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Unprecedentedly high-resolution study, based on oxygen and carbon isotopes and
abundances of both benthic and planktonic foraminifera, has been carried out on cores SLA9, SL-31, LC-21 and LC-31 from the central Aegean and NE Levantine Seas. We discover
several distinct variations both in the isotopic and abundances of the fauna throughout the
interval from the Last Glacial Maximum to the Present, which have been interpreted in
relation with the bottom water environmental changes. During the deposition of the -3015.5 ka BP-interval, the occurrence of high faunal density and diversity dominated by the
epifaunal taxa (e.g. C. pachydermus and miliolids) and shallow infaunal taxa (e. g. U.
peregrina and B. spathulata) suggests that bottom water of the eastern Mediterranean was
very well ventilated with normal, stable conditions and stable, high flux of organic matter to
the sea floor. This organic matter flux was higher at the shallower sites than at the deeper
sites, as might be expected with a normal depth-dependent decrease of the organic matter
flux to the sea floor.
During the 15.5-10 ka BP-interval, dominance of the opportunistic taxa (e.g. G.
orbicularis and G. altiformis) at the expense of both epifaunal and shallow infaunal taxa
would suggest an intensive seasonal pulse of organic matter to the sea floor accompanied by
reduced deep-water ventilation leading to decrease in the amount of the dissolved oxygen at
the deep-sea environment and hence disappearance of epifaunal taxa and shallow infaunal
taxa.
The SI interval (10-6 ka BP) was deposited under dysoxic/anoxic conditions in the
bottom waters as indicated by the dominance of deep infaunal taxa (G. affinis and C.
mediterranensis). These dysoxic/anoxic conditions resulted from the deposition of organic
matter in a very poorly ventilated, well-stratified water column due to the warming of
surface water and high influx of freshwater as indicated from the planktonic foraminiferal
species abundances and their
and 5'^C values. Deep infaunal taxa in the SI interval are
more diverse and abundant at shallower sites than at the deeper sites which could suggest
that limited oxygen recharge occurred at the shallower sites, while totally anoxic conditions
dominated the abyssal depths.
During the interval from the 6 ka BP to the Present, a seasonal flux of weak nutrients
dominated the sea floor, resulting in ohgotrophic conditions that were much stronger at the
deeper sites than at the shallow ones. This seasonal flux of food supply created instability in
the food regime to benthic foraminiferal community on the seafloor, resulting in the
occurrence of opportunistic species {G. orbicularis, G. altiformis and A. tubulosa),
especially at the deepest eastern Mediterranean.
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Chapter One
1. INTRODUCTION
1.1 Location
The Mediterranean Sea is a deep, marginal, semi-enclosed basin (Figure 1.1). It is connected
in the west with the Atlantic Ocean via the Strait of Gibraltar, which consists of a shallowest
passage of 22.3 km width, with sill depth of 284 m and narrowest passage ofl3.8 km width
and a depth of 880 m (Bryden and Kinder, 1991). In the east, it is connected to the Black Sea
through the Straits of Bosphorus (30-45 m deep) and Dardanelles (50-60 m deep) (Aksu et
al., 1995). In addition, the Mediterranean has been connected artificially to the Red Sea
through the Suez Canal (15 m deep and 200 m wide) since 1869 A.D (Morcos and Messieh,
1973). The Mediterranean Sea is divided into two major basins, the western and eastern
Mediterranean, which are connected by the Strait of Sicily with a minimum depth of about
330 m (Wiist, 1961). Moreover, it is characterized by having four major marginal seas in the
northern sector such as the Gulf of Lions, Ligurian, Adriatic and Aegean Seas.
The Aegean Sea is connected to the open eastern Mediterranean through several
larger and deeper straits between Peloponnesus (southern Greece), the Islands of Crete and
Rhodes and southwestern Turkey, and to the Black Sea through the Strait of Bosphorus. In
the Aegean, as in all four marginal seas of the Mediterranean, deep convection occurs in
winter to form the deep and bottom waters of the Mediterranean (Wiist, 1961; Medoc, 1970;
Millot, 1987b &1991; POEM group, 1992; Robinson and Golnaraghi, 1994; Roussenov et
al., 1995).
The locations of the studied sediment cores are shown in Figure 1.1. Core SL-31 is
located at the north-central Aegean Sea. Cores SLA-9 and LC-21 are located at west-south
and south of the Aegean Sea. Core LC-31 is located at west-northwest of Cyprus, the
Levantine Basin (see Table 6.1, for co-ordinates).

1.2 Objectives
The present study concerns the Mediterranean Sea in general, as it is a sensitive to
both local and global climatic changes (Robinson, et al., 1993), lying between the subtropical
and subpolar climate zones. In particular, this study concerned with the Aegean and
Levantine Seas, since they are major source areas for intermediate and deep water formation.
Also, the proximity of the Aegean Sea to the freshwater input from the Black Sea, which may
have been a significant factor in the initiation of eastern Mediterranean stagnation events
(Lane-Serf et al., 1997), makes it a focal point for many scientists.
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Figure 1.1. Mediterranean Sea map showing sites of the studied cores SL-31, SLA-9, LC-21
and LC-31.
Here, an investigation is presented of Last Glacial Maximum (LGM) to Present interval of
four deep-sea cores (Figure 1.1), with emphasis on micropaleontological and stable isotope
analyses. The study interval includes the most recent, early Holocene, sapropel SI.
Unprecedentedly high-resolution records are constructed to determine distribution patterns of
both benthic and planktonic foraminiferal assemblages through cores SLA-9, SL-31, LC-21
and LC-31. Benthic foraminifera are sea floor dwellers. Their variations through time
indicate changes in the deep-sea conditions associated with the formation of sapropel SI,
showing the systematic benthic foraminiferal ecosystem collapse and recovery. In particular,
the benthic records are used to:
1. Decipher whether the onset and ending of sapropel SI were abrupt or gradual events.
2. Determine the nature of the "interruption" of sapropel SI (Van Straaten, 1972;
Perissoratis and Piper, 1992; Rohling et al., 1997).
3. Determine qualitatively the availability of dissolved oxygen and organic matter in the
deep-sea environment, which can be linked with deep water ventilation and surface water
productivity.
4. Integrate both benthic and planktonic foraminiferal and stable isotopic records of the
cores to infer a comprehensive paleoceanographic history that could be linked to
paleoclimatic changes during the interval LGM-Present.

1.3 The Mediterranean climate
The classical Mediterranean climate regime is characterised by warm/hot and dry summers
and mild rainy winters. The Mediterranean climate is basically opposite to a monsoon climate
because it has an annual periodicity of rain in the winter season rather than the summer.

M.O. DICJW
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Today, the Mediterranean basin separates arid and hot north Africa from humid to semi-arid,
temperate to subtropical Europe, making a sensitive climatic boundary (Thiede, 1978). It is
usually wedged between two major mean synoptic pressure features. During winter, these are
the Azores High over the Atlantic and the Siberian High over Eastern Europe and Asia.
During the summer the Azores High strengthens and remains centred over the Atlantic, while
the Siberian High gives way completely to the influence of the strong summer thermal low
over south-western Asia (Naval Oceanography Command, 1987).

Atlantic
Ocean

Turkey

'^1
Tc
Africa

Figure 1.2. Main features of the atmospheric circulation over the Mediterranean Sea, from
(Berenger, 1955). Arrows indicate the prevailing wind direction, and dots correspond to
dense water formation areas. Am: Arctic marine air, Ac: Arctic continental air, Pm: Polar
marine air, Pc: Polar continental air, Tm: Tropical marine air, Tc: Tropical continental air.
On regional scales, the atmospheric circulation over the Mediterranean Sea (Figure
1.2) is strongly influenced by surface topography. During winter and spring, strong, cold and
dry winds that often exceed 50 knots, occur over the Gulf of Lions and have been named
"Mistral". These winds from the north and northwest are channelled/concentrated through the
lower Rhone Valley. Also over the Adriatic and Aegean Seas, cold, dry northeasterly winds
of relatively high speed are observed during winter (the Bora). In summer, northeasterly
monsoon-related Etesian winds prevail over the Aegean Sea (Yiice, 1995). All of these areas
are main sources of dense water formation in the Mediterranean Sea (Medoc Group, 1970;
Miller, 1974), (Figure 1.2).
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Sea surface temperature values increase towards the east and south throughout the
Mediterranean (Figure 1.3). In winter, it is approximately 10° C in the northwestern
Mediterranean and 15° C in the southeastern Mediterranean. In summer, it is approximately
21° C in the northwestern Mediterranean and 26° C in the southeastern Mediterranean (Naval
Oceanography Command, 1987). The warmest season centers on July-August and the coldest
on February-March.
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Figure 1.3. Winter temperature gradient between the western and eastern basin in the
Mediterranean Sea (Mediterranean Hydrographic Atlas, 1997).
The mean annual precipitation along the Mediterranean coast ranges from less than
12.5 cm in North Africa, to over 200 cm in portions of southwest Turkey and in the eastern
Adriatic Sea along the slopes of the Dinaric Alps (Naval Oceanography Command, 1987).
Excess of evaporation over freshwater input into the Mediterranean Sea results in a strong
surface water salinity gradient from west to east (Figure 1.4). Total evaporation in the entire
Mediterranean increases towards the east, with an average of 1.57 m y"' (Bethoux and
Gentili, 1994) (Figure 1.5). It is also estimated around 1.45 m y ' (Malanotte-Rizzoli and
Bergamasco, 1991). Strong rates of evaporation occur in areas submitted to strong winds,
such as the Gulf of Lions and Ligurian Sea, the Aegean and Cretan Seas and the southern part
of the Turkish coast (Medoc Group, 1970; Miller, 1974). Evaporation is weakest along the
Moroccan and Algerian coasts (The Alboran Sea) where the air masses generally arrive from
the Atlantic with relatively high air humidity.
8
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Figure 1.4. Winter salinity gradient between the western and eastern basin in the
Mediterranean Sea (Mediterranean Hydrographic Atlas, 1997).
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Figure 1.5. Total evaporation (cm y"') over the Mediterranean Sea (after Bethoux and
Gentili, 1994)
By measuring heat, water and salt budgets between inflow and outflow in the Strait of
Gibraltar, the net evaporation [E (evaporation)-? (precipitation)-^^ (runoff)] over the
Mediterranean basin has been estimated ~100 cm y"' (Bethoux et al., 1999). Bryden and
Kinder (1991) calculated a smaller value for net evaporation varying between 56 and 66 cm
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As seen in Figure 1.6, the northern areas such as the Gulf of Lions, Adriatic and Aegean
Seas receive high amount of freshwater inputs from, respectively, Rhone and Ebro rivers, the
Po and the Black Sea. Whereas, the southern areas especially the eastern Mediterranean basin
show very negative water budget (Bethoux and Gentili, 1994).

Adriatic

Aegean

0
Gibraltar

Figure 1.6. Water budget of the Mediterranean Sea, resulting from the difference between
evaporation and freshwater inputs (precipitation and river runoff) (Bethoux and Gentili,
1994). Blue areas indicate high freshwater inputs into these areas.

1.4 Mediterranean circulation
1.4.1

Surface and intermediate water

Wind stress and thermohaline forcing drive the circulation in the Mediterranean Sea (POEM
group, 1992). Atlantic water (AW) enters the Mediterranean Sea as a surface flow to
substitute water-loss by evaporation in the eastern Mediterranean, where evaporation (£)
exceeds precipitation (P) and river inputs (R) (Figure 1.6). Water level in the eastern
Mediterranean is generally 15 cm lower than at the strait of Gibraltar (Thurman, 1997). AW
enters via the Strait of Gibraltar with salinity of about

36.2%o

and temperature of about 15° C

(Bethoux and Gentili, 1994). It remains concentrated along the northern coast of Africa
throughout the western Mediterranean and spreads northward across the sea (Figure 1.7). The
concentrated current of Atlantic inflow found after the Alboran Sea, is named the Algerian
current. It departs from the north African coast to form a smooth and large-scale anticyclonic
meander in the centre of the southern Algerian-Provengal basin (Roussenov et al., 1995).
Further east, the Algerian current divides into two branches, one continuing eastwards
through the strait of Sardinia and the strait of Sicily to the eastern Mediterranean basin, and
the other turning northwards (Millot, 1991). Waters flowing northwards on both sides of
10
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Corsica, the western and eastern Corsica currents, join and form the northern cyclonic gyres
in the Gulf of Lions, where dry, cold and violent northwesterly winds (Mistral) in winter
initiate a series of processes leading to the formation of Western Mediterranean Deep Water
(WMDW) (Medoc, 1970; Gascard, 1978; Robinson and Golnaraghi, 1994). The jet of
Atlantic water (after modification in the western basin) enters the eastern Mediterranean
through the Straits of Sicily with salinity about 38.5-38.7%o and continues to feed the MidMediterranean Jet flowing in the central Levantine basin. One branch of the MidMediterranean Jet flows to Cyprus and thence northward becoming the Asia Minor Current.
EUROPE
Marseille

Black

L i g u n a n - p r o v e n c a l crt
Barcelona

Lion Gyr

0

yrrhenian
Gyre

Strut of

AtlantirxGibraltar
water
inHow

Sea

2%

Athens
Asia Minor crl

Ionian Gyre

Alboran Gyre

AFRICA
Marsa-Matruh Gyre

Shikmona Gyre

Figure 1.7. Surface water circulation in the Mediterranean Sea (after Roussenov et al., 1995
& Vergnaud-Grazzini et al., 1988). Red areas indicate intermediate (dotted) and deep
water (hatched) formation.
The second branch separates, flows east and turns southward. The surface water circulation
in the Mediterranean sea, down to 200 m depth (Wiist, 1961), is characterised by cyclonic
gyres in the northern regions (the Lions, Tyrrhenian, Ionian, Cretan and Rhodes gyres) and
anticyclonic gyres in the southern parts of the sea (the Alboran, Mersa-Matruh, and
Shikmona gyres) (Roussenov et al., 1995).
During winter, on both sides of Rhodes and eastward to Cyprus, the surface water
becomes more saline and dense with temperature of 15° C and salinity of 39.1%o, so the
conditions are favourable for vertical thermohaline convection to a depth of below 100 to 200
m (Wiist, 1961), to form Levantine Intermediate Water (LIW). The newly formed water mass
(LIW) settles between 150/200 and 600 m (Wiist, 1961), circulates and spreads out within the
core layer to all eastern and western basins, forming the major constituent of the
Mediterranean Intermediate Water (MIW) (Figure 1.8). Some LIW re-circulates within the
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Figure 1.8. Longitudinal cross-section showing water mass circulation in the Mediterranean
Sea during the present-day winter (after Wiist, 1961). Isolines indicate salinity values in
ppt and arrows indicate the direction of water circulation in the Mediterranean Sea.
Levantine basin and some exits beneath the AW through the Straits of Sicily. The LIW flow
that enters the western Mediterranean basin through the Straits of Sicily splits into three
branches: one going into the Tyrrhenian basin, the second going along the western side of
Sardinia, and the third continuing along the Algerian-Moroccan coastlines to exit from the
Mediterranean into the North Atlantic through the Strait of Gibraltar with temperature and
salinity that have dropped to 13° C and 37.3%o, respectively (Roussenov et al., 1995). The
MIW which passes through the Strait of Gibraltar is cooler and saltier than the surface
inflow, indicating that the surface water of the Mediterranean is experiencing net cooling and
evaporation (Garrett, 1994). It spills from the Strait of Gibraltar with mean outflow of about
1.5 Sv (Bethoux and Gentili, 1994) or of about 1 Sv (Bryden and Kinder, 1991), settling
around 1260-1500 m depth in the North Atlantic Ocean (Gascard and Richez, 1985).
1.4.2 Deep water
Deep waters start to circulate within the Mediterranean from their areas of formation. Both
the western and the eastern Mediterranean basins have their own source areas of deep water
formation.
1.4.2.1 Western Mediterranean Deep Water (WMDW)
The Gulf of Lions and the Ligurian Sea are the main source areas of WMDW (Wiist, 1961;
Medoc, 1970; Millot, 1987b &1991; POEM group, 1992; Robinson and Golnaraghi, 1994;
Roussenov et al., 1995). During winter (particularly in February and March), a cold, dry air
mass pushes over these areas and into the Mediterranean, causing strong winds (the Mistral).
12
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These winds maximise evaporation and heat loss at the surface of these regions and
consequently the seasonal thermocline disappears causing deep convection (Wiist, 1961). The
newly formed water (mixture of AW and LIW) sinks and moves downward at depths
between 1500 and 3000 m to form WMDW.
1.4.2.2 Eastern Mediterranean Deep Water (EMDW)
1.4.2.2.1 The Adriatic Sea
The Adriatic Sea is the main source area of EMDW formation (Wiist, 1961; Medoc, 1970;
Millot, 1987b &1991; POEM group, 1992). In winter, the northeasterly cold, dry winds (the
Bora) blow over this area that is characterised by less saline surface water as a result of fresh
water inputs from Po River. This condition leads to cold, dense water formation in this basin
(Bethoux and Pierre, 1999). The dense water formed in the Adriatic Sea sinks to the south of
basin and flows across the Otranto Sill between roughly 200 and 500 m. As it moves to the
south, it mixes with LIW which has a higher temperature and salinity, resulting in the
formation of EMDW. Because the newly formed EMDW, despite its slightly lower salinity,
is cooler and denser than LIW, it settles below LIW, filling the great depths of the Ionian and
Levantine basins (Wiist, 1961). The EMDW is characterised by its steady temperature around
13° C and a salinity of 38.6%o. It circulates in the Ionian and Levantine basins forming one
deep thermohaline cell with deep water of Adriatic origin. It has a turnover time of about
125-year (POEM group, 1992).
1.4.2.2.2 The Aegean Sea
Water masses circulation in the Aegean Sea is mainly controlled by the regional climate,
local riverine inputs that occur mainly in winter, and the Black Sea surface water outflow that
increases in summer (Poulos et al, 1997). Aegean Sea Surface Water (AeSW) occupies
depths to 50 m in the water column forming a cyclonic gyre similar to those found in the
Adriatic, Ionian, Tyrrhenian and Alboran basins (Lacombe and Tchemia, 1972). Its annual
temperature varies from < 13° C (winter) to > 24° C (summer) and salinity varies from <
31.0%o to > 39.0%o (Poulos et al., 1997) with locally lowest values (26%o) in summer as a
result of the Black Sea outflow (Yiice, 1995). In winter, AeSW mixes with the Aegean Sea
Intermediate Water as a result of buoyancy loss induced by strong, cold, dry northerly winds
that generated by the Arctic or the Polar continental air masses (Theocharis and
Georgopoulos, 1993). These conditions enhance deep convective mixing leading to the
formation of the Aegean Sea Deep Water (AeDW), occupying depths below 300 m to the sea
floor of the Aegean Sea (Miller et al., 1970; Miller, 1972; Yiice, 1995). Recently, Roether et
al. (1996) and Samuel et al. (1999) have indicated that deep convective mixing extends
further more down to the bottom water of the eastern Mediterranean as a result of an
13

increasing salinity of Aegean Sea waters and possible changes in the large-scale freshwater
balance especially in winter when severe heat loss coupled with high evaporation occurs.
In conclusion, consistent deep convection in the Gulf of Lions, Adriatic and Aegean
Seas keeps the western and eastern Mediterranean basins filled with well oxygenated deep
water, ranging from 4.3 to 4.8 ml 1 in the western Mediterranean and from 4 to 4.3 ml 1 in
eastern Mediterranean (Miller et al., 1970).
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Chapter Two
2. THE SAPROPEL S I
The sapropel SI was deposited in the early Holocene, the present interglacial period, at
depths from the deep-sea to as shallow as 120 m in the Aegean Sea (Anastasakis, 1986;
Cramp et al., 1988; Perissoratis and Piper, 1992). It is part of a succession of more than 150
sapropels and sapropelic layers that is known for the eastern Mediterranean since the middle
Miocene (Vergnaud-Grazzini et al., 1977; Kidd et al., 1978; Nijenhuis et al., 1996; Schenau
et al., 1999). Most of the sapropels have been deposited during warm interglacial periods, but
they are also known from cool glacial periods (Cita et al., 1977; Thunell et al., 1977; Cita and
Grignani, 1982; Thunell et al., 1983; Vergnaud-Grazzini, 1985; Rossignol-Strick, 1985). This
study investigates the interval from the Last Glacial Maximum (LGM) to the Present, with
special attention to sapropel SI.

2.1 Definition
Formal definitions describe sapropels as discrete layers of dark coloured organic-rich
sediment, more than 1 cm in thickness, set in open marine pelagic sediments and containing
>2.0% organic carbon by weight (Kidd et al., 1978; Sigl et al., 1978; Anastasakis and
Stanley, 1984). A sapropelic layer was defined as containing between 0.5% and 2.0% organic
carbon by weight (Kidd et al., 1978; Sigl et al., 1978; Anastasakis and Stanley, 1984).

2.2 Radiocarbon age of SI
Radiocarbon dating of sapropel SI in the eastern Mediterranean indicates that there is no
complete agreement about the onset of the Holocene sapropel SI in the eastern
Mediterranean. Initial studies (Van Straaten, 1972; Ryan, 1972; Stanley, 1978) indicated an
extrapolated age range of 9000 to 7000 for sapropel SI. Later studies showed different ages
for the onset of SI: at 9.8 kyr in the Ionian Sea (Troelstra et al., 1991; Lander Rasmussen,
1991), at 9.2 kyr (Perissoratis and Piper, 1992), 9.6 kyr (Aksu et al., 1995) and 9.4 kyr
(Zachariasse et al., 1997) in the Aegean Sea, at 8.3 kyr in the Adriatic Sea (Jorissen et al.,
1993; Rohling et al., 1997; Mercone et al., 2000), and at 9 kyr in the Levantine Sea
(Fontugne et al., 1994). Most of the above-mentioned authors agree that the end of SI dated
at 6.4 kyr B P. Based on the Ba/Al ratio that is a more persistent index for productivity than
Corg, Mercone et al. (2000) gave an age of 9500-6000 years B.P. for SI in cores characterised
by high sedimentation rates and an age of 9500-5300 years for SI in cores characterised by
low sedimentation rates.

