbanks et al.
1982; Hemleben et al. 1989). However, the increases in
small Gephyrocapsa spp., indicating higher surface pro-
ductivity (Colmenero-Hidalgo et al. 2004), and of the cold-
water planktonic foraminiferal species T. quinqueloba, G.
inflata, G. scitula, G. glutinata and N. pachyderma (Geraga
et al. 2005) suggest the onset of deep winter convection
(Casford et al. 2003). This is consistent with the increased
occurrence of C. pelagicus in the same interval, a species
generally considered as a cold-water indicator which can
also be influenced by nutrient availability (Young 1994;
Cachão and Moita 2000).

Sapropel S6 represents an interval of high insolation
during the early part of the penultimate glaciation (Emeis et
al. 2000b), marked by high TOC and total Ba values
(Fig. 2, records A, B). The planktonic foraminiferal
assemblage in the lower part of S6 is characterised by the

Fig. 4 Dendrograms resulting from R-mode hierarchical cluster
analysis (centroid linkage method, distance metric is 1-Pearson
correlation coefficient) of calcareous nannofossil (a) and planktonic

foraminiferal (b) assemblages within sapropels S6, S5 and S1.
c Biplot of two PCA components defining the ecological affinities
of plankton assemblages within sapropels S6, S5 and S1
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dominance of cool-water indicators (Fig. 5b) such as N.
dutertrei, which can also be related to high nutrient content
(Toledo et al. 2007), and G. bulloides, a species often used
as high-productivity proxy (e.g. Thiede 1983). The peaks of
C. pelagicus and the cold-water nannofossil indicator G.
muellerae (Samtleben et al. 1995) also reflect the prevailing
very cold climatic conditions. The increase in productivity
is recorded in the nannofossils by the high abundance of the
small Gephyrocapsa spp. and Helicosphaera spp. (Ziveri et
al. 2004; Crudeli et al. 2006). However, the absence of C.
pelagicus in the middle part of S6, together with slight
peaks of G. siphonifera and O. universa, suggests slightly
warmer climatic shifts within this cold period (Fig. 5b),
associated with less saline waters as documented by the
distribution of T. quinqueloba (Rohling et al. 1997), as well
as Syracosphaera spp. and Helicosphaera spp. (Flores et al.
1997; Colmenero-Hidalgo et al. 2004). The observed peak
of reworked nannofossil species (Fig. 5a) may reflect

higher riverine input contributing to the formation of lower-
salinity surface waters. In addition, the slight increase in the
DCM (deep chlorophyll maximum) dweller N. pachyderma
sinistral (Capotondi et al. 2006), and the turnover between
the stratification proxy F. profunda and the cold-water proxy
C. pelagicus possibly suggest the development of a faint,
temporary DCM which defines the mid S6 in the Libyan
Sea. A similar observation concerning the documentation of
ephemeral higher production of F. profunda within S6 has
also been evidenced at several locations in the Eastern
Mediterranean by Castradori (1993b).

The top of S6 is marked by a return to cold conditions,
resulting in a mixed and more productive water column.
This is suggested by the absence of F. profunda and the
high abundance of Helicosphaera spp. (Fig. 5a), as well as
N. dutertrei, G. bulloides and T. quinqueloba (Fig. 5b).

After the deposition of S6, the palaeoclimatic curve
(Fig. 2, record C) suggests a prolongation of cold and

Fig. 5 Sapropel S6, core ADE3-23: distributions of selected a calcareous nannofossils and b planktonic foraminiferal species vs. age (ka)
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highly productive conditions in the Libyan Sea. High
abundances of small Gephyrocapsa spp., Coronosphaera
spp. and N. pachyderma mark the assemblages (Fig. 5a, b).

Sapropel S5 depositional interval

Prior to the deposition of S5 in the Libyan Sea, small
Gephyrocapsa spp., T. quinqueloba and G. scitula prevail
in the calcareous plankton assemblages, suggesting a highly
productive and cool interval. However, the increasing
abundance of the deep dweller F. profunda, together with
the oligotrophic Rhabdosphaera spp. (Winter et al. 1994),
and the planktonic foraminifers G. ruber and G. rubescens
indicates the establishment of less cold and stratified
conditions immediately before the deposition of S5
(Fig. 6a, b).