2.3 Onset and end of SI
Several studies have suggested that processes that led to SI formation started to build up
gradually. For example, increases in Bolivina dilatata and Cassidulina carinata in presapropel S1 sediments in the Ionian Sea were interpreted to indicate a progressive oxygen
starvation prior to the onset of SI (Cita and Podenzani, 1980). Mullineaux and Lohmann
(1981) studied the benthic foraminiferal assemblages throughout core CHAIN 119-18 from
the Levantine Basin, suggesting that the Quaternary stagnation of the eastern Mediterranean
developed gradually and that the sapropel was one stage of a much longer processes. Below
SI in core IN68-9 from the Adriatic (1250 m depth), benthic foraminiferal faunas dominated
by G. orbicularis, Bolivina spathulata and Bulimina costata (short morphotypes) are
gradually replaced by faunas dominated by deep infaunal species (Chilostomella sp.,
Globobulimina sp., Cassidulinoides bradyi and Bulimina costata (elongated morphotypes)
indicating that low-oxygen stress started to build up since about 9300 yr B.P. ('^(Znc),
preceding the onset of SI in the Adriatic Sea by about 1000 years (Rohling et al., 1997).
Jorissen (1999) suggested that faunal composition changes below SI indicate a fairly regular
transition from oxic to anoxic conditions. At shallower sites, miliolid taxa (e.g. Articulina
tubulosa) have been replaced by infaunal taxa such as Bolivina/Brizalina sp., Bulimina
costata/inflata and Uvigerinaperegrina. Thereafter (at the onset of SI), these infaunal taxa
have been replaced by more low oxygen tolerant taxa such as Bulimina exilis,
Cassidulinoides bradyi, Chilostomella sp. and Globobulimina sp. At deeper sites, the deep
infaunal taxa do not occur immediately below SI, where instead the miliolid taxa continue
throughout this interval, showing highest frequencies immediately before the onset of SI that
suggests a first stage of ecosystem enrichment.
The ending of sapropel SI is defined sedimentologically at the upper contact with the
overlying oxic sediments, if there is no oxidation. On the basis of changes in the Adriatic
benthic foraminiferal assemblages, Jorissen et al. (1993) indicated that modem conditions
were achieved only as late as 4000-3500 yr BP, although bottom waters had become welloxygenated again by about 6.3 ka BP. Higgs et al. (1994) argued that the original top of
sapropel S1 resided at the location of the youngest of two Mn peaks they found above that
sapropel in an Ionian and eastern Levantine core, so that sapropel formation would have
continued until about 5000 yr B.P. Rohling et al. (1997) suggested that SI (dating 8.3-6.3 ka
BP) formed within a period of enhanced productivity, which started around 9300 B.P. and
ended around 5200 B.P.

16

2.4 Causes of SI formation
Sapropels have been correlated with minima in the cycle of precession, which occur about
every 21,000 years as a result of a coincidence of perihelion with Northern Hemisphere
summer (Rossignol-Strick, 1985; Prell and Kutzbach, 1987; Hilgen, 1991; Rohling and
Hi 1 gen, 1991). Thus, highest insolation and consequently highest monsoonal index values
occurred in Northern Hemisphere summer. These conditions resulted in monsoonal
intensification, causing heavy discharge from the Nile River to the eastern Mediterranean,
which enhanced the primary productivity and led to reduction of bottom water formation
(Rossignol-Strick, 1983 and Rossignol-Strick, 1985). Moreover, minima in the precession
cycle could lead to high precipitation over the northern watershed of the Mediterranean,
possibly due to intensification of the westerly Atlantic system (Cramp et al., 1988; Rohling
and Hilgen, 1991; Fontugne et al., 1994).
Intervals of sapropel deposition in the eastern Mediterranean showed high depletion
in

of planktonic foraminiferal shells. This depletion has been attributed to the presence

of reduced-salinity sea surface water as a result of high influx of freshwater to the basin (Cita
et al., 1977; Vergnaud-Grazzini et al., 1977; Muerdter and Kennett, 1984; Thunell and
Williams, 1989). Several mechanisms have been proposed for the formation of low salinity
surface water over the Mediterranean, including: (a) increased precipitation as a result of
increased activity of Mediterranean depressions and intensification of summer monsoon
circulation which exerted severe flooding into the eastern Mediterranean via the Nile River
(Adamson et al., 1980; Rossignol-Strick, 1987; Rohling and Hilgen, 1991; Rohling, 1994),
and (b) fluvial inputs from glacial melt waters via the Black and Adriatic Seas (Olausson,
1961; Ryan, 1972; Thunell et al, 1977; Vergnaud-Grazzini et al., 1977; Stanley, 1978; Aksu
et al., 1995). Lane-Serf et al. (1997) based on a hydraulic model (based on the global eustatic
sea level rise) for the opening the Black Sea concluded that the emptying of the freshwater
reservoir of the Black Sea into the eastern Mediterranean began 500-1000 years after sea
level reached Bosphorus sill's depth at 9 kyr BP and continued for about 2500-3500 years,
matching the duration of SI formation in the eastern Mediterranean. However, Ryan et al.
(1997) and Ballard et al. (2000) have indicated that the Black Sea was a lacustrine
environment during the Last Glacial Maximum with water level -120 m from the present day
sea level, and that the actual connection between the Mediterranean and the Black Sea began
at 7150 yr BP as the marine waters flooded catastrophically into the Black Sea, drowning its
shelf and reaching the present day sea level within in a couple of years.
From the above discussion, presence of reduced salinity surface water over the
eastern Mediterranean seems to be a fundamental factor for initiation of sapropel formation.
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This reduced salinity surface water would increase the buoyancy and then decrease
overturning deep convection leading to "anoxia" in bottom waters. Also, nutrients brought
into the basin via the riverine input would increase the "productivity" in the surface water
that can deliver more organic matter into the sediments.
2.4.1 Productivity theory
High amounts of fresh water input to the sea bring more nutrients into the sea that then may
increase the surface water primary productivity. This increased productivity results in high
organic carbon flux to the sea floor and could be responsible for sapropel formation (Calvert,
1983; De Lange and Ten Haven, 1983; Ten Haven, 1986; Rohling and Gieskes, 1989; Boyle
and Lea, 1989; Pedersen and Calvert, 1990; Calvert and Pedersen, 1993). This conclusion is
supported by the presence of high Ba concentrations in the sapropels (Calvert, 1983; Van Os
et al., 1991, Thomson et al., 1995, Thomson et al., 1999; Mercone et al., 2000; Mercone et
al., 2001). In the Tyrrhenian Sea, hydrogen and carbon isotope analyses of organic matter in
Pleistocene sapropels indicated that the sapropel layers formed from increased export of
marine organic matter from the photic zone to the sea floor during periods of greater fluvial
delivery of continental nutrients to the Mediterranean Sea (Krishnamurthy et al., 2000).
However, absence of Neogloboquadrina species that are associated with enhanced export
production (Fairbanks et al., 1982; Be et al,, 1985; Rohling and Gieskes, 1989, Hemleben et
al., 1989; Pujol and Vergnaud-Grazzini, 1989, Rohling et al., 1998) from SI (Rohling et al.,
1993a), could not eradicate the presence of export production during SI formation in the
eastern Mediterranean, since increases of export production have been noticed within SI in
the easternmost part of the Mediterranean on the basis of the abundances of calcareous
nannofossils (Castradori, 1993). It is possible that absence of Neogloboquadrina species
could be as result of the destruction of their niches by further pycnocline shoaling (Rohling,
1994) to be very close to the surface so that they can not cope with those conditions.
2.4.2

Anoxia theory

Salinity reduction of surface waters would have strengthened the water-column stratification
and then prevented ventilation of the deep waters of the basin. This condition led to improved
preservation of sinking organic matter in stagnant bottom waters (Olausson, 1961; Cita et al.,
1977; Ryan, 1972; Thunell et al, 1977; Vergnaud-Grazzini et al., 1977; Cita and Grignani,
1982; Vergnaud-Grazzini, 1985). Also, warming of surface waters during the transition from
glacial to interglacial induced stable density stratification and could prevent renewal of
bottom waters (Van Straaten, 1972; Nesteroff, 1973).
During the formation of anoxia in the bottom waters, it has been suggested that the
thermohaline circulation in the basin was estuarine where the Atlantic water enters at depth
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through the Straits of Gibraltar and Sicily and then upwells in the eastern Mediterranean to
mix with the surface water that flows out into the Atlantic (Stanley et al., 1975; Stanley,
1978; Calvert, 1983; Thunell et al., 1984; Muerdter and Kennett, 1984; Ten Haven, 1986;
Buckley and Johnson, 1988; Thunell and Williams, 1989; Howell and Thunell, 1992). Such
conditions would have prevented proper ventilation at the deepest basin leading to good
preservation of the organic matter (Sarmiento et al., 1988). However, not much evidence
supports estuarine circulation or current reversal during sapropel formation. In the Strait of
Sicily, dominance of low-oxygen tolerant benthic foraminiferal species and absence of
oxygen sensitive species, indicate low-oxygen intermediate water flowed from the eastern to
the western Mediterranean during times of sapropel formation (Ross and Kennett, 1984).
Also, benthic foraminiferal analyses in cores from west and east of the Strait of Gibraltar
indicate the permanency of the Mediterranean outflow during times of sapropel formation
(Zahn et al., 1987; Car alp, 1988; Vergnaud-Grazzini et al., 1989). Vergnaud-Grazzini et al.
(1989), recorded (in cores from the west of the Strait of Gibraltar) low 5'^C content between
9 and 5 kyr B.P., synchronous with deposition of fine-grained contourites and a decrease in
smectite + kaolinite/ illite + chlorite ratios of the clay minerals on the sea floor, indicating a
permanent, decreased, poorly oxygenated and nutrient-enriched Mediterranean Outflow. On
the basis of oxygen isotopic analyses of planktonic foraminiferal species with different depth
habitats from individual samples to reconstruct vertical gradients in the eastern
Mediterranean, Tang and Stott (1993) concluded that the results are in no way suggestive of a
permanent low-salinity cap during sapropel formation, but rather point to season-bound
returns to relatively normal surface water salinity. Rohling (1994) indicated that the eastern
Mediterranean sapropels were deposited under an anti-estuarine type of circulation, which
was to some degree weakened relative to the present in response to reduction of the eastern
Mediterranean excess of evaporation over freshwater inputs. On the basis of paleocirculation
modelling and its control of parameters such as salinity, S'^O and temperature, Myers et al.
(1998) and Rohling (1999) also suggested that during SI formation the circulation in the
Mediterranean was similar to the Present with an active anti-estuarine pattern above 400 m
and that sapropel deposition coincided with cessation of ventilation below that depth in
response to a moderate reduction in the surface water salinity gradient. Lack of bottom-water
ventilation then allowed the development of anoxia and the consequent deposition of a
sapropel.
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Chapter Three
3. BENTHIC FORAMINIFERA
3.1 Modern benthic foraminifera
3.1.1

Distribution

Benthic foraminifera are similar to planktonic foraminifera in being single-cell organisms.
Benthic foraminifera can have organic membranes, calcareous or arenaceous tests. They live
on/in seafloor sediments, occupying a wide variety of ecological niches, from shallow water
depth to the deepest parts of the ocean, and with adaptations to brackish water (even fresh)
and all marine environments. Benthic foraminifera are recorded as a fossil in the sediments
since the Paleozoic times, and extensively used for strati graphic correlation, for interpretation
of paleo-environments and for reconstructions of the paleobathymetry (e.g. Wright, 1978a;
Gibson, 1989; Hasegawa et al., 1990).
Distribution patterns of benthic foraminifera on the seafloor are mainly governed by
several parameters such as: light, temperature, pH, salinity, water currents and turbulence,
water depth, substratum type, calcium carbonate dissolution, food availability and oxygen
concentration (Matera and Lee, 1972; Boltovskoy and Wright, 1976; Pflum and Frerichs,
1976; Lohmann, 1978; Corliss, 1979; Schnitker, 1980; Rodrigues and Hooper, 1982; Douglas
and Woodruff, 1981, Lutze and Coulboum, 1984; Reddy and Rao, 1984; Jorissen, 1987;
Murray, 1991; El-Nahass, 1991; De Rijk et al., 1999a and 2000). Most of these parameters
are of great importance and should be taken into account when studying the distributional
patterns of benthic foraminifera on shallower sites on the continental shelf (< 200 m). In
deeper environment, many of these parameters (temperature, salinity, water currents and
turbulence, substratum type and water depth) fail to show a good relation with the
distributional patterns of benthic foraminifera on the seafloor. For example, most of the
bathymetrical zonations are locally presented (Phleger et al., 1953; Pflum and Frerichs, 1976;
Herb, 1971) and not greatly valuable for worldwide applications (Cita and Zocchi, 1978;
Wright, 1978a; De Rijk et al., 1999a). Nevertheless, water depth has a direct relationship
with the amount of organic matter (food supply for benthic community) reaching the seafloor
(Berger and Wefer, 1990). With increasing water depth, the amount of organic carbon flux,
produced from the surface water productivity, decreases and may become mainly refractory
as a result of re-mineralisation on descent through the water column. Many studies (e.g.
Lohmann, 1978; Corliss, 1979; Mackensen et al., 1985; Schnitker, 1980; Weston and
Murray, 1984; Lutze and Coulboum, 1984; Streeter and Shackleton, 1979; Hermelin and
Shimmield, 1990; Miller and Lohmann, 1982; Samthein et al., 1982; Corliss et al., 1986)
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have shown that benthic foraminiferal distributions are correlated with the physico-chemical
characteristics of their habitats that change in an indirect relationship with water depth. They
also indicated that the benthic foraminiferal species in each basin occupy specific waterdepth ranges that can expand relying on the overlying water mass characteristics.
In the modem open ocean, faunal density remarkably decreases while diversity
increases with increasing water depth (Sanders, 1968; Boltovskoy and Wright, 1976; Hessler
and Sanders, 1967; Buzas and Gibson, 1969; Gooday, 1986; Smith, 1994). Maximum benthic
foraminiferal abundances have been found on the outer continental shelf and upper part of the
slope, from 100 to 300 m where the quantity of available organic nutritive materials is
highest (Boltovskoy and Wright, 1976). In the shallowest water the benthic foraminiferal
population is very low because the sediments are too coarse (Boltovskoy and Wright, 1976).
A progressive increase of arenaceous foraminifera in expense of calcareous foraminifera has
been seen in the world ocean as water depth increases. This is mainly attributed to the lack of
calcium carbonate in the abyssal region as a result of dissolution (Herb, 1971; Boltovskoy
and Wright, 1976; Corliss, 1979; Murray, 1991; Kaiho and Nishimura, 1992).
Temperature and salinity parameters show only very minor variations in the deep
ocean. Therefore, their effect on the distribution of benthic foraminifera could be negligible.
However, salinity and temperature variations do have an important indirect influence on the
benthic ecosystem because they are responsible for the stratification of water column, and in
this way have an impact on the oxygen content of the bottom waters (Jorissen, 1987). In
shallow water, especially salinity variations are probably important, notably in the vicinity of
fluvial outlets.
At present, it is widely accepted that benthic foraminiferal distribution patterns in the
deep ocean are mainly controlled by the organic carbon flux reaching the seafloor from
surface water productivity and the amount of the dissolved oxygen on the overlying water
mass (Miller and Lohmann, 1982; Corliss, 1985 and 1991; Gooday, 1986; Bemhard, 1996;
Corliss and Chen, 1988; Altenbach and Samthein, 1989; Van der Zwaan and Jorissen, 1991;
Herguera and Berger, 1991; Ayyad et al., 1991; Sen Gupta and Machain-Castillo, 1993;
Jorissen et al., 1995 and 1998; Barmawidjaja et al., 1992, Jannink et al., 1998). Moreover, the
nature and intensity of organic matter inputs are known to influence the species composition
of foraminiferal assemblages along the ocean margins as well as in more central oceanic
regions (Lutze and Coulboum, 1984; Caralp, 1989; Loubere, 1991). In areas of oligotrophy,
the benthic foraminiferal ecosystem becomes enriched in epifaunal species that are no longer
oxygen-limited, whereas under more eutrophic conditions the infaunal species dominate and
are no longer food-limited (Jorissen et al., 1995; Jorissen, 1999) (Figure 3.1). The more
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prolific conditions for the benthic foraminifera yielding high standing crops are found at
areas of high organic matter flux and high dissolved oxygen in the ambient sea-water (Bandy
et al., 1964; Lee et al., 1969; Jorissen, 1988; Alve and Murray, 1995).
Oligotrophic

Mesotrophic

Eutrophic

Oxic
zone

Dysoxic
zone
Epifauna
Shallow dwelling infauna
Deep-dwelling iniauna

Food

+ ^

^

+

Oxygen

Figure 3.1. Schematic diagram showing benthic foraminifera microhabitat preferences as a
function of oxygen level in the sediment as well as food availability (after Jorissen,
1999).
In the Mediterranean Sea, modem benthic foraminiferal distribution patterns have
been studied by several workers (e.g. Parker, 1958; Todd, 1958; Massiota et al., 1976;
Wright, 1978a and b; Cita and Zocchi, 1978; De Rijk et al., 1999a and 2000). Also, many
studies have been carried out in the coastal areas and shallower basins of the Mediterranean
Sea investigating the distribution and ecology of benthic foraminifera (Chierici et al., 1962;
Blanc-Vemet, 1969; Pari si et al., 1982; Bizon, 1984; Jorissen, 1987; Barmawidjaja et al.,
1992 and De Stigter et al., 1998). These studies have shown that the same modem benthic
foraminiferal species in the eastern Mediterranean have shallower water-depth ranges than in
the western Mediterranean and the adjacent Atlantic Ocean. In the westem Mediterranean,
the benthic foraminifera are much more abundant and diverse than in the eastem
Mediterranean (Cita and Zocchi, 1978; De Rijk et al., 1999a and 2000). Cita and Zocchi
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(1978) suggested this condition for the eastern Mediterranean as a result of lack of proper
ventilation and nutrients in the deep eastern Mediterranean. The ventilation of deep eastern
Mediterranean is important for benthos but not a limiting factor (De Rijk et al., 1999a and
2000) since Wtlst (1961) showed that the deep eastern Mediterranean is well ventilated. Also,
under oligotrophic conditions as in the eastern Mediterranean today the benthic foraminiferal
ecosystem is no longer oxygen-limited (Jorissen et al., 1995). Instead, food-availability may
be the dominant control on the benthic foraminiferal abundances in the present-day
Mediterranean. Decreasing primary productivity values from west to east through the
Mediterranean (Antoine et al., 1995) result in a similar decrease in organic flux to the
seafloor and, therefore, in lower food availability to benthic foraminiferal community (De
Rijk et al., 1999a and 2000).
The depth-distribution patterns of the most characteristic modem benthic
foraminiferal species in the eastern Mediterranean have been presented in Figure 3.2. As we
see in this figure, the benthic foraminiferal species have been classified into four assemblages
on the basis of their depth ranges, as follows: <200 m, 200-1000 m, 1000-1800m and >1800
assemblages. The data used in this classification is adopted from Parker (1958), Cita and
Zocchi (1978) and De Rijk et al. (1999a).

1) < 200 m assemblage:
This assemblage includes all the known epiphytic species, which have been never recorded
below this level, such as: Asterigerinata mamilla, Astrononion stelligerum. Ammonia
beccarii, Elphidium sp., Reussella spina sis sima, Rosalina sp. and Planorbulina
mediterrerranensis. Also, it includes species such as Cassidulina carinata, Neoconorbina
terquemi, Gavelinopsis praegeri, Hanzawaia rhodiensis, and Cibicides lobatulus. These
species sometimes occur down to 1000 m water depth, but high abundances are only
observed above 200 m water depth.

2) 200 -1000 m assemblage:
This assemblage is dominated by species such as: Uvigerina mediterranea, U. peregrina,
Melonis barleeanum, Bulimina inflata, B. marginata, Bolivina spathulata, Cassidulina
crassa, C. carinata, Hyalina balthica, Bigenerina nodosaria, Planulina ariminensis,
Pseudoclavulina crustata, Sigmoilopsis schlumbergeri, Gyroidina umbonata, Hoeglundina
elegans, Chilostomella mediterranensis, Globobulimina affinis, Bolivina alata and Cibicides
pachydermus. Also, Miliolids and Cibicides lobatulus represent an important components of
this assemblage in the eastern Mediterranean (Parker, 1958).

3) 1000 -1800 m assemblage:
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Figure 3.2. Bathymetric distribution of the most characteristics modem benthic foraminifera in the eastern Mediterranean.
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This assemblage is represented only by two species: Gyroidina orbicularis and G. altiformis.
Glomospira charoides also occurs within this assemblage but not as a dominant species.
4) > 1800 m assemblage:
Glomospira charoides is the only main component of this assemblage. Other important but
not dominant constituents are Gyroidina orbicularis, G. altiformis and Articulina tubulosa.
Species such as Globobulimina affinis, Chilostomella mediterranensis, Bolivina alata
and Cassidulinoides bradyi, have been locally recorded in seafloor sediments of the Alboran
Sea, off Algeria, Adriatic and Aegean seas, where organic carbon (food) is very abundant as
a result of high surface water productivity and proximity to the riverine inputs (Parker, 1958;
Barmawidjaja et al., 1992; Jorissen et al., 1995; De Stigter et al., 1998; De Rijk, et al., 1999a
and 2000).
3.1.2

Microhabitats

Benthic foraminifera live in vertical horizons in shallow-water sediments (Boltovskoy, 1966;
Buzas, 1974 and 1977; Colhson, 1980) as well as in deep-sea sediments (Corliss, 1985;
Corliss and Chen, 1988; Corhss, 1991; Barmawidjaja et al., 1992; Jorissen et al., 1995; De
Stigter et al., 1998). Benthic foraminifera in the surficial deep-sea sediments have been
classified vertically into epifaunal and infaunal taxa on the basis of their microhabitat
preferences (Corliss and Chen, 1988) (Figure 3.1). Epifaunal benthic foraminifera are
mostly confined to the upper 1 cm of the sediments with plano-convex, biconvex trochospiral
tests that have pores only on one side of the test or absent (Corliss, 1985; Corliss and Chen,
1988; Corliss, 1991; Barmawidjaja et al., 1992; Jorissen et al., 1995; De Stigter et al., 1998).
They include the suspension-feeding foraminifera (Jones and Chamock, 1985). Infaunal
benthic foraminifera are found more abundant below the upper 1 cm depth of the sediments
(Figure 3.1). They have planispiral coiling tests with rounded periphery or elongate to ovate
tests with uni-, bi- or triserial coiling. Wall pores are evenly distributed over the entire test
(Corliss, 1985; Corliss and Chen, 1988; Corliss, 1991). The infaunal benthic foraminifera are
divided into shallow (0-2 cm), intermediate (1-4 cm) and deep (> 4 cm) infaunal taxa
(Corliss, 1991).
The vertical distribution of benthic foraminifera within the sediments is mainly
controlled by the amounts of dissolved oxygen and organic matter (Corliss and Emerson,
1990; Jorissen et al., 1995). An epifaunal microhabitat should be advantageous in a foodlimiting environment with a high amount of dissolved oxygen (Corliss and Chen, 1988;
Corhss, 1991; Jorissen et al., 1995). Dominance of infaunal taxa occurs as a result of an
abundance of organic carbon (food), and associated lower pore-water oxygen concentrations
(Corliss and Chen, 1988). In the Adriatic Sea, Jorissen et al. (1995) suggested that in
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oligotrophic environments the maximum penetration depth of benthic foraminifera into
sediments be controlled mainly by food availability, whereas in eutrophic environments the
pore-water oxygen content controls it. Corliss and Chen (1988) observed high abundances of
deep infaunal taxa in sediments of areas where the Oxygen Minimum Zone (OMZ) impinges
on the continental shelf/slope. Munay (1995) discussed that epifaunal benthic foraminiferal
associations (such as; Epistominella exigua, Cibicides wuellerstorfi and Nuttallides
umboniferus) show a correlation with bottom-water masses and therefore serve as a proxies
of past water masses. Infaunal taxa (such as; Melonis barleeanum, Globocassidulina
subglobsa and Uvigerina peregrina) respond to the organic carbon content of the substrate
that, in turn, is related to surface water productivity.
Benthic foraminifera are able to track seasonal fluctuations of critical oxygen levels
within the sediments. Various authors (e.g. Jorissen, 1988; Van Der Zwaan and Jorissen,
1991; Barmawidjaja et al., 1992) have found that species of benthic foraminifera such as
Bolivina dilatata, B. spathulata, Bulimina marginata and Hopkinsina pacifica, occur near the
sediment surface (with epifaunal life position) in some months (October and December) and
deep in the sediment preferring infaunal life position in other months (February). These taxa
are characterised by biserial or triserial coiling, living in shallow infaunal microhabitats
(Corliss, 1991; De Stigter et al., 1998; Jorissen, 1999).
The microhabitat of deep-sea benthic foraminifera affects the isotopic composition of
their shells. Thus, differentiation between epifaunal and infaunal species provides valuable
information about the isotopic (5^^0 and 6^^C) composition of ambient bottom-water mass
and sediment pore-water, respectively. For example, 5^^C of infaunal taxa such as Uvigerina
peregrina and Globobulimina ajfinis is much lighter than that of epifaunal taxa such as
Cibicides wuellerstorfi. This is because sediment pore-water is enriched in ^^C by
decomposition of isotopically light organic matter (Berger and Vincent, 1986; Gooday, 1988;
McCorkle et al., 1990).

3.2 Late Quaternary eastern Mediterranean benthic foraminifera
Benthic foraminifera along cores from the eastern Mediterranean raised by the Swedish
Deep-Sea Expedition (1947-1948) were first studied by Parker (1958). She reported that the
largest populations of benthic foraminifera across these cores reflect colder climates. After
that, many studies in low resolution (Cita and Podenzani, 1980; Mullineaux and Lohmann,
1981; Vismara-SchiUing, 1984; Vismara-Schilling and Coulboum, 1991; Lander Rasmussen,
1991; Schmiedl et al., 1998) showed that benthic foraminifera in glacial sediments pre-dating
SI are highly abundant and diversified. In contrast, very low densities and diversities occur
above SI (current interglacial interval).
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Benthic foraminifera are often absent from the eastern Mediterranean sapropels
(Parker, 1958; Cita, 1973; Kidd et al., 1978). This absence provides additional evidence for
the presence of anoxic bottom water conditions during times of sapropel formation (Van
Straaten, 1972; Katz and Thunell, 1984; Nolet and Corliss, 1990; Rohling et al., 1997;
Nijenhuis et al., 1996; Jorissen, 1999). Benthic foraminiferal analyses of sapropels have
revealed that some benthic foraminiferal species (such as Globobulimina affinis and
Chilostomella mediterranensis/ovoidea) can persist within the sapropels suggesting severely
dysoxic to anoxic environments (Van der Zwaan, 1980; Mullineaux and Lohmann, 1981;
Katz and Thunell, 1984; Nolet and Corliss, 1990; Rohling et al., 1993b, 1997; Jorissen,
1999). Jorissen (1999) discussed the benthic foraminiferal successions across several Late
Quaternary Mediterranean sapropels and concluded that occurrence of faunas dominated by
Globobulimina and Chilostomella is indicative of a very gradual decrease or increase of
bottom water oxygenation. He also suggested that occurrence of faunas dominated by small
biconvex trochospiral tax a especially in the post-sapropel sediments is typical of a very rapid
re-oxygenation of the benthic environment after sapropel formation. Below, above and within
SI in the Adriatic Sea (core IN68-9), Rohling et al. (1997) have found a sequence of changes
of the benthic foraminifera. At approximately 9600 ^"^Cnc BP, the benthic foraminiferal
assemblage was very diverse with dominance of Gyroidina altiformis and Uvigerina
mediterranea that was soon thereafter replaced/overcome by species such as G. orbicularis
and B spathulata, coinciding with a significant increase in the organic carbon content. By
8600^'^Cnc BP, the faunal diversity was low and the faunal assemblage was dominated by
Globobulimina pyrula, Chilostomella czizeki and Cassidulinoides bradyi reflecting strong
dysoxia or intermittent anoxia within the bottom waters. At the onset of Si (8300 ^'^Cnc BP)
benthic foraminifera were completely absent indicating persistent anoxia within the basin.
The termination of Si (6340 '"^Cnc BP) recorded a faunal assemblage consisting of G.
orbicularis and B. costata. This assemblage prevailed until approximately 5200 ^'^Cnc BP
when a drop in the benthic foraminiferal frequency indicated the presence of a relatively
oligotrophic situation comparable to that in the present day Adriatic Sea.
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4. PLANKTONIC FORAMINIFERA
4.1 Introduction
Since the Swedish Deep-Sea Expedition (1947-1948), planktonic foraminiferal shells from
deep-sea cores have been widely used to reconstruct the paleoceanographic and paleoclimatic
changes of the Mediterranean Sea during the Quaternary (e.g. Vergnaud-Grazzini et al.,
1977; Kidd et al., 1978; Thunell et al., 1977 and Thunell and Williams, 1989). Many studies
have indicated that cool-water species (e.g. N. pachyderma, T. quinqueloba, G. scitula) are
found more abundantly during glacial intervals, while warm-water species (e.g. G. ruber, G.
sacculifer, O. universa and G. siphonifera) are found more abundantly during the interglacial
intervals (Parker, 1958; Ryan, 1972; Muerdter and Kennett, 1983; Thunell et al., 1977;
Jorissen et al., 1993; Rohling et al., 1993a; Rohling et al., 1997). In most of the Quaternary
eastern Mediterranean sapropels (except SI) Neogloboquadrina shows high percentages,
representing about 20-55% of total faunas (Thunell et al., 1977; Rohling and Gieskes, 1989;
Rohling, 1994). Thunell et al. (1977) attributed this to the presence of low salinity surface
water during the sapropels formation, considering this species as a salinity-sensitive
foraminifer. However, Rohling and Gieskes (1989) and Rohling (1994) suggested that
dominance of Neogloboquadrina in the sapropel layers could be related to the development
of a distinct basin-wide DCM, upon which this species proliferates. In the case of SI, absence
of Neogloboquadrina from the most recent sapropel (SI) might be related to the destruction
of its niches as result of diminishing dissolved oxygen (Rohling and Gieskes, 1989).
To understand the factors that control the planktonic foraminiferal variations during
the late Quaternary succession and during SI formation in particular, it is prerequisite to
know the modem habitats of planktonic foraminiferal species and their dynamic behaviour in
relation with the physiological characteristics of the water column and hydrology. In the
present-day Mediterranean, about 19 living planktonic foraminiferal species have been
recognised (Pujol and Vergnaud-Grazzini, 1995).

4.2 Modern Habitats of individual species
Globigerina bulloides
G. bulloides is a typical transitional to subpolar species often exceeding 50% of the total
living foraminifera (Be and Tolderlund, 1971). It occurs in the entire Mediterranean but
reaches highest frequencies in the cooler western Mediterranean during the winter season,
representing 20 to 40 % of the live assemblage (Pujol and Vergnaud-Grazzini, 1995). It is

found more abundantly along the North African coast occupying depths between 50 and 200
m (Pujol and Vergnaud-Grazzini, 1995), prevailing the fauna in late spring-early summer
(Rohling et al., 1995). It is highly dependent on enhanced food levels caused by upwelling,
strong seasonal mixing, or river input (Rohling et al., 1997).
Turborotalia quinqueloba
T. quinqueloba is recorded with high frequencies in polar-subpolar regions in relation with
light fertility in surficial waters (Ottens, 1991). It hves in the photic zone and bears
symbionts (Hemleben et al., 1989). It is tolerant to fairly low salinity and indicative of low
temperature (Rohling et al., 1997).
Globigerinoides ruber
G. ruber is a tropical-subtropical species occupying shallow water (Be and Tolderlund,
1971). It is indicative of a well-stratified euphotic zone and oligotrophic mixed layer (Pujol
and Vergnaud-Grazzini, 1995). It is the most ubiquitous species within the modem day
Mediterranean showing highest frequencies in the Ionian and Levantine Seas within a
temperature range of 21.5-26.5° C (Thunell, 1978).
Globigerinoides sacculifer
G. sacculifer is the most prolific and widespread species among the warm water planktonic
foraminifera. It attains highest frequencies (over 50 %) in the tropical waters with peak
abundances primarily between 24 and 30° C (Be and Tolderlund, 1971). Highest frequencies
are also favoured by strong ohgotrophy (Ottens, 1991) G. sacculifer and G. ruber occur
together in approximately the same geographic zones and water depths, living in the photic
zone. G. sacculifer is most frequent in the warm eastern Mediterranean basin where surface
temperatures range from 23.5 to 26.5° C in summer (Thunell, 1978).
Globigerinella siphonifera
G. siphonifera is found widespread in subtropical-tropical waters occupying shallow depths
(0-50 m) with peak abundance primarily between 13 and 26° C. Its maximum relative and
absolute frequencies occur within the range of G. ruber, but at somewhat lower temperatures
(Ottens, 1991). In the Mediterranean, it is one of the SPRUDTS group (G. siphonifera, H.
pelagica, G. rubescens, O. universa, G. digitata, G. tenella, G. sacculifer) which is indicative
of warm water (Rohhng et al., 1993a).
Orbulina universa
O. universa is a widespread species in subtropical, tropical and transitional waters (Be,
1977). During winter and spring it lives in the surface water (0-50 m), whereas during
summer it sinks to 50-100 m depth (Denser et al., 1981). It is a warm-temperate waters
indicator in the Mediterranean Sea. It is more prolific at the end of summer between 50 and
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100 m depths along the North African coast (Pujol and Vergnaud-Grazzini, 1995), but is
absent from the surface sediments of the northern western Mediterranean basin and the
Aegean Sea (Thunell, 1978).
Globoturborotalita rubescens
G. rubescens is one of the SPRUDTS group indicative of oHgotrophic warm mixed-layer
(Rohling et al., 1993a).
Neogloboquadrina pachyderma
The left coiling variety of N. pachyderma is the best indicator species of polar waters, while
the right coiling variety is common in subpolar and transitional waters. It occurs over a range
of surface temperatures from 0 to 24° C, but its peak abundance is primarily found between 0
and 9° C (Be and Tolderlund, 1971). The depth range of living individuals is recorded
between 0 and 2000 m. At low latitudes, it is most abundant in deeper waters, while at higher
latitudes it occurs at shallower depths (Reiss et al., 1971). It lives both below and above the
lower boundary of the thermocline feeding on the nutrients concentrated at the Deep
Chlorophyll Maximum (DCM) (Fairbanks and Wiebe, 1980; Reynolds and Thunell, 1986;
Rohling and Gieskes, 1989). The important part of its life cycle occurs in deeper, eutrophic
waters (DCM zone), therefore it is indicative of stratification in mixed layer (Rohling et al.,
1997).
N. pachyderma (left coiling) is rare to absent from the present-day Mediterranean Sea
(Thunell, 1978; Pujol and Vergnaud-Grazzini, 1995; Rohling et al., 1997), while N.
pachyderma (right coiling) is the dominant species today in the surface water of the north
western Mediterranean basin. Maximum abundances (75%) of this species occur in winter in
the Gulf of Lions when the upper part of water column is isothermal and cold (deep water
formation) (Pujol and Vergnaud-Grazzini, 1995; Rohling et al., 1995).
Globorotalia inflata
G. inflata is the only species indigenous to the transition zone separating subpolar from
subtropical regions in the Atlantic (Be and Tolderlund, 1971). It is the most frequent species
in the western and southwestern areas of the western Mediterranean basin, while to the east it
is poorly represented (Cifelli, 1974; Thunell, 1978; Pujol and Vergnaud-Grazzini, 1995). It
occurs in highest numbers in winter in the Alboran Sea, occupying depths between 0 and 200
m (Pujol and Vergnaud-Grazzini, 1995, Rohling et al., 1995). It dominates the frontal
systems, preferring well-mixed, cool water with intermediate to high nutrient levels (Rohling
et al., 1997).
Globorotalia truncatulinoides
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Both left and right coiling forms of G. truncatulinoides occur in the north Atlantic occupying
two water depths ranges. One is between 50 to 100 m depth and the other is between 500 and
700 m depth (Ottens, 1991). This could be related to its life cycle (Pujol and VergnaudGrazzini, 1995). Be and Tolderlund (1971) considered it a subtropical species inhabiting the
central water-masses of the ocean with a wide distributional range from the northern
transition zone through tropical waters to the polar front.
It is common only in the western Mediterranean basin and scarce in the eastern
Mediterranean basin (Cifelli, 1974 and Thunell, 1978). Left coiling forms are used as warm
water indicators and right coiling forms as cool water indicators in the sediments of the
eastern Mediterranean (Herman, 1972). In the present-day, left coiling forms dominate the
right coiling forms and occupy the deep water layers of the western Mediterranean (Pujol and
Vergnaud-Grazzini, 1995).
Globorotalia scitula
G. scitula is considered a subpolar species (Thiede, 1975). It prefers great depths mainly
between 200 and 300 m and sometimes down to 700 m depth occupying cool to cold water
(Ottens, 1991).
Globigerinita glutinata
G. glutinata is a cosmopolitan species with its highest frequencies in subtropical waters (Be
and Tolderlund, 1971). It is often considered as an opportunistic species (Pujol and
Vergnaud-Grazzini, 1995). It occurs both in mixed layer and deeper waters tolerating a rather
extensive range of temperatures and salinities (Hemleben et al., 1989). In the Mediterranean,
it is a ubiquitous species (Cifelli, 1974) reaching highest abundances within 100-200 m depth
interval water along the north African coast (Pujol and Vergnaud-Grazzini, 1995).

4.3 Dynamic distribution
Distribution patterns of live planktonic foraminifera in the Mediterranean Sea are mainly
controlled by the temporal variations in the temperature, salinity and nutrient gradients
(Thunell, 1978; Pujol and Vergnaud-Grazzini, 1995). Pujol and Vergnaud-Grazzini (1995)
concluded that quality and quantity of nutrient supply is the main controlling factor for
planktonic foraminiferal distribution in the water column of the Mediterranean since the
temporal variations in the temperature and salinity could not wholly explain the observed
heterogeneity in the planktonic foraminiferal distribution.
4.3.1

Western Mediterranean

4.3.1.1 Alboran Sea
Summer (June 1969) assemblages in the water column of Alboran Sea are dominated by two
main species: G. bulloides and G. inflata (Figure 4.2) (Cifelli, 1974; Pujol and Vergnaud32
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Grazzini, 1995). G. bulloides dominates in the west (54%) and progressively decreases
towards the east, with G. inflata progressively increasing in the same direction.

Almena

1

6 W

1

5

4

r

Figure 4.1. Location map for plankton tows in the Alboran Sea. Solid circles indicate
Vicomed III cruise (April 1990) studied by Pujol and Vergnaud-Grazzini (1995) and
Rohling et al. (1995). Open circles indicate Atlantis II cruise (June 1969) studied by
Cifelli (1974).
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Figure 4.2. Main dominant species in the water column of the Alboran Sea sampled during
June 1969 (Cifelli, 1974). Track is indicated in Figure 4.1. Note that stations water depths
are not the same (48 at 154 m, 47 at 217 m, 46 at 102 m, 45 at 118 m and 44 at 215m).
In November tows, Devaux (1985) found that G. inflata was at 57% and G. bulloides was at
19% of the total living planktonic foraminiferal assemblages. In winter (April 1990), G.
inflata represents at least 50% of the live assemblages in the water column between 0 to 300
m depth, accompanying either G. bulloides (20%) or G. truncatulinoides (Pujol and
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Vergnaud-Grazzini, 1995). Other fauna such as O. universa occurs in relatively small
percentages. Within the Almeria-Oran Front (Station 6), G. inflata (99%) dominates the
faunal assemblages (Figure 4.3) (Rohling et al., 1995). This dominance of G. inflata to the
faunal assemblage indicates a possible link between the species and the frontal systems that
occur in the Alboran Sea as a result of the entrance of the Atlantic Jet (Rohling et al., 1995).
Prieur et al. (1993) found a direct influence of the frontal system on production, as evidenced
by the increase of chlorophyll a in the upper 150 m three times higher than that of the
ambient water masses.