The lower part of S5 is characterised by very high
abundance of the nutricline proxy nannofossil species F.
profunda (Fig. 6a), suggesting particularly strong stratifi-

cation in the upper photic zone and the establishment of a
DCM. Higher water-column temperatures are clearly
supported by the palaeoclimatic curve (Fig. 2, record C)
and the abundance of warm-water planktonic foraminifers
(Fig. 6b) such as G. rubescens, G. siphonifera and O.
universa, as well as G. ruber (Hemleben et al. 1989).
Increased runoff is also evidenced by the presence of G.
trilobus and N. pachyderma (Capotondi et al. 2006).
However, the co-occurrence of G. ruber with the chloro-
phyll maximum proxy N. dutertrei (Thunell and Sautter
1992) does not support extreme oligotrophy during this
interval in the Libyan Sea, in contrast to what has been
suggested by Corselli et al. (2002) for the Urania Basin
northwest of our study area. Moreover, the increase in
abundance of E. huxleyi (Fig. 6a), although never reaching
20% like previously reported (e.g. Violanti et al. 1991;
Castradori 1993a; Corselli et al. 2002), suggests higher
fertility in the surface waters. This event, distinctly recog-
nised in our core from the Libyan Sea, most likely corresponds
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to the timing of relaxation in the northward penetration of the
African monsoon and the concomitant strong high-latitude
circulation already recorded within S5 in the South-Eastern
Mediterranean (Rohling et al. 2002a, 2004).

The upper part of S5 is characterised by a turnover
between increased G. oceanica and small Gephyrocapsa
spp., and reduced values of Rhabdosphaera spp. (Fig. 6a).
The presence of the former species suggests higher surface-
water temperatures (Winter et al. 1994) but is also related
with less saline waters (Knappertsbusch 1993). At the same
level in the core, F. profunda (although dominating the
assemblages) starts to decrease, similarly to what has been
observed at other Eastern Mediterranean locations (Corselli
et al. 2002; Giunta et al. 2006). Together with the turnover
between G. ruber and N. pachyderma dextral, this suggests
a breakdown of stratification towards the top of S5 in the
Libyan Sea.

Above S5, increases in E. huxleyi moderately calcified
morphotypes, which are restricted to cool Holocene
intervals (Crudeli et al. 2004), and in dextral neogloboqua-

drinid forms, together with high values of small Gephyr-
ocapsa spp. and G. oceanica, indicate cooler surface
temperatures related with fresh-water input. However, the
relatively high frequencies of F. profunda, G. ruber, G.
rubescens and G. trilobus (Fig. 3) imply the continuation of
deep photic zone productivity in the Libyan Sea, contrast-
ing with what has been previously observed in the Urania
Basin (Corselli et al. 2002).

Sapropel S1 depositional interval

High abundances of EHMC morphotypes and of the
planktonic foraminifers G. glutinata, T. quinqueloba, G.
scitula and N. pachyderma (Fig. 3) point to generally cold
and highly fertile surface waters at the base of the Holocene
in the Libyan Sea. However, the increase in Helicosphaera
spp. confirms higher fresh-water input prior to the S1
depositional interval (Fig. 7a), similarly to observations
from the Aegean Sea (Triantaphyllou et al. 2009). In
addition, the concomitant gradual increase in the nutricline
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proxy F. profunda (Fig. 7a) and the warm planktonic
foraminifer G. ruber (Fig. 7b) supports the establishment of
stratified conditions and the onset of a nutrient-rich
environmental regime in the deep photic zone.

The lower part of S1 is characterised by increased
abundance of F. profunda, Helicosphaera spp., G. glutinata
and G. bulloides (Fig. 7a, b), indicating high productivity
mainly in the deeper part of the water column. The
relatively high values of the warm-water species G. ruber
imply higher SSTs in the upper photic zone, as previously
inferred by Negri and Giunta (2001), Principato et al.
(2006) and Triantaphyllou et al. (2009) in other parts of the
Eastern Mediterranean.

At ~8 ka there is a clear reduction in F. profunda
abundance, associated with an increase in the high-nutrient
indicator E. huxleyi (Young 1994) and the deep winter
convection proxies G. inflata and G. truncatulinoides
(Fig. 7a, b). Therefore, this level in the core can be roughly
associated with a temporary decline of stratified conditions
mirroring the S1 interruption interval, already recognised at
several Eastern Mediterranean locations (e.g. De Rijk et al.
1999; Geraga et al. 2000; Triantaphyllou et al. 2009) and
correlating mostly with a weakening in the African
monsoon intensity and an intensified impact of harsher,
higher-latitude climate conditions in the Mediterranean
region (Rohling et al. 2002a, 2002b, 2004). The upper part
of S1 in the Libyan Sea is characterised by a turnover
between increased EHMC morphotypes and reduced F.
profunda (Fig. 7a), pointing to high productivity in the
upper photic zone. The decrease in F. profunda, associated
with peaks in B. bigelowii and G. trilobus towards the top
of S1, has already been documented by Negri and Giunta
(2001), Principato et al. (2006) and Triantaphyllou et al.
(2009) in the Ionian and Aegean seas, implying increased
runoff and a concomitant break in stratification.