G. inflata

a
S

4000 -

Figure 4.3. Density of G. inflata (specimens/1000 m ) in the upper 100 m of the water
column along the transect as indicated in Figure 4.1 (Rohling et al., 1995).
4.3.1.2 Northwestern basin
In summer, sea surface temperatures range from 21 to 25.5° C. Waters are stratified where
the top of the seasonal thermocline and associated pycnocline is rather shallow in the centre
of the Gulf of Lions (~25 m) and deepens to the south (-50 m in the Balearic Sea). These
conditions separate relatively nutrient-rich intermediate waters from very oligotrophic
surface waters. For that reason, the foraminiferal production is rather low averaged around
150 to 700 specimens/1000 m^ (Pujol and Vergnaud-Grazzini, 1995). In the depleted mixed
layer, the dominant species are the spinose ones such as G. ruber, O. universa and G.
sacculifer, which are well adapted to warm oligotrophic conditions (Be and Tolderlund,
1971) (Figure 4.5). Nutrients from the intermediate waters however can be transferred to the
photic zone, which is rather deep in summer, where they allow for the development of the
Deep Chlorophyll Maximum (DCM) below the thermocline. The development of a DCM
provides phytoplankton for deep dwelling, grazing, non-spinose species G. truncatulinoides
to develop reaching 50% and 33% of the live assemblage in the Provencal and Catalan basins
respectively (Pujol and Vergnaud-Grazzini, 1995) (Figure 4.5).
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Figure 4.4. Location map illustrating the stations (plankton tows) used in Figures 4.5 and
4.6 (after Vergnaud-Grazzini et al., 1995).
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Figure 4.5. Densities (no of specimens/1000 m^) of the dominant species recorded in
plankton tows (0-350 m) during (A) summer (Vicomed cruise 1,1986) and (B) winter
(Vicomed cruise II, 1988) in the Western Mediterranean (after Hayes, 1999). Track of
the stations is indicated in Figure 4.4.
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In winter, sea surface temperatures of the northwestern basin averaged between 12.6
and 14.1° C. Strong cyclonic circulation causes deep water upwelling, erasing the
thermocline and bringing nutrients to the surface waters. These nutrients promote the
phytoplankton blooms that could explain the enhanced foraminiferal productivity (3700
specimens/1000 m^) observed in the region at this time. In this region during winter, the
spinose species such as G. ruber disappear from the water column, which is then mainly
dominated from 0 to 300 m depth by the right-coiling N. pachyderma (74-43%) in the
Provengal and Catalan basins and by G. truncatulinoides (64-80%) in the Balearic basin
(Pujol and Vergnaud-Grazzini, 1995) (Figure 4.5). Also G. bulloides and G. inflata constitute
important components of the winter assemblage in the northwestern basin but never
dominate.
4.3.1.3 Off the North African coast
In summer, the frontal structures and eddies associated with the Atlantic water circulation are
important in the Alboran Sea and off the North African coast. Warming of the surface water
increases their activity. The Atlantic waters are cooler than the surrounding Mediterranean
waters, therefore the thermal gradients strengthen until October, then disappear or even
reverse during winter when the Atlantic is relatively warmer. Elevated concentrations of
chlorophyll have been observed at the frontal boundaries (Raimbault et al., 1993). This could
explain the consistently high standing stocks recorded along the North African coast,
averaging 1000-2000 specimens/ 1000 m^ (Pujol and Vergnaud-Grazzini, 1995).
The foraminiferal assemblages of the mixed layer (0-100 m depth) in this region is
close to that of the northwestern basin with O. universa and G. ruber representing about 60 to
80 % of the total assemblage (Figure 4.5). Below the mixed layer (100-300) at the stations 4
and 5, they are associated with grazer species such as G. truncatulinoides, G. inflata, G.
glutinata, G. bulloides and N. pachyderma, while at the station 6 the maximum abundances
of the grazing species occur in the mixed layer (Pujol and Vergnaud-Grazzini, 1995). These
different patterns may result from phytoplankton blooming at different depths. At stations 4
and 5, phytoplankton blooms may have occurred deeper (below 75 m) in relation to the deep
chlorophyll maximum in Mediterranean type waters.
In winter, the Algerian Current (modified Atlantic inflow) is still associated with
eddies and frontal systems. These conditions enhance mixing and bring more nutrients to the
photic zone. Consequently, phytoplankton blooms occur there allowing the dominance of the
grazing species through the whole water column, especially when the pycnocline is erased.
G. inflata constitutes 45 to 55% of the total foraminiferal assemblages (Figure 4.5). It is only
associated with G. bulloides and G. truncatulinoides (Figure 4.5). This faunal association is
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very similar to those recorded in the winter of the Alboran Sea (Pujol and VergnaudGrazzini, 1995). These findings in the plankton tows off the North African coast are
comparable with those recorded in the surface sediments by Thunell (1978). The only
difference is that G. bulloides occurs in the surface sediments with 20 to 40% higher than that
recorded in the plankton tows during winter 1988 (Pujol and Vergnaud-Grazzini, 1995). An
explanation for this would be that it reflects a prevalence of G. bulloides in late spring-early
summer (Rohling et al., 1995) that would have precluded its detection during the Vicomed
expeditions (Pujol and Vergnaud-Grazzini, 1995).
4.3.2

Eastern Mediterranean

In summer, surface waters warm up strongly, and undergo intensive evaporation. A strong
density stratification develops that prevents deep convection between hot, saline, oli go trophic
surface mixed-layer water and relatively cool, less saline deep water. The conditions in the
mixed layer favour warm, subtropical predatory species such as G. ruber. This species
represents about 80% of the total live foraminiferal assemblage throughout the water column
of the Ionian and Levantine basins with peak of maximum abundance located between the
surface and 50 m depth (Pujol and Vergnaud-Grazzini, 1995) (Figure 4.6). Other species such
as G. bulloides and O. universa are also present but with very low densities (Figure 4.6).
In winter, nutrient advection from deep layers into the photic zone is enabled by
turbulent mixing and by mesoscale cyclonic and anticyclonic gyres, which are known in the
basin (Ozsoy et al., 1991). This promotes phytoplankton growth and consequently the
development of grazing species such as G. truncatulinoides and G. inflata. These two species
represent about 50 and 20% respectively of the total live assemblage in the water column of
the Ionian with peaks of maximum abundances below 100 m depth (Pujol and VergnaudGrazzini, 1995) (Figure 4.6). They are associated with low percentages of G. bulloides (8%)
and G. ruber (8%). Further to the east in the Levantine basin, G. truncatulinoides and G.
inflata disappear (Figure 4.6). The dominant species there are G. ruber and G. bulloides, with
peaks of maximum abundances also below 100 m depth (Pujol and Vergnaud-Grazzini,
1995). They are associated with low percentages of N. pachyderma and G. glutinata
especially south of Cyprus and north of Crete, suggesting phytoplankton blooming as a result
of deep mixing (Pujol and Vergnaud-Grazzini, 1995).
In conclusion, planktonic foraminiferal standing stocks of the eastern Mediterranean
are higher in summer than in the winter although the overall production of the whole
Mediterranean occurs more in winter than in summer. The western Mediterranean planktonic
foraminiferal production in both winter and summer are higher than the eastern
Mediterranean. Nutrient supply and primary production are important controlling factors for
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Figure 4.6. Densities (no of specimens/1000 m^) of the dominant species recorded in
plankton tows (0-350 m) during (A) summer (Vicomed cruise I, 1986) and (B) winter
(Vicomed cruise II, 1988) in the eastern Mediterranean (after Hayes, 1999). Track of the
stations is indicated in Figure 4.4.
foraminiferal production in the Mediterranean Sea, being regulated by the hydrographic
variability of the basin. Also, temperature and salinity variability shows their general effect
on the distribution patterns of the planktonic foraminifera in the Mediterranean. For example,
G. ruber (warm species) is the dominant species in the eastern Mediterranean throughout the
year and in association with O. universa which is also the dominant species during the
summer in the western Mediterranean. In winter, G. inflata and G. truncatulinoides become
more abundant in the water column of the Strait of Sicily and the Ionian Sea. These species
dominate (in some areas with N. pachyderma and G. bulloides) the water column of the
western Mediterranean throughout the year, occupying only the deeper water during the
summer.
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5. STABLE OXYGEN AND CARBON ISOTOPES
5.1 Introduction
In nature, oxygen has three stable isotopes,

and

with relative abundances of

99.76%, 0.04% and 0.20%, respectively. Oxygen isotopic analysis of foraminiferal carbonate
shells concerns mainly
isotopes,

and

ratio because

is rare in nature. Carbon has two stable

with relative abundances of 98.89% and 1.11%, respectively. The

process of stable isotopes is based primarily on the chemical behaviour of light/heavy
isotopes first conducted by Urey (1947) in the reaction:
CaCOs + CO2 + H2O ^ Ca^+ + 2HC0 3
Heavy isotopes differ from lighter ones of the same elements in having only more neutrons in
the nucleus that produce differences in the atomic weights. This difference in weight
produces slight difference in their chemical behaviour, thus the lighter isotope (A), the most
abundant, reacts easily and has a higher vapour pressure than the heavier one (B). The
physical ratio between A and B is called fractionation (a) and is defined as:
(XA-B = A/B.
The value of a in a sample must be calibrated with a standard. So Ssampie is conventionally
known as:
3 ^ ^ 0 / %(sampW-^ W ^0(8 tandard)
5s.„p„fc=10x
I8o/16o(standarc«
A similar equation for the carbon isotopes can also be formulated. Thus, when 5 is positive,
the sample is enriched in the heavier isotope, and when it is negative, the sample is depleted
(enriched in the lighter isotope).
The present study concerns the oxygen and carbon isotopic values recorded in
foraminiferal carbonate shells in the Mediterranean Sea that can be linked to specific climatic
and hydrological conditions.

5.2 Stable oxygen isotopes
The §'^0 in the present-day Mediterranean surface waters is higher than in the open ocean. It
shows a west-east gradient, ranging from +0.8%o in the Atlantic (west of Gibraltar), to
+1.25%o in the western Mediterranean, and +1.7%o in the Eastern Mediterranean (VergnaudGrazzini et al., 1986; Pierre, 1999; Rohling and De Rijk, 1999). This trend is mainly related
to the evaporation effect, which increases eastward in the Mediterranean Sea. Evaporation
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preferentially removes

in the evaporated water, leaving the seawater enriched in

that

will be preserved in the foraminiferal shells living in the water column. The evaporation
strongly affects the surface water, therefore planktonic foraminifera living in the surface
water will show highly enriched

values than benthic foraminifera living in the abyss

with rather constant properties.
The 5'^0 value is primarily dependent on the kinetic energy of the molecules that
essentially related to temperatures. Rising temperatures will lead to more evaporation and as
a consequence more removal of

in the atmosphere. Thus, it is possible to estimate the

water temperature at time the calcite of foraminiferal carbonate shell was deposited assuming
that the fractionation occurred at equilibrium. Any changes in the sea surface water
temperatures will be more preserved in the

values of planktonic foraminifera than

benthic foraminifera. For that reason, determination of past temperatures should be deduced
from

of planktonic foraminiferal species that live very close to the surface rather than

the others that live more deep in the water column. Any reconstruction based on

of

foraminiferal calcite should also strictly be based on values obtained by analyses of one
single foraminiferal species throughout the basin in a similar time slice (Rohling and De Rijk,
1999). They also mentioned that S'^Og. ruber on average shows greater amplitude in its
response to climatic/hydrographic changes than 5^^0g. buiioides, regarding both enrichments
and depletions. This is because both G. ruber and G. buiioides live in different habitat
characteristics. G. ruber lives in a shallow mixed-layer, showing highest abundances in late
summer and fall, while G. buiioides occupies a greater depth range and thrives especially in
late winter and early spring (Vergnaud-Grazzini et al., 1995). In the thin mixed layer above
the seasonal thermocline, freshwater balance variations and heating have more pronounced
effects on

values of both seawater and foraminiferal calcite, than in the thicker and

better homogenised late winter/early spring surface waters, which may account for the larger
amplitude variations found in

relative to S'^Og. buiioides (Rohling and De Rijk,

1999). In general, change in planktonic foraminifera

values is related to changes in

isotopic composition of the ocean water as well as to changes in surface water temperatures,
while change in benthic foraminifera

values is mainly related to changes in isotopic

composition of the ocean water as a result of freezing/melting ice sheets at higher latitudes
(Dansgaard and Tauber, 1969; Shackleton, 1967).
On glacial-interglacial time-scales, the

of the foraminiferal calcite in the

Mediterranean is primarily controlled by the ice volume. During the Last Glacial Maximum,
the

is strongly enriched (around 3.5%o) and rapidly becomes very depleted (around 40
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l%c) with the beginning of the last deglaciation (Cita et al., 1977; Williams and Thunell,
1979; Vergnaud-Grazzini et al., 1986; Pateme et al., 1986; Pujol and Vergnaud-Grazzini,
1989; Schmiedl et al., 1998; Emeis et al., 2000). This trend of variations is found to be
synchronous (within the mixing time) with those recorded in the same interval of the open
ocean, indicating global ice volume reductions (Shackleton and Opdyke, 1973; Shackleton,
1977). The ice volume effect on the

of foraminiferal calcite can be seen in the storage of

a huge volume of strongly depleted water in the polar regions during the LGM, leaving the
seawater enriched in '^O with sea-level lower than today by about 120 m (Fairbanks, 1989).
Therefore for paleo-temperatures determination,

records of foraminiferal calcite should

be corrected for ice volume fluctuations before paleo-temperature can be evaluated. A
correction of 0.012 ± 0.001%o m'^ (or a correction of 1.44 ± 0.12%o for LGM) should be
applied to eliminate the glacial ice volume effect (Rohling and De Rijk, 1999). Emeis (2000)
recorded that ice volume effect and temperature increase explain 1.05%o and 1.3%c of the
total

value in the foraminiferal calcite in the Mediterranean Sea respectively, and

attributed the remainder is to salinity changes. Rohling and De Rijk (1999) tested the
Mediterranean W-E

gradient during the LGM on the basis of

records of the

foraminiferal calcite. They found that a robust mean glacial W-E 5water gradient is determined of 1.5 or 1.9%o (eastward increase), compared to present-day values of 0.4 or 0.8%o,
respectively. This gradient indicates that the Mediterranean acted as a concentration basin
during the LGM with enhanced concentration effects related to sea level lowering and
increased evaporation rates than it does today.

Rayleigh distillation

1

'

~

]

r

^
Precipitation
predominantly
equilibrium
effects

Precipitation
equilibrium and
kinetic (snow formation)
effects

Evaporation
equilibrium and
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(10^-10° vearsl
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Figure 5.1. Schematic presentation of the hydrological cycle and its effect on oxygen isotope
ratio (after Rohling and Cooke, 1999).
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of especially planktonic foraminiferal calcite in the Mediterranean is also locally

affected by freshwater inputs (precipitation and riverine inputs). When the freshwater inputs
(enriched in ^®0) mixes with the seawater, the

locally undergoes strong depletion and

regionally within the mixing time (Rohling and Bigg, 1998). This depletion can be stronger if
the freshwater water undergoes a series of condensation in the atmosphere that preferentially
remove the heavier isotope ('^O) (see also the hydrological cycle, Figure 5.1). At polar
regions, freshwater is significantly more depleted in

value than that over the tropics. It

is estimated around -20%o and -50%o for the Arctic and Antarctic regions, respectively and
around -2%o for the tropic regions (Craig and Gordon, 1965). Rohling and Bigg (1998)
indicated that over the Arctic and northern Eurasia,

of the LGM precipitation was

further depleted by an average 6%o, compared to the present (-21.7%o), because the oceans
during glaciation are more depleted in

as a result of the storage of ice sheets in the polar

regions.
The Black Sea and the Nile River (pre-Aswan Dam) are important sources for
freshwater input into the eastern Mediterranean. The present-day

of the inflows from the

Black Sea and the Nile are estimated around -2.5%o (Swart, 1991) and ~ -2.0%o (McKenzie,
1993), respectively. In the interval of sapropels in the eastern Mediterranean, the

of

planktonic foraminifera shows strong depletion indicating enhanced freshwater inputs, most
likely via the Nile and the Black Sea (Olausson, 1961; Ryan, 1972; Thunell et al., 1977; Cita
et al., 1977; Vergnaud-Grazzini et al., 1977; Stanley, 1978; Thunell et al., 1984; RossignolStrick, 1985; Tang and Stott, 1993). The expectation would be that, because of the influences
of the Black Sea and other northern freshwater sources (Adriatic Sea) during SI formation,
the foraminiferal
Seas, and that

should show a north-south gradient at least in the Aegean and Adriatic
in those basins may be more depleted than those recorded during SI near

the Nile. Rohling (1999) indicated that such depletion would be also related to an increase in
humidity (as a result of changes in vegetation and evapotranspiration) by order of 5% during
SI formation.
During SI, the

of foraminiferal calcite (after removal ice volume and sea surface

temperature effects) throughout the Mediterranean shows an eastward increase of 50% of its
present-day gradient (the same sign), suggesting that the Mediterranean continued to act as a
concentration basin, albeit with lower intensity than at present (Rohling and De Rijk, 1999,
Rohling, 1999). Rohling and De Rijk (1999) showed that

values in the Levantine basin

appear to have undergone up to 0.3%o more depletion than those in the rest of the eastern
Mediterranean, suggesting a strong influence of Nile discharge accompanied with stronger
isotopic depletion at times of SI formation. Emeis et al. (2000) also studied planktonic
42
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records in sediment cores from the Alboran, Ionian and Levantine basins, indicating that the
present-day west-east temperature gradient was maintained during SI formation and eastern
Mediterranean experienced much more salinity changes reflecting a dominant eastern
freshwater source (the Nile) rather than a source in the northern watershed.

5.3 Stable carbon isotopes
The relative abundance of
function of temperature like

in the seawater and in the foraminiferal calcite is not a direct
(Hoefs, 1997). It is a function of the organic carbon

production-regeneration balance (Pierre, 1999). Phytoplankton living in the surface water
fixes CO2 into organic matter through photosynthesis, which is strongly discriminative in
favour of

As a result, the formed organic matter is highly depleted with

values

around -20 to -23%o (Figure 5.2). Continued organic matter production enriches the mixed
surface water (dissolved inorganic carbon pool) in

which in turn affects planktonic

foraminiferal shells. During sinking of the organic matter to the ocean's interior, it remineralises releasing '^C-depleted CO2 and nutrients (phosphate and nitrates) that recycle to
Photosynthetically
'fixed'
- 2 6 9b

Decay/
respiration
-26%

I

Photosynthesis

C a C O , + CO

CH;0
- 2 2 9k
Respiration

CaCO,
+2

Figure 5.2. Main interactions between the terrestrial and marine organic and inorganic
carbon cycles, with general mean carbon isotope values for the main phases (Rohling and
Cooke, 1999 in an adaptation after Garlick, 1974).
fuel the surface water primary productivity during periods of upwelling. Re-mineralisation
makes the intermediate and deep seawater enriched in '^C, which affects benthic
foraminiferal shells. From this scenario, it is expected to see that especially during periods of
enhanced primary productivity, strong enrichments in surface water would be synchronous
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C/w/pff/ Fn f
with Strong depletions in intermediate and deep waters. High A

between planktonic and

benthic foraminifera, then indicates increased organic carbon exported to the sea floor.
"Ageing" of intermediate and deep waters makes these waters more 5^^C-depleted
and nutrient-rich as a result of further oxidation of organic matter (Figure 5.3). This feature
has been used to delineate the intermediate and deep waters circulation in the Mediterranean
Sea. During the LGM, benthic foraminifera

(Cibicides pachydermus) in the

Mediterranean was enriched, indicating that intermediate and deep waters were well
ventilated (Vergnaud-Grazzini et al., 1986; Zahn et al., 1987; Pujol and Vergnaud-Grazzini,
1989). With the start of deglaciation, it displays a progressive decrease towards the interval
coeval with SI, indicating that intermediate and deep waters were nutrient-rich (Pujol and
Vergnaud-Grazzini, 1989). As they flowed out through the Straits of Sicily and Gibraltar, a
depleted signature was left in benthic 5^^C, indicating permanency of the Mediterranean
outflow during SI formation (Zahn et al., 1987; Vergnaud-Grazzini et al., 1989).
CO]
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AIR

'^equilibration

SEA
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CH,0 + 0;
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Figure 5.3. Schematic presentation of the generation of a surface-deep carbon isotope
gradient due to export production and interactions between the marine organic and
inorganic carbon cycles (after Rohling and Cooke, 1999).
During SI formation in the eastern Mediterranean, both surface and deep waters have
depleted 5^^C, which may indicate a freshwater influx of continental origin (VergnaudGrazzini et al., 1986). Fontugne and Calvert (1992) studied the 5'^Corganic values of the
sapropels (SI and S3-S10) and intercalated marl oozes in sediment core (MD 84641) from
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the eastern Mediterranean. They found that the 5^^Corganic values are lighter (mean = -21.0 ±
0.82%o) in all sapropels and heavier (mean = -18.8 ± 1.07%o) in the marl oozes, suggesting
that the lighter values recorded in the sapropels due to 1) '^C-depleted freshwater flooding
during the sapropels formation, thus the dissolved inorganic carbon (DIG) pool becomes
lighter, and hence photosynthesis would have produced depleted 5'^Corganic, and 2) supply of
regenerated ^^C-depleted CO2 to the mixed layer by upwelling.
Decomposition of organic matter after burial can change the benthic foraminiferal
5^^C, so they reflect isotopic composition of pore water rather than the ambient seawater.
Infaunal species such as Uvigerina peregrina and Globobulimina ajfinis show much lighter
5'^C than epifaunal species such as Cibicidoides wuellerstorfi, because pore-water is
enriched in

as a result of decomposition of isotopically light organic matter (Berger and

Vincent, 1986; Gooday, 1988; McGorkle et al., 1990). For that reason, it is recommended to
use the epifaunal species for characterisation of the bottom-water 5^^G history. Many studies
(e.g. Woodruff et al., 1980; Wefer and Berger, 1991; Mackensen et al., 1993) have indicated
that the epifaunal species C. wuellerstorfi forms its test nearest to equilibrium with dissolved
carbon in bottom waters and so is the best measure for bottom water

variations through

time. However, contrasting infaunal with epifaunal species would potentially elucidate
changes in microhabitats (Jorissen and Rohling, 2000; Mackensen et al., 2000).
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6. MATERIAL AND METHODS
6.1 Materials
6.1.1

Core parameters

The materials were collected from cores SL-31, SLA-9, LC-21 and LC-31. These cores form
transect from centre of the Aegean Sea to west-northwest Cyprus (Figure 1.1). Cores SL-31
and SLA-9 are gravity cores from 38° 56" N and 25° 00" E in the north-central Aegean Basin
and from 37° 31" N and 34° 33" E in the west-south of the Aegean Basin, at present water
depths of 430 and 260 m, respectively. They were recovered during the R. V. Aegeo
(05/05/98) by J. S. L. Casford as part of a commercially sponsored sampling project, in the
North Aegean Basin (Chief scientist: Dr. V. Lykousis). Cores LC-21 and LC-31 are long
piston cores that were recovered by Marion Dufresne Cruise 81, 17 January-9 February 1995.
Core LC-21 is located at 35° 39.71" N and 26° 34.96" E, north-east of Crete at a present
water depth of 1520 m. Core LC-31 is located at 34° 59.76" N and 31° 09.81" E, westnorthwest of Cyprus at a present water depth of 2300 m. Both cores LC-21 and LC-31 were
split lengthwise and stored at 4° C in PVC D-tubes at Southampton Oceanography Centre,
Southampton.
The lengths of the cores SL-31, SLA-9, LC-21 and LC-31 are 2.51, 2.86, 16.49 and
13.9 m, respectively. This study is concerned only with the upper sections of these cores that
contain the most recent sediments and early Holocene sapropel SI. Therefore, the lengths of
the studied sections of the cores SL-31, SLA-9, LC-21 and LC-31 and are 150, 150, 350 and
240 cm, respectively. All cores parameters are listed in Table 6.1.
Table 6.1. A summary of cores parameters.
Core

SL-31

SLA-9

Location

Aegean Sea

South
Aegean Sea

Latitude
Longitude
Water depth (m)
Type of core
Core length (m)
The studied core
length (cm)

38°56"ff
25° 00" E
430
Gravity
2.51
150

LC-21

LC-31

37° 31"]%
34° 33" E
260
Gravity
2.86

High west of
Karpathos Basin
(NE Crete)
35° 39.71" N
26° 34.96" E
1520
Piston
16.49

South of Antalya
Basin (NW Cyprus)
34° 59.76" N
31° 09.81" E
2300
Piston
13.9

150

350

240

f/z.D. r/76;.H.v

6.2 Methods
6.2.1

Micropaleontology

Samples have been extracted from the U-channels (SL-31 and SLA-9) and plastic core liners
(LC-21 and LC-31), using a screw device. Samples thickness is 0.5 cm for cores SL-31,
SLA-9 and LC-31 and 1 cm thick for core LC-2L Cores SL-31 and SLA-9 were sampled
each 0.5 cm for entire of the cores. Core LC-21 was sampled each 5 cm for the top 50 cm
interval, 3 cm for the interval that lies immediately above SI, 1 cm for SI and each 7 cm for
the pre-sapropel interval. Core LC-31 was sampled each 1 cm for the post-sapropel interval,
0.5 cm for SI, 1 cm for the interval that immediately underlies SI and 3 cm for the rest of the
core. After the sampling procedures, the samples were dried over 24 hours at 50° C. The
dried samples were weighed, then soaked in distilled water and washed with sieves of mesh
widths of 600 fim, 150 ju.m, 125 [im and 63 /xm. The residues were dried again at 50° C, and
weighed in order to obtain the dry weight of each sieved fraction.
80 samples have been chosen for both benthic and planktonic foraminiferal analysis
in core SL-31 taking into account high resolution through SI interval (0.5 cm spacing across
the lower and upper boundary of SI and 2 cm spacing for the rest of SI). Core SLA-9 has
been studied by (Fontanier, 2000), using 110 and 80 samples for both benthic and planktonic
foraminiferal analyses, respectively, with 0.5 cm spacing for the SI and 2 cm spacing below.
All the prepared samples of core LC-21 (94 samples) have been used for both benthic and
planktonic foraminiferal analysis. 200 and 90 samples have been chosen for both benthic and
planktonic foraminiferal analyses in core LC-31, respectively. The entire 150-600 [xm
fraction has been used without any partition or splitting, in order to pick up to 250 specimens
from each sample, or as many as are present. Both benthic and planktonic foraminiferal
specimens were identified and mounted in a 64-cell slide. The species in each slide were
counted and presented as a percentage of the total fauna and as a numbers g'' of total sample
dry weight (Appendix B). Most of the species also have been photographed by the ESM and
presented in plates in Chapter 10. The species in cores LC-21 and LC-31 have been presented
as percentages of the total calcareous taxa, while the agglutinated tax a (e.g. Glomospim
charoides, Ammolagena clavata and Ammoglobigerina globigeriniformis) are presented as
percentages of the total fauna. This is because the agglutinated species occur only in the top
parts of cores LC-21 and LC-31 (70 and 43 cm, respectively) and disappear from the lower
parts of these cores that probably as a result of disintegration of their tests as they have
agglutinated tests with chitinous (organic) cement that fall apart with increasing time.
Fragmented specimens which have a complete proloculus have been incorporated in
the counting as the exclusion of their census in the data is unreasonable (Bernstein et al.,
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1978; Gooday et al. 1998). With regard to the diversity indices and the statistical analysis, all
the recorded species are used without any removal.
Benthic foraminiferal diversity indices in the cores have been measured using the
following techniques: (1) simple diversity (S) is calculated by counting the total number of
species in each sample. This measure of diversity is dependent on sample size (the bigger the
samples, the more species there are likely to be); (2) Margalef index (d) is calculated using
equation 6.1. It measures the total number of species in a given sample
d=

(6-1)

incorporating the total number of individuals (AO of that sample. It reduces the effect of
sample size; (3) the Shannon-Wiener diversity index (WJ is calculated using the equation
6.2, following Buzas and Gibson (1969). In this equation, pi is the number of individuals of
ith species divided by the total numbers of individuals (N) in a given sample, S is the total
number of species and i = 1,2,3... S. The Shannon-Wiener equation is dependent on the
number of species and the number of individuals (of each species) in the sample. Therefore,

/=/

rare species of low frequencies will contribute little to the value of H'. Consequently, / / ' i s
not as variable as S that is more subject to fluctuation because of the presence or absence of a
rare species; (4) Equitability (J'J is calculated using equation 6-3, following Buzas and
Gibson (1969). In fact, it is derived from H'. Maximum /'values occur when all species (5)
(6-3)
have equal frequencies, then / / ' i s equal to In (S). When e, the base of natural logarithms, is
raised to the //'power, the result is a measure of the equivalent number of equally distributed
species. For equally distributed species, e" - S, so that the ratio e"'/S

is a measure of

Equitability (/'). It is often termed evenness. Highest equitability (=1) is reached when all
species in the sample are perfectly equally distributed, indicating that none of these species
dominates the others. Low equitability (or low evenness) indicates that few species dominate
the other many species.
6.2.2

Oxygen and carbon isotopic analyses

Oxygen and carbon isotopic analyses have been carried on some planktonic and benthic
foraminiferal species in cores SLA-9, SL-31, LC-21 and LC-31. The chosen planktonic
foraminiferal species are the very shallow, surface dwelling Globigerinoides ruber, the deeper
dwelling Globorotalia inflata associated with deep (winter) mixing; and the deep living species
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Neogloboquadrina pachyderma which has been associated with the Deep Chlorophyll Maximum
at the base of the euphotic layer. This selection follows global and specific Mediterranean habitat
descriptions in (Hemleben et al., 1989; Pujol and Vergnaud-Grazzini 1995; Rohling et al., 1993a,
1995 and 1997; De Rijk et al., 1999b; Hayes et al., 1999). The chosen benthic foraminiferal species
are Uvigerina peregrina, Bulimina marginata, Chilostomella mediterranensis and Globobulimina
affinis. C. mediterranensis and G. ajfinis are chosen because they are the most abundant species
throughout S1. They are deep infaunal habitats that are known to have a strong vital effect offset
from equilibrium (McCorkle et al., 1990), but under severe dysoxic conditions as in SI they are
thought to move to the surface (Jorissen et al., 1995), and may thus indicate the isotopic
composition of seawater rather than the interstitial water. U. peregrina is known to deposit its
shells near equilibrium reflecting the isotopic composition of the ambient seawater (Zahn et al.,
1986; Mackensen et al., 2000). The effect of microhabitat preferences of B. marginata on its
oxygen and carbon isotopic composition is still unknown.
Sampling resolutions are in the order of 1cm in case of G. ruber and B. marginata. In
case of the other species, we were restricted by occurrence of the species, so we picked them
as they are present. In most cases, about 10 cleaned, same-sized individuals of each species
were picked for each analysis. Smaller numbers were used according to restrictions by
material availability.
The analyses were performed at two separate inter-calibrated facilities; the Europa
Geo 20-20, with individual acid bath preparation, at the Southampton Oceanography Centre
(SOC); and the VG-Optima with a common acid bath preparation, at NERC Isotope
Geoscience Laboratory (NIGL), Key worth.
6.2.3
AMS

Radiocarbon datings
analyses have been performed for all the studied cores, using handpicked clean

planktonic foraminiferal tests with no evidence of pyritisation or overgrowth. Table 6.2 lists
the results for five AMS ^"^C dating points for both cores SLA-9 and SL-31, eight AMS **€
dating points for core LC-21 and seven AMS

dating points for core LC-31. The picked

materials were prepared as graphite targets at the NERC Radiocarbon Laboratory and
analysed at the Lawrence Livermore National Laboratory AMS Facility (CAMS analyses), or
at the Scottish Universities Research and Reactor Centre and analysed at the Arizona
Radiocarbon Facility (AA analyses), or the entire procedure was performed at the Leibniz
AMS Laboratory at Kiel, Germany (KIA analyses). The obtained radiocarbon convention
ages are calibrated using the marine mode of the Calib 4.2 programme (Stuiver and Reimer,
1993), with local reservoir age correction (AR) of 149 ± 30 yr, determined specially for the
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Table 6.2. AMS "'C Datings. Dating points of core LC-21 is after Mercone et al., 2000,
where depths are corrected for 10cm Santorini ash layer (Z-2). Radiocarbon datings were
calibrated using the marine mode of the Calib 4.2 programme (Stuiver and Reimer, 1993),
with local reservoir age correction (AR) of 149 ± 30 yr, determined specially for the
Aegean Sea (Facorellis et al., 1998). II/lII is the planktonic (and benthic) foraminiferal
biozonal boundary, following Jorissen et al., 1993.
Uncorrected

Corrected

depth (cm)

Depth (cm)

Conventional ^''C age

Calibrated

CaHbrated age

(kaBP)

age (ka BP)

range (ka BP)

AMS lab. Code

Core SL-31:
51.75

-

KIA9467

6.515±0.045

fl.818

6.883-6.752

65.75

-

KIA9468

7.95±0.06

8.256

8.323-8.188

84.25

-

KIA9469

9.33±0.057

9.797

9.99 - 9.604

91

-

KIA9470

9.99±0.055

10.589

10.648-10.530

126.75

-

KIA9471

14.65+0.08

1(^79

17.040-16.540

60.5

-

KIA9472

5.950±0.045

622

6.270-6.173

71.5

-

KIA9473

6.445+0.055

614

6.805-6.661

83.25

-

KIA9474

7.9±0.045

8 19

8.282-8.155

99 5

-

KIA9475

8.4±0.05

8J7

8.828-8.647

120.5

-

KIA9476

11.91 ±0.07

13.25

13.411 - 13.138

50

50

CAMS-41314

3.35±0.06

2 998

3.094 - 2.902

81-91

81

-

Santorini Ash layer (Z-2)

3.578

-

95.5

8^5

CAMS-41313

4.29±0.06

4 193

4.290 - 4.096

137.75

127.75

CAMS.41311

5.59±0.06

5.811

5.883-5.739

161.5

151.5

CAMS-41315

7.48+0.06

7.776

7.846-7.705

174.25

164.25

CAMS-41312

8.12±0.06

8.423

8.493 - 8.353

190.5

179.5

AA-30364

9.582-9.486

9.534

9.639 - 9.415

219

209

AA-30365

13.250-13.115

13.182

13.187 -12.938

252.5

2425

CAMS-41316

14.45±0.06

16^561

16.800-16.321

CAMS-45864

3.45±0.05

3J:39

3J20-3I59

Core SLA-9:
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Aegean Sea (Facorellis et al., 1998). The calibrated ages are plotted against original depths,
except in core LC-21, where the calibrated ages are plotted against corrected depth for 10 cm
thickness of the Santorini ash layer. After that calibrated age of samples that lie between
these dating points have been deduced by interpolation.
6.2.4

Cluster analysis and Multi-Dimensional Scaling (MDS)

Both the cluster analysis and multi-dimensional scaling (MDS) were carried out for cores SL31, SLA-9 and LC-21, using the programme "PRIMER v.4.0" (Clarke and Warwick, 1994).
In core LC-31, both the cluster analysis and MDS are not significant, possibly because the
faunal density is very low. The cluster analysis aims to find groupings of samples/species
such that samples/species within a group are more similar to each other, relative to
samples/species in different groups.
The best benthic foraminiferal groupings in both cores SLA-9, SL-31 and LC-21 has
been obtained by constructing a the dendrogram of hierarchical agglomerative cluster
analysis, using complete linkage based on the dissimilarity matrix of the Euclidean distance
on log (l+X)-transformed, standardised abundance data. The selected species in the cores
SLA-9, SL-31 and LC-21 are those with abundances > 3%, > 3% and > 5%, respectively. The
best samples (i.e. depths/ages) groupings in both cores SL-31 and LC-21 was obtained by
constructing a dendrogram of hierarchical agglomerative cluster analysis, using complete
linkage based on the Bray-Curtis similarity matrix on log (1 +X)-transformed, standardised
abundances data.
Multi-Dimensional Scaling (MDS) is an ordination technique based on the (dis)
similarity matrix of the cluster analysis. It aims to preserve the similarity ranking as
Euclidean distance in 2-dimensional plot. The MDS ordination is probably a more useful
representation than the cluster analysis. When the samples/species are strongly grouped the
MDS will reveal this anyway but when there is a more gradual continuum of change, MDS
will display the grouping in a way that a cluster analysis is quite incapable of doing (Clarke
and Warwick, 1994).
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7. RESULTS
7.1 Time-stratigraphic framework
After calibration (section 6.2.3), all dating points (Table 6.2) are plotted against original
depths, except in core LC-21, where the calibrated ages are plotted against depth corrected for
10 cm thickness of the Santorini ash layer (Figure 7.1). Then, all sample ages have been
deduced by interpolation, using linear fit for the intervals above SI and polynomial fit for the
interval below SI (in most cases) in cores SL-31, SLA-9 and LC-21 (Figure 7.1). We used
both linear and polynomial fittings among the dating points of each core, because a linear fit
can not match the whole dating points, while a polynomial fit gives older ages for the top and
younger ages for the base of the cores. Polynomial fit has been used for core LC-31
throughout (Figure 7.1).
Two dating points within SI of core LC-31 show an older age than those of the
underlying sediments. This agrees with the visual indication that a slump might be present in
this core. For this reason the two dating points within the 'slump' interval have been
excluded. On the other hand, two supplementary dating points have been assigned for that
core based on a) the biozonal boundary Il/in that is defined at 15.5 cal ka BP, and b) the ash
admixture that possibly belongs to the Santorini activity at 20.0 cal ka BP (Pichler and
Friedrich, 1976; Keller et al., 1978; Narcisi and Vezzoli, 1999).
From the regression lines of the Age-depth plots (Figure 7.1), the average
sedimentation rate of core SL-31 is ~10.3 cm/kyr, showing a maximum value within SI of
13.4 cm/kyr. In core LC-21, average sedimentation rate is -17 cm/kyr with the highest values
in SI (19.6 cm/kyr). In cores SLA-9 and LC-31, the average sedimentation rates are -10.5
cm/kyr. The base and top of SI in these cores are not perfectly correlated. Table 7.1 lists the
ages (calibrated) of base and top of SI in these cores on the basis of colouring and benthic
foraminifera. It seems that SI started to build up first at cores SLA-9 and LC-21 at 10.3 and
10 cal ka BP respectively, then followed by core SL-31 at 9.7 cal ka BP, and later by core LC31 at 9.5 cal ka BP. The SI ended first at cores SL-31 and SLA-9 at 6.9 and 6.8 cal ka BP
respectively, then followed by cores LC-21 and LC-31 that ended at -6.0 cal ka BP. This
suggested diachronisty of the start/end of SI in these cores could be a function of ventilation
of bottom water and/or oxidation of the organic matter after burial or dating problems.
Accumulation and preservation of organic matter might be enhanced at areas of reduced
bottom water ventilation than at areas of highly ventilated bottom waters.
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The interval of interruption in these cores is nearly centred at 8.0 cal ka BP on the
basis of colouring and benthic foraminifera (Table 7.1). It has a duration of about 600 to 800
years.
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Figure 7.1. Age-depth plots of cores SL-31, SLA-9, LC-21 and LC-31. Ages are plotted
against original depths, except in core LC-21 where the age is plotted against depth
corrected for 10 cm thickness of the Santorini ash layer found between 81 and 91 cm. Red
regression lines indicate linear fitting, whereas those are black indicate polynomial fitting.
The lower boundaries of SI in the cores are blue and the upper boundaries are green.
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Table 7.1. Chronology of the start and end of SI among the cores SL-31, SLA-9, LC-21 and
LC-31 on the basis of colouring and benthic foraminiferal disappearance/re-appearance.

Benthic
Foraminifera

Ages of the interruption of
SI
Benthic
Colouring
foraminifera

Ages of SI
Colouring

Core
SI top
(including
oxidised
part)

SI top
(excluding
oxidised
part)

SI
base

SI top

SI base

Top

Base

Top

Base

SL-31

6.9

6.9

9.7

7.1

9.7

-

-

7.7

8.5

SLA-9

6.8

6.8

10.3

6.6

10

-

-

-

-

LC-21

6.1

6.1

10

6.5

10

7.6

8.4

7.5

8.6

LC-31

6.1

6.7

9.5

6.5

9.1

7.5

8.1

7.3

8.2

7.2 Core SL-31
7.2.1

Lithology

The sediments of core SL-31 (Figure 7.2) consist mainly of light grey brown homogeneous
mud, interrupted by a dark, olive browny green coloured sapropelic layer (SI) between 82 and
Core SL-31

40

Core SLA-9

—

Core LC-21

Core LC-31

Santorini
Ash Layer

80
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o
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Sapropel
Reddish brown mud
'oxidized layer'
Light gray mud
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360

Bioturbated hemiplagic mud
Ash admixture

Figure 7.2. Lithological characteristics of cores SL-31, SLA-9, LC-21 and LC-31.
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Figure 7.3. Grain size variations (weight %) and Planktonic iBenthic ratio (P:B ratio) in core SL-31.
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52 cm. The lower 10-cm of the sapropelic layer is darker than the rest of the sapropel layer.
The sapropel displays sharp transitions into the underlying and overlying sediments. The top
17-cm of core SL-31 is visibly oxidised, having foraminiferal shells covered sometimes with
reddish to brown coatings. Such coatings were not observed below 17 cm.
Fining up has been noticed in the < 63-/Um size fraction that is indicated by a decrease
in the >63 /xm size fraction weight percentages (Figure 7.3). A peak of increase in the
percentages of coarser materials (>150 /xm, 125-150 /xm and 63-125 /um) is present in the
bottom of sapropel SI, around 80-83 cm that probably as a result of presence of high numbers
of the pteropods shells. This peak is indicated also by a decrease in the percentage of fine
sediments. Planktonicrbenthic ratio in the interval below SI (Figure 7.3) is lower than that in
SI and above it. It shows a remarkable decrease around 100-87 cm.
7.2.2

Benthic foraminifera

7.2.2.1 Faunal density
Faunal density is very high in the pre-sapropelic sediments, averaging 500 specimens g'\
compared with those of the sapropel and post-sapropelic sediments (Figure 7.4). Highest
values are displayed from 17 to 11 ka BP, reaching 800 specimens g"^ at 16 ka BP, then
decreasing gradually until lowest density is reached at the base of SI (10 ka BP). This lowest
density continues throughout both of S1 and post-sapropelic sediments with fairly constant
values around an average of 150 specimen g"'.
7.2.2.2 Faunal diversity
Diversity indices such as number of species (5), Margalef index {d) and Shannon-Wiener
diversity index {H') are considerably higher throughout the interval from the base of the core
to the onset of SI at 9.7 ka BP, showing averages of 70, 11 and 3.5, respectively (Figure 7.4).
In fact, they display highest values in the interval that is characterised by high benthic
foraminiferal numbers (benthic g"'). From 20 to 15 ka BP, they show only a slight decrease.
At the onset of SI, they show a remarkable decrease in the bottom part of SI from 9.7 to 8.7
ka BP. Thereafter, they increase sharply and then continue throughout SI. In the interval from
7 ka BP to the top of the core, they show more or less stable values, generally lower than that
of the intervals below, with averages of 40, 7 and 3, respectively. The equitability (JO is
generally lower below SI than above it. It displays low values from the base of the core to 15
ka BP. At 15 ka BP, it starts to increase very gradually showing high values throughout most
of the rest of the core, except in the bottom part of SI where it shows a sharp decrease around
9.7-8.7 ka BP, following S, d and H'.
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Figure 7.4. Benthic foraminiferal diversity indices plotted against age in core SL-31. Core log
is indicated (hemipelagic mud is brown and SI is black).
7.2.2.3 Faunal assemblages
Cluster analysis of benthic foraminiferal species indicates four basic assemblages (groupings)
of species (Figure 7.5). Each assemblage is found to be more characteristic of a certain
interval in the core. The boundaries between these assemblages are quite well defined by
sample clustering (Figure 7.6) and MDS (Figure 7.7).
The BoUvina spathulata-Cassidulina carinata-Uvigerinaperegrina