Ecological affinities of plankton assemblages
within sapropels S6, S5 and S1

The multivariate analysis performed in this study suggests
that component 1 reflects decreasing temperature and
stratification conditions in the water column, as it is highly
correlated with calcareous nannofossils and planktonic
foraminiferal indicators of low temperature–high surface
productivity (Fig. 4c). Therefore, members of this associ-
ation (group A in HCA, Fig. 4a, b) are considered to have
similar ecological affinities, and prove to be typical for
sapropel S6 in the Libyan Sea. Component 2 (Fig. 4c)
probably reflects the degree of fresh-water input in the
middle–upper photic zone. This factor is negatively
correlated with the attributes of the S6 assemblage.
Surface-water temperature reconstructions in the Eastern
Mediterranean Sea (Emeis et al. 2000a) and palynological

investigations (e.g. Rossignol-Strick and Paterne 1999)
indicate a cool and arid climate during the deposition of
S6. These conditions have resulted in denser surface water
(Emeis et al. 2003) and higher salinities. Together with
wind-induced mixing, this may have prevented both
permanent water-column stratification and permanent an-
oxia at the seafloor, although the presence of a faint deep
chlorophyll maximum detected in our Libyan Sea record in
the middle part of sapropel S6 suggests a temporary
climatic amelioration.

The high temperature and stratification indicators of
group B2 in HCA (Fig. 4a, b) are negatively correlated with
component 1, featuring the strongly stratified and warm
conditions within sapropel S5. Component 2 is moderately
correlated with the S5 assemblage. Strong runoff from the
Nile and other rivers in our study area seems unlikely
(Weldeab et al. 2003; Giunta et al. 2006; Sangiorgi et al.
2006). In particular, Weldeab et al. (2003) examined
whether riverine nutrients were the main cause for the high
export production during S5, and suggested a southward
shift of the Cretan gyre within the framework of an Eemian
weak anti-estuarine circulation system (e.g. Stratford et al.
2000). However, pulses of fresh-water input during S5 have
been evidenced in our record by the presence of G.
oceanica. Together with F. profunda reduction, this can be
associated with a shift to colder climatic conditions,
resulting in the breakdown of stratification recorded
towards the top of S5.

The assemblage of the high productivity–deep convec-
tive mixing group B1 in HCA (Fig. 4a, b) presents
moderate correlation with component 1 and is associated
with sapropel S1. The assemblage of S1 is positively
correlated with component 2, indicating higher inputs of
fresh water during its formation. Emeis et al. (2000a) have
demonstrated that homogeneity in surface-water salinity in
the Eastern Mediterranean during S1 is consistent with
multiple fresh-water sources channelled not solely by the
Nile watershed, as has been proven by examining fossil
river systems in North Africa (Gasse 2000). The presence
of G. trilobus in S1 assemblages (Fig. 4b) reinforces the
interpretation of increased runoff. In addition, G. inflata, G.
truncatulinoides and E. huxleyi imply high productivity in
the middle–upper water column, strongly associated with
weak stratification and moderate sea surface temperatures
which reflect a more variable climate (e.g. Gogou et al.
2007; Triantaphyllou et al. 2009) during S1 times.

In conclusion, our study has identified the plankton
assemblages—both calcareous nannofossils and planktonic
foraminifers—which typify the sapropels S6, S5 and S1 in
the Libyan Sea. This has enabled the establishment of
ecological affinities within and between the different
sapropel layers and, thereby, the detection of climatic
variability impacts during their deposition in this part of
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the Eastern Mediterranean. The findings that a warmer
interval is recognised in the middle part of the cold S6,
enhanced surface productivity and breakdown of stratifica-
tion are observed in the middle–upper part of the warm S5,
and weak stratification is recorded in the upper S1
contribute to the mounting body of evidence that climate
variability was more pronounced than commonly consid-
ered to date for these Eastern Mediterranean sapropel
depositional intervals.
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