assemblage

dominates the interval from the base of the core to 15.5 ka BP (Figure 7.8). It declines in
frequency at the end of this interval. At the upper boundary of this assemblage, species such
as Cibicides pachydermus, Trifarina angulosa and Hoeglundina elegans show also a
remarkable decline in frequency, while species such as Bulimina marginata and Bigenerina
nodosaria show an increase. Hyalina balthica, Melonis barleeanum, and epiphytic species
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Figure 7.5. Dendrogram of hierarchical agglomerative cluster analysis of benthic
foraminiferal species in core SL-31, using complete linkage based on the dissimilarity
matrix of Euclidean distance on log (l+X)-transformed, standardised abundance data. The
selected species are > 3%. The characteristic species of each group are in bold characters.
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Figure 7.6. Dendrogram of hierarchical agglomerative cluster analysis of 74 samples
(depths/ages) in core SL-31. This cluster analysis has been obtained by using complete
linkage based on the Bray-Curtis similarity on log (l+X)-transformed, standardised
abundance of benthic foraminiferal data. Three major groups of samples have been
identified at similarity level of 30% (continuous line). Both of the pre-sapropel and postsapropel groups are subdivided into subgroups at similarity level of 45% (dashed line).
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Figure 7.7. 2-dimensional MDS configuration based on the Bray-Curtis similarity matrix of
sampling cluster analysis of core SL-31. At similarity level of 30%, three major groups of
samples have been obtained: the pre-sapropel group (yellow), SI group (green) and postsapropel group (blue). Both of the pre-sapropel and post-sapropel groups are subdivided
into two subgroups at similarity level of 45%. MDS stress = 0.12.
{Elphidium sp., Cibicides lobatulus, Rosalina bradyi, Neoconorbina terquemi, Planorbulina
mediterrerranensis, Hanzawaia boueana and Asterigerinata mamilla) are more common in
this assemblage (Figure 7.8). Total miliolids represent about 10% of this assemblage.
The lower boundary of this assemblage does not appear in this study, while the upper
boundary is best defined at the first entry of Vvigerina mediterranea-Gyroidina orbicularisG. altiformis assemblage which dominates the interval from 15 to 10 ka BP (Figure 7.8). The
U. mediterranea-G. orbicularis-G. altiformis assemblage has in addition species such as
Bigenerina nodosaria, Pseudoclavulina crustata, Sigmoilopsis schlumbergeri, Bulimina
marginata and B. inflata that are very characteristic of this interval. They start to increase at
15.5 ka BP and then nearly disappear (except U. mediterranea) between 12.5 to 11.5 ka BP
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Figure 7.8. Benthic foraminiferal assemblages in core SL-31. The faunas are presented as percentages (%) against age. Number in
circle indicates the group clustering number in Figure 7.3. This figure continues in the next two pages.
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Figure 7.8. Continued.
(the Younger Drays), while Trifarina angulosa shows an abundance peak around this age.
After that, they increase again showing high abundances and then disappear abruptly at the
base of SI. Species such as B. spathulata, C. carinata U. peregrina and C. pachydermus are
still present in this assemblage. However, they decrease very gradually until disappearing at
the base of SI. Also H. balthica, M. barleeanum, miliolids and epiphytic species occur
consistently within this assemblage. Total miliolids show a prominent peak of abundance
(20%) around 12.5-11.5 ka BP. The end of this assemblage can be defined at the first entry of
Globobulimina affinis-Chilostomella medUerranensis assemblage that dominates the SI
from -10 to 7 ka BP (Figure 7.8).
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The G. affinis-C. mediterranensis assemblage occurs only in SI, appearing at 10.5 ka
BP, then increasing gradually to become the dominant assemblage by the onset of SI at 9.7 ka
BP. G. qffmis and C. mediterranensis together represent about 70 % of the total fauna
recorded within this assemblage. Besides this assemblage, Cassidulinoides bradyi, Cancris
auriculus, Uvigerina bifurcata, Bulimina costata, Bolivina alata, Rectuvigerina phlegeri,
Rutherfordiodes rotundiformis, Nonionella turgida, Bolivina striatula and Planodiscorbis
rarescens also show distinctly enhanced abundances within SI. Many species {B. spathulata,
C. carinata, U. peregrina, H. balthica, B. marginata, U. mediterranea, miliolids and the
epiphytic species) that dominated the pre-sapropelic intervals are still present in this
assemblage, but only as minor constituents. The rapid re-appearance and dominance of U.
mediterranea-G. orhicularis-G. altiformis assemblage at the end of SI is a marker for the
end of G. ajfmis-C. mediterranensis assemblage.
The U. mediterranea-G. orbicularis-G. altiformis assemblage is the characteristic
assemblage in the interval immediately below SI, and it is also the characteristic assemblage
for the interval immediately above SI, from 7 to 5 ka BP (Figure 7.8). In this assemblage, U.
mediterranea is the dominant species. It shows a more or less stable abundance along this
interval as well as through the rest of the post-sapropelic sediments. B. nodosaria, S.
schlumbergeri, U. peregrina and S. acutimargo re-appear rapidly above SI. Many species
such as B. spathulata, C. carinata, C. pachydermus, H. balthica, M. barleeanum, B.
marginata, B. inflata, Planulina ariminensis, B. alata and some miliolids are rarely present in
this assemblage.
The U. mediterranea-G. orbicularis-G. altiformis assemblage ended at 5 ka BP when
G. orbicularis, G. altiformis and B. nodosaria decreased, reaching fairly constant abundances
throughout the rest of post-sapropelic sediments. It also can be determined as the point where
Bulimina inflata re-appears to be the dominant taxon (in association with U. mediterranea
and B. marginata) from 5 ka BP to the top of the core (Figure 7.8). The faunal composition of
this assemblage is very similar to those of the interval below, but C. pachydermus and B.
spathulata become more common in this assemblage than below. The epiphytic species,
Trifarina angulosa and Hoeglundina elegans disappear completely from this assemblage.
Also, in this assemblage at just before 3 ka BP, Glomospira charoides appears and then
continues to the top of the core.
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Planktonic foraminifera

7.2.3.1 Planktonic foraminiferal density
Planktonic foraminiferal density in the interval of the glacial sediments from the base of this
core to 17 ka is low showing an average of 220 specimens/g (Figure 7.10). After that, it
increases showing high numbers up to 700 specimens/g throughout the interval from 17 ka BP
to 12 ka BP. In the interval that corresponds to the Younger Dryas between 12 and 10 ka BP,
it decreases showing very similar values to that of the interval of the glacial sediments. At 10
ka BP (near the base of SI), the planktonic foraminiferal density increases until it reaches
more or less stable abundance throughout the post-sapropelic sediments with an average of
300 specimens/g. It shows only high values around 7.5-6 ka BP. In conclusion, the glacial and
Younger Dryas intervals show the lowest planktonic foraminiferal density, while 17-12 ka BP,
S1 and post-sapropelic intervals show the highest density.
7.2.3.2 Planktonic foraminiferal species variations
Generally, three groups of species have been recognised by the cluster analysis (Figure 7.9).
The cold group dominated by Neogloboquadrina pachyderma is found to be more abundant in
the interval below SI, while warm group dominated by Globigerina buUoides and G. ruber is
G. glutinata
T. quinqueloba
N. pachyderma

(left)

N. pachyderma

(right)

Cold species

G. inflata
G. sacculifer
0. universa
G. ruber ( w h i t e )

W a r m species

G. bulloides
G. rubescens
G. ruber ( p i n k )
G. siphonifera
N. dutertrei
G. scitula
G. truncatulinoides

R a r e species

G. digitata
G. crassaformis
H. pelagica

y

Euclidean distance
Figure 7.9. Dendrogram of hierarchical agglomerative cluster analysis of 18 planktonic
foraminiferal species in core SL-31, using complete linkage, based on the dissimilarity
matrix of Euclidean distance on ^

transformed, standardised abundance data.
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found more abundantly in SI and post-sapropelic sediments (Figure 7.10). The rare group is
recorded sporadically only in the interval below S1; for an example see Globorotalia scitula
in Figure 7.8.
In detail, species distributional patterns are described as they are presented in Figure
7.10. Neogloboquadrina pachyderma and Turborotalia quinqueloba are the dominant species
in the interval from base of the core to 15.5 ka BP. They represent about 75% of total fauna in
this interval. Minor components of Globigerinita glutinata (4%), Globoturborotalita
rubescens (3%), Globorotalia inflata (2%), Globorotalia scitula (1%), Globigerina bulloides
(5%) and Globigerinoides ruber (white) (4%) also occur in this interval. After 15.5 ka BP, N.
pachyderma increased to be the dominant species throughout the interval from 15.5 to 11.5 ka
BP, representing about 80% of the total fauna in this interval. G. ruber (white) also shows a
slight increase in this interval, while T. quinqueloba decreased to become very low.
After 11.5 ka BP, there are remarkable faunal changes. N. pachyderma decreases
gradually to a low frequency (10%) continuing through SI, but showing a small peak nearly at
the top of SI. Thereafter, it decreases to disappear almost completely from the post-sapropelic
sediments. G. glutinata shows a fairly stable abundance throughout the core except in the
interval from 12 ka BP to the base of SI at 9.7 ka BP where it shows the highest abundance.
T. quinqueloba increases showing high abundance in SI and then rapidly disappears at the top
of SI. It is the most dominant species after G. bulloides through SI.
G. bulloides, G. ruber (white) and G. rubescens also increase after 11.5 ka BP
showing their highest frequencies throughout SI and the post-sapropelic sediments. In SI,
while G. bulloides and T. quinqueloba dominate the fauna, G. ruber (white) shows a dramatic
decrease. Immediately above SI, G. ruber (white) increases (up to 50%) to be the dominant
species throughout the post-sapropelic sediments. G. ruber (white) and G. bulloides represent
about 85% of the total fauna recorded in the post-sapropel interval.
Species such as G. ruber (pink), Globigerinella siphonifera and G. sacculifer appear at
10.5 ka BP and then continue throughout SI and post-sapropelic sediments. Orbulina
universa appears also at this time but continues only through SI.
G. inflata occurs throughout pre-sapropelic sediments with very low abundance (2%),
then it disappears from SI. At 6.9 ka BP (SI top), it re-appears very rapidly showing a
prominent peak marking the end of SI and then decreases gradually to disappear completely
before 5 ka BP.

67

/'/(./J.

Chapter Seven

Thesis

7.2.4

Stable oxygen and carbon isotopes
ruber displays a relative depletion between the base of the core and ~ 16.0 ka BP (Tla)

(Figure 7.11). It becomes enriched in the interval between T l a and ~11 ka BP (Tib), showing
maximum enrichment at the Younger Dryas (11.5-12.5 ka BP). After that, it depletes very
rapidly, reaching lowest values (+0.25%o) throughout SI. It reaches the Holocene value (~
+0.75%o) nearly at 6.4 ka BP. 5'^OG. ruber is always well separated from the other foraminiferal
species

throughout the core, except in the interval between 18 and 16 ka BP where it is

similar to 5'^OG. infiata (Figure 7.11).
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Figure 7.11.

values of some planktonic and benthic foraminiferal species (for names see

the legend) in core SL-31 plotted against age. Grey colour area indicates the position of S1
and T l a and T i b are also indicated on the basis of the oxygen isotope stratigraphy.
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values of N. pachyderma, B. marginata and G. affinis are very similar through
the core. They are very enriched (+3.0%o) in fairly stable values throughout the interval below
SI, then deplete rapidly, reaching + 2.0-1.0%o through the rest of the core. S^^OG, infiata is more
or less similar to those of N. pachyderma, B. marginata and G. affinis, except between 18 and
16 ka BP where its values are instead similar to those of 5'^OG, ruber- Also, it starts the main
depletion earlier, at ~ 11.0 ka BP, displaying a stronger depletion than those of N. pachyderma
and B. marginata.
S'^Oc. mediterranensis is Slightly more depleted than those of other benthic foraminifera {B.
marginata and G. affinis).
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Figure 7.12. 5'^C values of some planktonic and benthic foraminiferal species (for names see
the legend) in core SL-31 plotted against age. Grey colour area indicates the position of SI,
and T l a and T i b are also indicated on the basis of oxygen isotope stratigraphy.
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5'^C values of both planktonic and benthic species are more or less similar, displaying
a fairly stable values (around 0.0%o) throughout the interval below SI (Figure 7.12). At ~ 10
ka BP (nearly at the onset of SI), they become rapidly depleted, relatively separated from each
other through SI.

values of B. marginata, G. affinis and C. mediterranensis show the

highest depletion within SI. S^^Cc. mediterranensis depletes around - 2.5 %c. Above SI, 8'^C*
pachydenna and

marginata are Similar and separated from those of G. ruber and G. inflata,

which display slightly more enriched values than below SI. 5'^C values of G. ruber and B.
marginata overlap each other around 4-3 ka BP.

7.3 CoreSLA-9
7.3.1

Lithology

The sediments of core SLA-9 (Figure 7.2) consist mainly of light grey brown homogeneous
mud, interrupted by a dark, olive browny green coloured sapropelic layer (SI) between 105
and 70 cm. The lower 20-cm of the sapropelic layer is darker than the rest of the sapropel
layer. The sapropel displays sharp transitions into the underlying light grey coloured
sediments (10-cm thick) and overlying sediments. The top 20-cm of core SLA-9 is visibly
oxidised.
7.3.2

Benthic foraminifera

7.3.2.1 Faunal density
Faunal density averages 900 specimens g"' in the interval from the base of the core to ~16 ka
BP (Figure 7.13). At 16 ka BP, it decreases showing an average of 500 specimens g"' that
continues until 13 ka BP. After that, it decreases reaching 200 specimens g'^ throughout the
rest of the studied section of the core. The lowest values (100 specimens g ') are displayed in
Si from 9 to 6.5 ka BP.
7.3.2.2 Faunal diversity
Diversity indices such as number of species (5), Margalef index {d), Shannon-Wiener
diversity index

and equitability (70 show a fairly stable values throughout the studied

section of the core with averages of 35, 6, 3 and 0.6, respectively (Figure 7.13). They decrease
only during SI, showing a remarkable decrease between 10 and 8 ka BP, averaging around 18,
3, 1 and 0.3, respectively.
7.3.2.3 Faunal assemblages
Cluster analysis of benthic foraminiferal species indicates two basic assemblages (groupings)
of species (Figure 7.14). The boundaries between these assemblages could not be determined

70

Ph.D. Tliesi.s

statistically. Thus, the boundaries are determined visually on the basis of the faunal breaks
(Figure 7.15).
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Figure 7.13. Benthic foraminiferal diversity indices plotted against age in core SLA-9. Core
log is indicated (hemipelagic mud is brown and SI is black).
The Uvigerina peregrina-Bolivina spathulata-Hyalina balthica assemblage
dominates the pre-sapropel sediments, from the base of the core to the onset of SI (-10 ka
BP). (Figure 7.15). Bulimina marginata and B. aculeata are also characteristic species of this
assemblage. Immediately below SI between -13 and 10 ka BP, U. peregrina and other
accompanied species (such as U. mediterranea, A. scalaris, P. cmstata, G. orbicularis, G.
altiformis and B. nodosaria) show high frequencies and then decrease/disappear with the
onset of SI. In contrast, B. spathulata, H. balthica, B. aculeata, C. carinata, C. crassa, T.
angulosa, miliolids and epiphytes decrease gradually and then disappear with the onset of SI.
This assemblage associates with high numbers of C. mediterranensis, G. qffinis, B. costata
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and B. alata, especially between 12 and 10 ka BP. M barleeanum and H. elegans also occur
throughout this assemblage.
The end of this assemblage has been defined when Globobulimina affinisChilostomella mediterranensis assemblage dominates, reaching about 80% of the total fauna
at 10 ka BP (Figure 7.15). The G. ajfinis-C. mediterranensis assemblage is mostly confined to
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Euclidean distance
Figure 7.14. Dendrogram of hierarchical agglomerative cluster analysis of benthic
foraminiferal species in core SLA-9, using complete linkage based on the dissimilarity
matrix of Euclidean distance on log (l+X)-transformed, standardised abundance data. The
selected species are > 3%. The characteristic species of each group are in bold characters.
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SI, showing maximum frequency between 10 and 6.8 ka BP. B. costata, B. alata, B. striatula,
C. auriculus, R. rotundiformis and N. turgida are also characteristic species for this
assemblage. U. peregrina and B. marginata occur throughout this assemblage, but with very
low frequencies. At 8 ka BP, the G. ajfmis-C. mediterranensis assemblage becomes enriched
by the fauna that dominate the interval below. This assemblage ends just above SI, at 6.5 ka
BP. At this age, U. mediterranea-B. aculeata-H. balthica assemblage dominates rapidly the
interval immediately above SI. The faunal composition of this assemblage is very similar to
that of the interval that lies immediately below SI. C crassa and T. angulosa do not reappear
during this interval, while miliolids and epiphytes show very low frequencies than below SI.
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7.3.3

Planktonic foraminifera

7.3.3.1 Planktonic foraminiferal density
Planktonic foraminiferal density in the interval of the glacial sediments from the base of this
core to 16 ka BP is very high showing an average of 1000 specimens/g (Figure 7.17). After
that, it decreases rapidly showing more or less stable values throughout the rest of the core,
with an average of 300 specimens/g.
7.3.3.2 Planktonic foraminiferal species variations
Two groups of species have been recognised by the cluster analysis (Figure 7.16). The cold
group dominated by Neogloboquadrina pachyderma and Turborotalia quinqueloba is found
more abundantly in the interval from the base of the core to 11.5 ka BP. The warm group (e.g.
Globigerinoides ruber) dominates the interval immediately below SI (at 11.5 ka BP) and
continues through the rest of the studied section of the core.
In detail, species distribution patterns are described as they are presented in Figure
7.17. Neogloboquadrina pachyderma and Turborotalia quinqueloba are the dominant species
in the interval from base of the core to 15.5 ka BP. They represent about 65% of total fauna in
this interval. Low percentages of Globigerinita glutinata (2.5%), Globorotalia inflata (4%),
Globorotalia scitula (1%), Globigerina bulloides (10%) and Globigerinoides ruber (white)
G. sacculifer

1

G. ruber ( w h i t e )
G. bulloides
G. rubescens
G. ruber ( p i n k )

W a r m species

0. universe
G. siphonifera
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G. truncatulinoides
G. scitula
N. dutertrei
N. pachyderma

C o l d species

T. quinqueloba
G. glutinata
G. inflata
0

12

Euclidean distance
Figure 7.16. Dendrogram of hierarchical agglomerative cluster analysis of the planktonic
foraminiferal species in core SLA-9, using complete linkage, based on the dissimilarity
matrix of Euclidean distance on log (l+X)-transformed, standardised abundance data.
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(10%) also occur in this interval. After 15.5 ka BP, N. pachyderma decreases gradually to
disappear completely from the rest of the core at ~ 11.5 ka BP. On contrary, G. ruber (white)
and G. bulloides increase showing high frequencies and continue with fairly stable values
throughout this interval. They display very similar frequencies to those of the dwindling N.
pachyderma. At 11.5 ka BP, N. pachyderma, T. quinqueloba, G. glutinata and G. inflata
disappear, while G. ruber increases rapidly showing highest frequency immediately below SI
and continues throughout the rest of the core. At this age, G. ruber (pink) and the SPRUDTS
species (e.g. G. rubescens, O. universa, G. sacculifer and G. siphonifera) appear/increase,
showing maximum frequencies through SI, and then decrease/disappear. G. bulloides
continues with a fairly stable frequency throughout the core, displaying peak of abundance at
7 ka BP. G. inflata reappears at the top part of SI and increases very rapidly showing a
prominent peak at 6.5 ka BP. After that, it decreases gradually and then disappears before 5 ka
BP.
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values of bulk sediment and some planktonic and benthic foraminiferal

species (for names see the legend) in core SLA-9 plotted against age. Grey colour is SI and
Tla and T i b positions are indicated on the basis of oxygen isotope stratigraphy.
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profiles of this core (Figures 7.18 and 7.19) show a very similar pattern to that

of core SL-31 with some specific variations. The 5*^0 values of G. ruber, N. pachyderma, G.
inflata and G. affinis are more depleted than the same species in core SL-31 by about -0.25 to
-0.5%o. 5'^OG. ruber docs not show any change at 16 ka BP (Tla), but rather it deviates from
pachyderma, 5'^OG. inflata, depleting Very rapidly at 14.5 ka BP. Then, it continues with
stable values (no enrichment at the Younger Dryas between 12.5 and 11.5 kaBP) until 11.5 ka
BP (Tib) where it depletes rapidly reaching the lowest (-0.5%o) values through SI.
values of N. pachyderma, G. inflata and U. peregrina start to deplete at - 1 2 ka BP, preceding
the same species in core SL-31 by about ~2 kyr.
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values of bulk sediment and some planktonic and benthic foraminiferal

species (for names see the legend) in core SLA-9 plotted against age. Grey colour is S1 and
T l a and T i b positions are indicated on the basis of the oxygen isotope stratigraphy.
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at ~ 12 ka BP, displaying lowest values through SI (Figures 7.19). 5'^Cbuiksediment is enriched
in the interval from the base of the core to -12 ka BP, then depletes rapidly showing the
lowest value through SI similar to that of G. ruber.

7.4 CoreLC-21
7.4.1

Lithology

The sediments of core LC-21 (Figure 7.2) consist mainly of light grey, bioturbated,
foraminifera-rich hemipelagic mud that becomes browny green between 200 and 191 cm.
Between 191 and 140 cm, the sediments are dark olive to green in colour, a colour
characteristic of sapropels (Cita et al., 1977). This layer (SI) shows sharp transitions into the
underlying and overlying light grey sediments. There is no sign of discoloration noticed at the
top of the sapropel layer that would suggest the re-oxidation of part of SI (Lander Rasmussen,
1991; Thomson et al., 1995). The sapropel is very rich in pteropods. The sapropel appears to
be composed of two sub-units separated by a dark to light grey layer between 173 and 163 cm
depth. A silt-sized volcanic ash layer between 91 and 81 cm interrupts the light-grey postsapropel mud. On the basis of microscopic description, this ash layer would be the Santorini
ash layer Z-2. It is the only ash layer that recorded above SI in the Aegean and eastern
Levantine basins (Keller et al., 1978; McCoy, 1980). Also, the light-grey pre-sapropel mud is
found mixed with rare to common coarse, glassy volcanic ash grains in the interval from 300
to 280 cm. This ash admixture might belong to the Santorini ash layer Y-2 that recorded
immediately below SI in the Levantine Basin (Keller et al., 1978, McCoy, 1980).
7.4.2

Benthic foraminifera

7.4.2.1 Faunal density
The density curve (benthic/g) in core LC-21 (Figure 7.20) shows generally much lower
benthic foraminiferal density than in core SL-31. It is much higher in the entire pre-sapropel
than in the post-sapropel interval. From the base of the core to 20 ka BP, the benthic density is
in fairly stable conditions with an average of 25 specimens g '. After that, it increases slightly
reaching also fairly stable conditions throughout the interval from 20 to 10 ka BP, with an
average of 40 specimen g \ Two abundance peaks occur in the pre-sapropel sediments. Each
of these peaks is represented by one sample only, while the composition of the assemblages is
not different from adjacent samples. These peaks are either related to increased benthic
productivity or potentially to occasional reduction in sediment accumulation or winnowing.
The density becomes very low during SI (10-6 ka BP), with an average of 5 specimens g ' . In
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SI, there are two intervals of complete absence of benthic foraminifera. One occurs around
9.5-8.5 ka BP and the other is around 7.5-6.5 ka BP. In the entire post-sapropel interval, the
density is very low with an average of 11 specimen g"'. The fauna completely disappears
around the Santorini ash layer at 3.6 ka BP.
7.4.2.2 Faunal diversity
Diversity indices (5, d and W) values of core LC-21 are generally smaller than those of core
SL-31 except the equitability (/O which shows higher values than in core SL-31 (Figure 7.20).
Throughout the interval from the base of core LC-21 to 10.5 ka BP, all the diversity indices
show very similar patterns (Figure 7.20). They show fairly stable, high values averaging
around 40, 9, 3 and 0.6, respectively. After that, the indices decrease in the interval

100

0

250

500 0

Figure 7.20. Benthic foraminiferal diversity indices against age in core LC-21. Core log is
indicated (hemipelagic mud is brown, ash admixture is white, light grey mud is green, and
SI is black). The position of the Santorini ash layer is indicated by wavy line.
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between 15 and I l k a BP. At 11 ka BP, S, d and //'further decrease rapidly showing their
lowest values throughout S1. The fauna nearly disappears in two intervals in SI. One is
around 9.5-8.5 ka BP and the other is around 7.5-6.5 ka BP. In the interval of interruption
(8.5-7.5 ka BP), they show a relative decrease. The equitability {J') is the highest within SI
showing an opposite trend to that shown by S, d and H". It reaches sometimes a value of 1.0 in
SI and post-sapropelic sediments. At 6 ka BP, the diversity indices (S, d, / / ' a n d 70 reach the
present day values with averages of 15, 3, 2 and 0.7, respectively. The fauna disappears at the
Santorini ash layer, at 3.6 ka BP.
7.4.2.3 Faunal assemblages
Cluster analysis of benthic foraminiferal species indicates the presence of three broad
assemblages (groupings) of species (Figure 7.21). Each assemblage is found to be more
characteristic of a certain interval in the core. The boundaries between these intervals are quite
well defined by sample clustering (Figure 7.22), where three broad intervals have been
recognised. MDS configuration (Figure 7.23) that runs on the similarity matrix of the cluster
analysis shows the same groupings with more resolution than in the cluster analysis. It divides
the pre-sapropel interval into two subgroups. On this basis, we have identified four
assemblages throughout the studied section of this core.
The Cibicides pachydermus assemblage dominates the interval from the base of core
LC-21 to 15.5 ka BP (Figure 7.24). Uvigerina peregrina, Bulimina inflata, B. marginata, U.
mediterranea and Bolivina spathulata are also characteristic species for this interval.
Hoeglundina elegans, Gyroidina altiformis, Melonis barleeanum, Rosalina bradyi, Bolivina
albatrossi, Cibicides wuellerstorfi, Cassidulina carinata, Cassidulina crassa, Miliolinella
irregularis and Pyrgoella sphaera also occur in this interval but as minor constituents. Total
miliolids show a constant abundance throughout this interval, representing about 30% of the
total fauna.
The lower boundary of this assemblage is not present here in this study, while the
upper boundary of this assemblage is best defined at the exit of U. peregrina, B. inflata and B.
marginata. Total miliolids decrease rapidly at 15.5 ka BP, reaching a fairly stable abundance
(15%) throughout the interval immediately below SI. It is also marked by the onset of the
Hoeglundina elegans-G. altiformis-Melonis barleeanum assemblage that dominates the
interval from 15.5 to 10 ka BP (Figure 7.24), immediately below SI. At 15.5 ka BP, this
assemblage increases gradually reaching high abundance around 14.5-13 ka BP, then
decreases showing a remarkable decline around 12.5-11.5 ka BP (the Younger Drays).
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Figure 7.21. Dendrogram of hierarchical agglomerative cluster analysis of benthic
foraminiferal species in core LC-21, using complete linkage based on the dissimilarity
matrix of Euclidean distance on log (l+X)-transformed, standardised abundance data. The
selected species are > 5% .The characteristic species of each group are in bold characters.
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Figure 7.22. Dendrogram of hierarchical agglomerative cluster analysis of 92 samples
(depths/ages) in core LC-21. This cluster analysis has been obtained by using complete
linkage based on the Bray-Curtis similarity on log (l-t-X)-transformed, standardised
abundances of benthic foraminiferal data. Three major groups of samples have been
identified at similarity level of 10%.
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Figure 7.23. 2-dimensional MDS configuration based on the Bray-Curtis similarity matrix of
sampling cluster analysis of core LC-21. At similarity level of 10%, three major groups of
samples have been identified: the pre-sapropel group (yellow), SI group (green) and postsapropel group (blue). The pre-sapropel intervals subdivided into two subgroups at
similarity level of 35%. MDS stress = 0.17.
After that, it increases to be the dominant assemblage immediately below SI, and then
disappears abruptly at the onset of SI (10 ka BP). Conversely, C. pachydermus decreases
gradually showing a remarkable decline around 14.5-13 ka BP, then increases forming a broad
peak around 12.5-11.5 ka BP (the Younger Drays). After that, it disappears completely from
the rest of the core. G. orbicularis and M. ajfinis are also characteristic species for this
assemblage showing an increase in this interval over the interval below. U. mediterranea, B.
spathulata, Cibicides lobatulus, C. wuellerstorfi, B. albatrossi, Rosalina bradyi, C. carinata
and M. irregularis are also present in this assemblage as minor components. Total miliolids
represent about 15% of the total fauna of this assemblage.
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Figure 7.24. Benthic foraminiferal assemblages in core LC-21. The faunas are presented as percentages (%) against age.
This figure continues in the next two pages.
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Figure 7.24. Continued.
The H. elegans-G. altiformis-M. barleeanum assemblage and the accompanying fauna
disappear completely with the onset of SI at 10 ka BP and have been replaced completely by
the Chilostomella mediterranensis assemblage. The C. mediterranensis assemblage appears
at 10.5 ka BP and becomes the dominant and characteristic assemblage for SI (10-6 ka BP)
(Figure 7.24). Rutherfordoides rotundiformis, Cassidulinoides bradyi, Bolivina alata,
Golobulimina affinis and Bulimina costata are also characteristic fauna for this interval.
Bolivina seminuda, Nonion labradoricum, Cancris auriculus, Suggrunda eckisi and Bolivinita
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quadrilatera occur sporadically in this interval. None of these species occur outside SI. In the
interruption (light-coloured interval) of SI from 8.5 to 7.5 ka BP, the C. mediterranensis
assemblage continues throughout, but with high abundances of G. orbicularis, M. barleeanum
and M. affinis that reappear very rapidly in this interval. Spirillina vivipara, Patellina
corrugata, Comuspira planorbis, Bolivina albatrossi, Rosalina bradyi, Neoconorbina
terquemi, Hanzawia boueana, M. circularis and M. irregularis occur rarely in S1 (Figure
7.24). Total miliolids disappears only at two intervals in SI. One is around 9.5-8.5 ka BP and
the other is around 7.5-6.5 ka BP.
The C. mediterranensis assemblage ends at the top of S1 at 6 ka BP. At this age, the
Gyroidina s^.-Melonis sp. assemblage re-appears rapidly dominating the entire postsapropelic sediments (Figure 7.24). It represents more than 50% of the total fauna of this
interval. The Gyroidina sp.-Me/onw sp. assemblage shows the highest abundance immediately
above SI and then decreases reaching more or less a fairly stable abundance just before 4.5 ka
BP, and then continues to the Present. Neoconorbina terquemi, Rosalina bradyi, Robertina
translucens, Spirillina vivipara, Comuspira planorbis, Spirophthalmidium acutimargo, M.
subrotunda and M. irregularis occur throughout this assemblage. Total miliolids represents an
average of 10% of the total fauna of this assemblage, showing a prominent peak at 3 ka BP.
The Gyroidina s^.-Melonis sp. assemblage and the accompanying fauna disappear at the
Santorini ash layer (3.6 ka BP). The top part of this assemblage, from 3 ka BP to the Present,
is enriched by agglutinated forms such as Glomospira charoides, Ammoglobigerina
globigeriniformis and Trochamminopsis quadriloba. U. mediterranea also re-appears at the
top part of this interval at 1.5 ka BP.
7.4.3

Planktonic foraminifera

7.4.3.1 Planktonic foraminiferal density
Planktonic foraminiferal density in the interval of the glacial sediments (from the base of this
core to 16 ka BP) shows more or less stable values with an average of 900 specimens/g
(Figure 7.25). After that, it decreases slightly fluctuating around an average of 600
specimens/g throughout. It shows remarkable lowest values at the Younger Dryas (12.5-11.5
ka BP), the interval of the interruption (8.5-7.5 ka BP), the top part of SI (6.7-6 ka BP) and at
the Santorini ash layer (4-3 ka BP).
7.4.3.2 Planktonic foraminiferal species variations
Neogloboquadrina pachyderma is the dominant species in the interval from base of the core
to 16 ka BP (Figure 7.25). It shows a fairly stable values (35%) throughout this interval.
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G. ruber (18%), G. glutinata (16%), G. scitula (6%), G. bulloides (6%) and T. quinqueloba
also occur with stable values throughout this interval.
At 16 ka BP, N. pachyderma and G. scitula decrease gradually to disappear from the
rest of the core at ~11 ka BP and at 14 ka BP, respectively. At the same age, G. ruber (white)
increases and continues with fairly stable values until I l k a BP. G. bulloides also increases
and continues with fairly stable values to the Present. G. inflata appears throughout this
interval, displaying highest frequency (16%) at 13-12 ka BP and then disappears immediately
below SI. After that, G. ruber increases rapidly, showing highest frequency immediately
below S1 and continues to the Present with abundance of 50% of the total fauna.
With onset of SI at 10 ka BP, G. ruber (pink) and the SPRUDTS species (e.g. G.
rubescens, O. universa, G. sacculifer and G. siphonifera) appear/increase, showing maximum
frequencies through SI, and then decrease slightly continuing with stable values to the
Present.
G. inflata reappears displaying peaks of abundances at the interval of the interruption
(8.5-7.7 ka BP) and at the end of SI (6 ka BP). After that, it decreases gradually to disappear
at 5 ka BP.
7.4.4

Stable oxygen and carbon isotopes

S'^OG. ruber IS cnriched (+3.0%o) throughout the interval from the base of the core to 16 ka BP
(Figure 7.26). After that, it depletes (deviating from those of N. pachyderma and G. inflata)
displaying two major steps of depletion: one is at 16 ka BP (Tla), reaching +0.75%c and the
second is at 11 ka BP (Tib), reaching +0.0%o. 6'^OG. ruber shows the highest depletion through
SI and then becomes slightly heavier with values around +0.5%o, continuing to the Present.
values of N. pachyderma and G. inflata are enriched (+3.0%o) throughout the
interval from 16 to ~8 ka BP, displaying a very similar values to those of G. ruber in the
interval below SI (Figure 7.26). Then they deplete very rapidly reaching the present-day
values (+1-1.5%o) throughout the upper part of SI and the post-sapropel interval. 5^^0g.
sacculifer

IS depleted in comparison with those of the other species, showing values around

(+0.0-l%o) throughout. 6'^Oc

mediterranensis

valuc is around

+l.5%0.

6'^C values of G. ruber and G. inflata are more or less similar, displaying fairly stable
values (+0.5%o) throughout the interval below SI (Figure 7.27). At ~ I l k a BP, they deplete
rapidly showing the highest depletion (-0.5%o) through SI and then enrich slightly reaching
the present-day values immediately after SI.

pachyderma shows an enrichment at 8 ka (the
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values of some planktonic and benthic foraminiferal species (for names see

the legend) in core LC-21 plotted against age. Grey colour is SI and Tla and Tib are
indicated on the basis of the oxygen isotope stratigraphy.
interval of interruption) and then depletes very rapidly separating from those of G. ruber and
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values of some planktonic and benthic foraminiferal species (for names see

the legend) in core LC-21 plotted against age. Grey colour is SI and Tla and Tib are
indicated on the basis of the oxygen isotope stratigraphy.

7.5 Core LC-31
7.5.1

Lithology

Core LC-31 (Figure 7.2) consists mainly of yellowish brown hemipelagic mud. Between 165
and 145 cm, there is an admixture of coarse, glassy volcanic ash shards that might belong to
the Santorini ash layer Y-2 (Pichler and Friedrich, 1976; Keller et al., 1978; Narcisi and
Vezzoli, 1999) that is recorded in core LC-21 as well. At 118 cm, the brown colours change
into light grey hues, which gradationally darken into the dark olive colour of the sapropel at
98 cm. This dark olive layer (SI) continues to 72 cm to end at a sharp contact with the
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Figure 7.28. Grain size variations (weight %) and Planktonic:Benthic ratio (P:B ratio) in core LC-31.
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overlaying reddish to dark brown mud. The sapropel layer is interrupted between 85 and 80
cm by two light grey coloured layers. One of these layers does not cross the whole width of
the core (only half width of the core), and appears to be a minor slump. The top part of the
upper sapropel unit contains well-developed gypsum crystals. From 72 cm upward, the
sediments are characterised by a reddish brown colour, which gradually fades into yellowish
brown hemipelagic mud around 65 cm. No pteropod shells are recorded in this interval
although they are very abundant in S1 and common above. Planktonic foraminiferal shells of
this interval are sometimes coated with patches of pyrite or iron oxide crystals.
There are some variations in the sediment grain-size down the core (Figure 7.28). The
percentage of coarser materials (>150 j x m ) show peaks at 226 cm, above and below the
interval of interruption of SI, 40 cm and at the top of the core. The increased percentage of
coarser materials in SI seems to be related to the increased abundance of pteropod shells.
These variations seem to be result of normal sedimentation, rather than sediment transport.
There is no sign of turbidites are recorded throughout this core. The interruption of the
sapropel at 85-80 cm does not show any size variations.
7.5.2

Benthic foraminifera

7.5.2.1 Faunal density
Benthic foraminiferal density in core LC-31 is much lower than of those of cores SL-31, SLA9 and LC-21. It is very high in the pre-sapropel compared to the SI and post-sapropel
sediments (Figure 7.29). The density is low with an average of 10 specimens g ' in the interval
from the base of the core to 29 ka BP. Then, it increases showing high values (up to 30
specimen g ' ) around 28-25 ka BP. After that, it decreases sUghtly to more or less stable
values (15 specimens g"') through until 17 ka BP. Between 17 and 15 ka BP, the benthic
foraminiferal density is low with an average of 8 specimens g"\ then increases showing a peak
of abundance at 13 ka BP. From this age, it decreases gradually until it becomes very low
around 12-11 ka BP, then increases showing a peak of abundance immediately below SI. In
SI from 9.5 to 6 ka BP, the faunal density is very poor. It disappears completely from S l a t
two intervals. One is seen around 8.8-8 ka BP and the other around 7.5-6.5 ka BP. In the
entire post-sapropelic sediments, the benthic foraminiferal density is still very low with an
average of 4 specimens g"'.
7.5.2.2 Faunal diversity
Diversity indices (S, d and H") are generally low in core LC-31 compared with those of cores
SL-31, SLA-9 and LC-21, while, the equitability (70 of core LC-31 is generally higher. In the
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pre-sapropel sediments of core LC-31, S, d and H'scce quite high compared to those of SI and
the post-sapropel sediments (Figure 7.29). From the base of this core to 14 ka BP, they are
fairly stable with an average of 15, 4, and 2, respectively. After that, they decrease slightly
showing a decline around 12-10.5 ka BP. Within SI, the fauna disappears completely in two
intervals. One is around 8.8-8 ka BP and the other is around 7.5-6.5 ka BP. In the interruption
of SI (8.1-7.5 ka BP), the fauna increases rapidly showing normal diversity more or less
similar to that of the interval below SI. At the end of SI (6 ka BP), the diversities increase but
remain lower throughout the post-sapropel interval than the pre-sapropel interval. The
equitability (/O is fairly stable throughout the interval from the base of the core to 14 ka BP
with an average of 0.7. Thereafter, it increases showing the highest values with an average of
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Figure 7.29. Benthic foraminiferal diversity indices plotted against age in core LC-31. Core
log is indicated (hemipelagic mud is brown, ash admixture is white, light grey mud is
green, and SI is black). The oxidised part of SI is red.
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0.9 (sometimes it reaches the 1.0 value) throughout the interval from 14 ka BP to the Present.
It shows values of 0.0 within SI, as a result of the disappearance of benthic foraminifera.
7.5.2.3 Faunal assemblages
Cluster analyses of core LC-31 for both species and samples associations were found to be not
significant. This is likely to be related to the low number of benthic foraminifera found in this
core. Therefore, the assemblages obtained here are distinguished visually on the basis of
faunal break and by comparison with cores SL-31, SLA-9 and LC-21.
In the entire pre-sapropel interval from the base of the core to the onset of SI at 9.5 ka
BP, the Miliolinella irregularis-Cibicides pachydermus assemblage dominates the rest of the
fauna (Figure 7.30). Quinqueloculina lamarckiana and Cassidulina carinata are also
characteristic species for this interval. Total miliolids represents about 60% of the total fauna
of this assemblage. Articulina tubulosa, Bulimina inflata, Uvigerina peregrina, Pyrgo
murrhina, P. lucemula, Spirophthalmidium acutimargo and Glomospira charoides also occur
in this interval.
The M. irregularis-C. pachydermus assemblage is in fairly stable abundance showing
no remarkable variations below 15 ka BP. After that, C. pachydermus decreases gradually
reaching low abundance around 13.5-12 ka BP, then it increases rapidly showing a prominent
peak between 12-11 ka BP. It disappears at 11 ka BP and re-appears rapidly showing high
abundance immediately below SI, prior to disappearing with the onset of SI. C. pachydermus
in this core shows more or less a similar pattern to the same species in core LC-21.
At 15 ka BP, C. carinata starts to increase gradually reaching highest abundance
between 13.5-12 ka BP, then disappears rapidly from the rest of the core. At 12 ka BP,
Bulimina inflata, Uvigerina peregrina and Pyrgo murrhina disappear completely from the
core, while G. orbicularis appears. The lower boundary of the M. irregularis-C. pachydermus
assemblage is not present here in this core, while the upper boundary can be defined at the
entry of the Globobulimina affinis assemblage at the onset of SI at 9.5 ka BP (Figure 7.30).
The G. ajfinis assemblage occurs through SI (9.5-6 ka BP), which is very poor in fauna both
in terms of density and diversity. Presence of rare specimens of Chilostomella
mediterranensis, Rutherfordoides rotundiformis and B. costata are also characteristic fauna
for this assemblage. Most of the species that are recorded below SI re-appear in the interval of
interruption (8.1-7.5 ka BP).
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costata

The Gyroidina orbicularis-Articulina tubulosa assemblage starts at the end of the
oxidised part of SI at 6 ka BP (Figure 7.30). This assemblage dominates the entire postsapropelic sediments. From 4.5 ka BP to the Present, it is associated with high abundances of
agglutinated species such as Glomospira charoides, Ammolagena clavata, Ammoglobigerina
globigeriniformis, Rhabdammina abyssorum, Psammosphaera fusca and Lagenammina
laguncula.
7.5.3

Planktonic foraminifera

7.5.3.1 Planktonic foraminiferal density
Planktonic foraminiferal density is low in the interval below 30 ka BP. Then, it increases
reaching an average of 2300 specimens/g throughout the interval from 30 to -16 ka BP
(Figure 7.31). After that, it decreases to fairly stable values (800 specimens/g) throughout the
rest of the core. It shows only a peak of abundance (2000 specimens/g) at 6 ka BP.
7.5.3.2 Planktonic foraminiferal species variations
N. pachyderma (30%), G. scitula (10%), G. glutinata (10%), G. inflata (10%), and G.
bulloides (14%) are the dominant species throughout the interval from the base of the core
tol2 ka BP (Figure 7.31). T. quinqueloba also occurs throughout this interval, but it
decreases/disappears at ~16 ka BP. At 12 ka BP, N. pachyderma and G. scitula
decrease/disappear, while G. inflata increases rapidly showing a peak of abundance
immediately below SI. G. ruber also occurs throughout the pre-sapropelic sediments, except
at the basal part of the core, it disappears. At 16 ka BP, it increases reaching up to 60% of the
total fauna throughout the rest of the core. It shows the highest abundance (up to 80%)
through SI. At 12 ka BP, the SPRUDTS species (e.g. G. rubescens, O. universa, G. sacculifer
and G. siphonifera) appear/increase, showing highest frequencies through S1 and the postsapropelic sediments.
G. inflata reappears at the top part of SI and increases very rapidly showing a
prominent peak at 6 ka BP. After that, it decreases gradually and then disappears at 5 ka BP.
7.5.4

Stable oxygen and carbon isotopes

S'^Og. ruber IS enriched (+3%o) throughout the interval from the base of the core to 16 ka BP
(Tla), except at 34-30 ka BP, it depletes up to +1.75%o (Figure 7.32). At 16 ka BP (Tla), it
depletes gradually and with the onset of SI it jumps showing highest depletion ( - 0.75%o)
through SI. After that, it enriches reaching the present-day values.
ruber IS enrfched (+1.25%o) throughout the interval from the base of the core to
16 ka BP (Tla). After that, it depletes reaching highest depletion (+0.5%o) through SI. Then it
enriches reaching the present-day value (0.0%o).
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8. DISCUSSION
8.1 Relationship between benthic foraminifera and organic matter flux
and dissolved oxygen of deep-sea environment
From the base of the cores to 15.5 ka BP:
During these intervals, the benthic foraminifera show the highest abundances, compared with
the intervals above. It has been suggested that large standing stocks are related to the
abundance of food, while low standing stocks reflect low levels of food within the deep-sea
environment (e.g. Thiel, 1983; Altenbach and Samthein, 1989; Bemhard, 1992). Herguera
and Berger (1991) correlated surface paleoproductivity with the rate of accumulation of
benthic foraminifera on the deep-sea floor, suggesting that for each 1 mg of organic carbon
arriving at the sea floor, one benthic foraminiferal shell >150 um is deposited. The benthic
foraminiferal densities at shallower sites (SL-31 and SLA-9) are much higher than at the
deeper sites (LC-21 and LC-31). This finding suggest that shallower sites received more
organic matter than deeper sites during the deposition of this interval.
This general conclusion is also indicated by the individual taxa. The dominant taxa in
this interval are C. pachydermus, M. irregularis, C. carinata, Q. lamarckiana, B. spathulata
and U. peregrina. C. pachydermus and total miliolids (e.g. M. irregularis, Q. lamarckiana
and A tubulosa) are the dominant taxa in the deeper cores (LC-21 and LC-31). These taxa
today live mainly in epifaunal microhabitats, occupying the surficial sediments between 0 to
1 cm depth (Corliss, 1991; De Stigter et al., 1998; Mackensen and Douglas, 1989). Strong
presence of epifaunal taxa indicates a food-limiting environment with a high amount of
dissolved oxygen (Corliss and Chen, 1988; Corliss, 1991; Jorissen et al., 1995). These
habitats allow the faunas foraging at the surface, where labile organic matter is most
abundant (Corliss and Chen, 1988).
B. spathulata, U. peregrina and others (e.g. U. mediterranea, B. marginata and B.
inflata) are also characteristic to the interval from the base of the shallower cores (SL-31,
SLA-9 and LC-21) to 15.5 ka BP. They are absent completely from the deeper core (LC-31),
except for few occurrences of U. peregrina and B. inflata. These taxa today live in shallow
infaunal microhabitats (Barmawidjaja et al,, 1992; De Stigter et al., 1998; Corliss and Chen,
1988). Their association with the C. pachydermus, M. irregularis and C. carinata assemblage
in one ecosystem could indicate a considerable amount of organic matter from the surface
productivity reached the sea floor to allow the flourishing of both infaunal and epifaunal taxa.
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It is also suggested that presence of U. peregrina indicates highly ventilated deep-sea
environment with abundant organic matter (food) (Miller and Lohmann, 1982; Altenbach and
Samthein, 1989; Debenay and Redois, 1997). In the deeper core (LC-31), the infaunal
species are weakly represented in this interval, which is mainly dominated by the miliolids.
The dominance of miliolids with poverty in infaunal microhabitats in this interval of core
LC-31 would suggest that the deep-sea environments were highly ventilated with less food
for benthic foraminiferal community than observed in the shallower sites. These conditions in
the deep-sea environments are an extension of those in the surface water. During the interval
from the base of the cores to 15.5 ka BP, surface water planktonic foraminiferal species
consist mainly of cool/eutrophic water indicators such as N. pachyderma and T. quinqueloba.
In the same time, warm species G. ruber and SPRUDTS are absent or rarely represented
throughout.
dweller species

and
{N.

values of both shallow dweller species (G. ruber) and deep

pachyderma) are also very similar around

(+3%o)

throughout this interval,

indicating a homogenised water column. Therefore, cool surface water could enhance deep
convective mixing that led to better ventilation and high quality of food (labile organic
matter) for the epifaunal benthic foraminiferal species (C. pachydermus and miliolids) at the
sea floor.
In conclusion, during the deposition of this interval, the deep-sea environment was
very well ventilated with a considerable amount of food reaching the shallower sites. At the
deeper sites, ventilation was also strong, but less food reached the floor, as might be expected
with a normal depth-dependent decrease of the organic matter flux to the sea floor (De Rijk et
aL, 1999a).
From 15.5 to 1 Oka BP:
In this interval, there are many remarkable changes in the benthic foraminiferal ecosystem
across the studied cores. At the shallower sites (SL-31 and SLA-9), U. mediterranea, B.
inflata, G. orbicularis, G. altiformis and P. crustata become dominant during this interval,
while species such as B. spathulata, C. carinata, U. peregrina (only in SL-31), T. angulosa,
H. balthica and C. pachydermus decrease, showing lower frequencies than before. In core
LC-21, H. elegans, G. altiformis, G. orbicularis, M. ajfinis and M. barleeanum become
dominant during this interval, while C. pachydermus and total miliolids decrease and U.
peregrina, B. inflata, and B. marginata disappear. In core LC 31, C. pachydermus, M.
irregularis, and Q. lamarckiana show decreasing frequencies during this interval, but they
remain dominant. C. carinata, B. inflata, U. peregrina and P. murrhina disappear and are
replaced by low frequencies of G. orbicularis and Pyrgo lucemula. This spectrum of faunal
changes could be attributed to changes in the amount of organic matter (food) or changes in
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the amount of the dissolved oxygen of the ambient seawater, since they are the most
controlling factors on the benthic foraminiferal life on/in the deep-sea sediments (Miller and
Lohmann, 1982; Mackensen et al., 1985; Bemhard, 1986; Gooday, 1988; Altenbach and
Samthein, 1989; Corliss, 1991; Jorissen et al., 1992, 1995; Van der Zwaan and Jorissen,
1991; Barmawidjaja et al., 1992; De Stigter et al., 1998). Here, we are going to draw
evidence that these changes could be attributed to an increase of food availability under a
stratified water column that would have suppressed the ventilation process at the deep-sea
environment.
M. barleeanum and M affinis occur abundantly during this interval in core LC-21. M.
barleeanum today lives in intermediate infaunal microhabitats (Corliss, 1991). M. ajfinis, is
very similar morphologically to M. barleeanum and could occupy similar microhabitats. H.
elegans is also a dominant species during this interval in core LC-21. Studies of modem
microhabitats have found stained specimens of H. elegans down to 3 cm in the sediments
(Mackensen and Douglas, 1989), while Corliss (1985) reported that H. elegans may occupy
both epifaunal and infaunal microhabitats. Thus, dominance of intermediate infaunal taxa (M.
barleeanum and M. ajfinis) in this interval could suggest a first stage of eutrophication in the
deep-sea environment. Also, dominance of G. altiformis and G. orbicularis at the expense of
disappeared/decreased species (C. pachydermus, T. angulosa, H. balthica, C. carinata, B.
spathulata, U. peregrina, B. inflata, B. marginata and miliolids) especially in cores SL-31,
SLA-9 and LC-21 could indicate enhanced seasonal organic matter flux (food) during the
deposition of this interval. Their morphology is very similar to that of Epistominella exigua,
which is known as an opportunistic species in the Atlantic Ocean (Gooday, 1993). Therefore
G. altiformis and G. orbicularis could be equivalent opportunistic phytodetritus-feeders in
the deep environments of the Mediterranean (Jorissen, 1999; De Rijk et al., 1999a). The
enrichment of these species in this interval suggests a combination of abundant food
availability and sufficient oxygenation (Jorissen, 1999).
During this interval all shallow infaunal taxa (5. spathulata, U. peregrina, B.
marginata and B. inflata) are completely destroyed in cores LC-21 and LC-31. In core SL-31
and SLA-9, B. spathulata and U. peregrina (only in SL-31) decrease, while U. mediterranea,
B. marginata and B. inflata increase. The decrease/disappearance of these taxa during this
interval could not be explained as a result of development of oligotrophic conditions, because
they are accompanied by a decrease in C. pachydermus and miliolids. On the basis of the
'TROX' model (Jorissen et al., 1995), oligotrophic conditions (less food and high dissolved
oxygen) lead to an increase in the numbers of epifaunal habitats and decrease/disappearance
of shallow infaunal habitats. On contrary, eutrophication would lead to a decrease or
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disappearance of epifaunal habitats and an increase in the numbers of infaunal habitats. Our
results show decrease/disappearance of both epifaunal and infaunal habitats during this
interval that might suggest a decrease in the amount of the dissolved oxygen due to either
increased export production reaching the sea floor and/or reduced deep water ventilation.
Such increased export production is indicated from surface water planktonic foraminifera (N.
pachyderma). N. pachyderma dominates the planktonic foraminiferal assemblages especially
in the centre of the Aegean, suggesting an increase in the export production during this
interval (Rohling, 1994) and hence more organic flux to sea floor. For completion, when N.
pachyderma starts to decrease at 11.5 ka BP, many high fertility surface water species {T.
quinqueloba, G. glutinata and G. bulloides) (Hemleben et al., 1989; Pujol and VergnaudGrazzini, 1995) start to increase indicating the continuity of surface water productivity. In the
Mediterranean (cores LC-21 and LC-31), N. pachyderma starts to decrease at the beginning
of this interval (15.5-10 ka BP), but it has been replaced by fertile surface water species as
well such as G. inflata and G. bulloides (Pujol and Vergnaud-Grazzini, 1995). Reduced deepwater ventilation is evidenced from the establishment of the seasonal stratification. An
enhanced gradient between S^^Oc. ruber and 8^^0yv. pachyderma is recorded throughout this
interval, especially in cores SLA-9, LC-21 and LC-31, indicating the separation of surface
water from deep water. Therefore, increased export production accompanied with reduced
deep-water ventilation would have led to decreasing of oxygenation at the deep-sea
environment and hence disappearance of epifaunal taxa (e.g. C. pachydermus, H. balthica, T.
angulosa and miliolids) and as well as shallow infaunal taxa (e.g. B. spathulata, U.
peregrina, B. marginata and B. inflata).
Shallow infaunal assemblages {Bolivina dilatata, B. spathulata, Bulimina marginata
and Hopkinsina pacifica) on the shelf of the Adriatic Sea, which receive much more organic
matter, show their sensitivity to changes in the amount of dissolved oxygen due to
development of seasonal thermocline (Jorissen, 1988; Van Der Zwaan and Jorissen, 1991;
Barmawidjaja et al., 1992). They move up near the sediment surface (epifaunal life position)
in some months (October and December), while in other months (February) they move deep
in the sediment to infaunal life position. Therefore, we suggest that shallow infaunal taxa of
the 15.5-10 ka BP-interval moved to the surface seeking more dissolved oxygen, but they
couldn't return back to their habitats (as it indicated from their disappearance) and survive
much longer as a result of competition with more successful opportunistic species living on
the surface (G. orbicularis and G. altiformis). Moreover, C. pachydermus and miliolids
decrease could not suggest development of oligotrophic conditions (less food and high
dissolved oxygen) during this interval since they are being more abundant in the oligotrophic
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conditions as we suggested for the interval below in case of core LC-31. Miliolids are one of
the most important oxyphilic group in the eastern Mediterranean Sea (Van der Zwaan et al.,
in press). It varies linearly with the oxygen content at the sediment-water interface. Thus, its
decrease during this interval could be related to decrease in the amount of the dissolved
oxygen of the ambient seawater as a result of increasing of re-mineralisation that could not
appear in 5'^C values of both benthic and planktonic foraminifera. Many studies (Van
Straaten, 1972; Cita and Podenzani, 1980; Mullineaux and Lohmann, 1981; VismaraSchilling, 1984; Jorissen et al., 1993) have suggested also that changes in benthic
foraminiferal fauna preceding the deposition of the sapropels in the eastern Mediterranean
indicate a reduced deep water ventilation already before the deposition of the true sapropel.
In addition, Rohling et al. (1997) found high frequencies of Gyroidina orbicularis and
Bolivina spathulata below the sapropel SI in the Adriatic Sea, suggesting increasing fertility
and decreasing oxygenation of the benthic environment, which could reflect a first stage of
ecosystem enrichment.
In conclusion, the benthic foraminiferal community during 15.5-10 ka BP-interval
was controlled by the amount of dissolved oxygen rather than development of oligotrophy.
Increased seasonal organic matter flux accompanied with reduced deep-water ventilation led
to decreasing in the amount of the dissolved oxygen at the deep-sea environment and hence
disappearance of epifaunal taxa and as well as shallow infaunal taxa.
From 10 to 6 ka BP:
In this interval, all benthic foraminiferal taxa recorded in the interval below disappeared and
have been replaced by new ones (none of them found before) such as C. mediterranensis, G.
ajfinis, R. rotundiformis, Cassidulinoides bradyi, B. alata and B. costata. Today, all of these
species are found abundantly under low oxygen levels in sediments highly enriched in
organic matter (Boltovskoy and Wright, 1976; Corliss, 1985; Corliss and Chen, 1988; Alavi,
1988; Corliss, 1991; Nolet and Corliss, 1991; Jorissen, 1999; De Stigter, 1998; De Rijk et al.,
1999a), occupying deep infaunal habitats, often in completely anoxic conditions (Mackensen
and Douglas, 1989; Corliss and Emerson, 1990; Bemhard and Reimers, 1991; De Stigter et
al, 1998). Loubere (1997) argued that when bottom water oxygen concentrations are below 1
ml/L, the benthic foraminiferal communities are of low diversity and most shell production
occurs near the sediment-water interface. Therefore, the dominance of these deep infaunal
taxa within SI suggests severely dysoxic to intermittently anoxic conditions in the bottom
water of the Aegean and Levantine Seas, with entirely anoxic interstitial conditions forcing
any surviving benthic life to reside at the sediment water interface.
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The deep infaunal taxa in S1 interval are more diverse and abundant in shallower
cores (SL-31, SLA-9 and LC-21) than in the deeper core (LC 31), which could suggest that
limited oxygen recharge occurred at the shallower sites, while totally anoxic conditions
dominated the abyssal depths. The deep infaunal species-abundance increases slightly before
the onset of SI, overlapping with the other epifaunal and shallow infaunal species for about
300 to 500 calendar years in cores SL-31 and LC-21 and for about 1000 calendar years in
core SLA-9. Then, they replace both shallow infaunal and epifaunal species, when an
extreme oxygen deficiency occurs up to the sediment surface, indicating a very stable water
column with complete bottom water stagnation, presumably due to salinity stratification in
the deeper parts of the basin through SI (Jorissen, 1999). This bottom water stagnation
prevailed during SI formation, but was interrupted by rapid oxygenation between 8.5 and 7.5
ka BP as indicated from the presence of high numbers of G. orbicularis with the deep
infaunal taxa, especially in core LC-21. G. orbicularis is an epifaunal opportunistic species
so it can reproduce very rapidly in a newly formed environment with sufficient food
availability and high oxygenation (Jorissen, 1999).
The bottom water stagnation during SI formation is also signalled by the 5^^C values
of both benthic and planktonic foraminiferal species. 6^^C values of benthic foraminifera (G.
ajfinis, C. mediterranensis, B. marginata and U. peregrina) and N. pachyderma (a deep
dwelling planktonic foraminiferal species) show more depleted 5^^C values than G. ruber
(surface dwelling species), although even G. ruber shows some 6'^C depletion. These
findings could suggest that deep and intermediate waters are stagnant, so that remineralisation produced enhanced depletion of 5^^C, while the milder surface water 5^^C
depletion reflects an enhanced influx of fresh water of continental origin enriched in ^^C
(Vergnaud-Grazzini et al., 1986; Fontugne and Calvert, 1992; Aksu et al., 1995). 5'^OG. ruber
also reflects an enhanced influx of fresh water during SI formation. It is quite well separated
from

pachydenna, showing the highest depletion values through SI interval. This indicates

that surface water was entirely separated from the intermediate water and receiving a
depleted 5^^0-fresh water influx (Cita et al., 1977; Vergnaud-Grazzini et al., 1977; Muerdter
and Kennett, 1984; Thunell and Williams, 1989). Also, the dominance of T. quinqueloba and
G. bulloides may indicate fresh-water related eutrophication during SI formation (Rohling et
al., 1997).
Therefore, we can conclude that dominance of deep infaunal species indicate
dysoxic/anoxic conditions at bottom waters induced as result of deposition of organic matter
in a very poorly ventilated, well-stratified water column.
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From 6.0 ka BP to the Present:
Immediately above SI, the species {Gyroidina sp., Melonis sp., U. mediterranea, P. crustata,
B. nodosaria and A. tubulosa) that also characterise the "15.5-10 ka BP"-interval re-appear
rapidly, replacing the C. mediterranensis and G. ajfinis assemblages, and continuing with
high frequencies to the Present. Gyroidina sp. shows only a small decrease, reaching fairly
stable abundances around 5.0 ka BP. These findings indicate a rapid oxygenation of bottom
waters while the nutrients (food) conditions remained very rich at the sea floor sediments
through 6-5 ka BP-interval. Therefore, this opportunistic taxon profits from its high
reproductive potential (Jorissen, 1999) within the ecosystem that was emptied by the anoxia
from species such as H. elegans, C. pachydermus, M. irregularis, C. carinata, U. peregrina,
B. inflata, U. mediterranea, B. marginata, B. spathulata, P. murrhina, Q. lamarckiana and
other miliolids. Some of these species re-appear very late around 5.0 ka BP especially in core
SL-31. Also, the planktonic species G. inflata returns to the surface water very rapidly at the
end of SI, showing peak of abundances at 6 ka BP, indicating vertical mixing that probably
lead to instantaneous re-oxygenation of bottom waters. Thereafter, it decreases gradually
disappearing at 5 ka BP.
After the deep-sea environment became oxygenated as indicated from the return of
these opportunistic epifaunal species, the benthic foraminiferal density and diversity
throughout this interval remained much lower than below SI. This could suggest that the
deep-sea environment after SI to the Present was not similar to that prior to SI, possibly
because it receives only a very limited organic matter flux from surface water productivity as
indicated by the dominance of ohgotrophic planktonic foraminiferal species (G. ruber and
SPRUDTS).

and

gradients in the post sapropelic sediments between shallow

dwelling planktonic species (G. ruber) and deep dwelling planktonic species {N.
pachyderma) and benthic species {B. marginata) are more or less similar to those of SI. This
leads us to speculate that the difference between SI and post-sapropelic sediments is only the
absence of nutrient flux, leading to oligotrophic conditions in the basin. During SI interval,
the bottom water was stagnant as result of deposition of organic matter in a very poorly
ventilated, well-stratified water column. The stratification reached during the SI interval (as
indicated from

values of G. ruber and N. pachyderma) does not show a big difference

from those of the post-sapropel interval. Therefore, we argue that absence of efficient surface
water primary productivity initiated by fresh water inputs as it was during SI, would have led
to shortage in nutrients (food) for benthic foraminiferal community during the deposition of
post-sapropelic sediments. These oligotrophic conditions are much stronger in the deeper
cores than the shallow ones, as indicated by the number of repopulating taxa in each core.
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In the top part of this interval, the Glomospira charoides assemblages appear. Their
exclusive occurrence in this specific part of the cores would not indicate a repopulating event
since they have agglutinated tests with chitinous cement that will fall apart with increasing
time. Thus, their occurrences in the top part of 6 ka BP to the Present-interval indicate
preservation.
In conclusion, immediately after SI formation, rapid oxygenation occurred at bottom
water as indicated from the rapid return of the benthic fauna (repopulating taxa), with
oligotrophic conditions throughout the 6 ka BP to the Present-interval. These oligotrophic
conditions are much stronger at the deeper sites than at the shallow ones.

8.2 Benthic foraminiferal community structure
8.2.1

Faunal diversity change with water depth

The cores SLA-9, SL-31, LC-21 and LC-31 form a depth-transect passing from 260/430 to
2300 m water depth. Faunal diversities in cores SLA-9, SL-31, LC-21 and LC-31 generally
decrease progressively with increasing water depth. The number of species (5) in the presapropelic sediments averages 35,65, 40 and 15, while in the post-sapropehc sediments are
average 35,35, 13 and 6, respectively. Also, this progressive decrease of faunal diversities
with increasing water depth is indicated by the Shannon-Weaver diversity index {H^ and
Margalef's index {d). This trend among the studied cores is comparable with the benthic
foraminiferal density, which decrease as well with increasing water depth. This finding
differs from observations in the world ocean. In the open ocean (Atlantic and Pacific), high
diversities are a remarkable feature for the abyss (Hessler and Sanders, 1967; Buzas and
Gibson, 1969; Gooday, 1986), and there is a distinct increase of species diversity with depth.
This high deep-sea diversity in the open ocean has been explained by the "stability
hypothesis" (Sanders, 1968); environmental stabiUty causes community stabihty and then
results in high diversity. The ocean floor below 1000 m is a remarkably constant with
extraordinarily slow presumably steady rates, therefore benthic foraminifera at the abyss live
in rather constant environment. These conditions allow the ecosystem to utihse the resources
more efficiently and equally, so equilibrium dynamic dominates the ecological processes,
leading to highly diverse communities on the deep-sea floor (Smith, 1994). To achieve
complex organisation and thus high diversity would require a considerable period of
environmental stability (Buzas and Gibson, 1969).
The low diversity recorded in the deep-sea environment of the eastern Mediterranean
would suggest that this deep-sea environment suffered more environmental disturbances than
that in the open ocean. The repeated deposition of organic-rich layers (sapropels)
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demonstrates that these disturbances likely considered of persistent anoxia, since benthic
foraminifera hardly ever survived through these episodes (Kidd et al., 1978). Another factor
that could explain the low density and diversity on deep-sea environment of the eastern
Mediterranean, is the amount of food availability. In the present study, the shallower sites
(SLA-9 and SL-31) that have high faunal density yield high faunal diversity, while the deeper
sites (LC-21 and LC-31) that have low faunal density yield low faunal diversity. Valentine
(1971) suggested that the food availability (resource regime) is faunal density-dependant
factor and hence can play important roles in regulating species diversity within ecosystem.
Thus, high faunal density indicates high amount of food availability and vice versa. However,
too much food for the benthic community can lead to decreasing of faunal density and
diversity as it is recorded during the sapropels (Kidd et al., 1978; Cita and Podenzani, 1980;
Mullineaux and Lohmann, 1981; Nolet and Corliss, 1990; Lander Rasmussen, 1991;
Vismara-Schilling and Coulboum, 1991). On a wider scale, the present-day eastern
Mediterranean is characterised by having less abundant and diverse fauna than the western
Mediterranean (Cita and Zocchi, 1978; De Rijk et al., 1999a). This is because the sea floor of
the eastern Mediterranean receives less organic matter (food) from the surface water primary
productivity than the sea floor of the western Mediterranean (Antoine et al., 1995). De Rijk et
al. (2000) demonstrated that many taxa disappeared from the deep-sea of the eastern
Mediterranean as a result of their migration towards shallower depths seeking food resources,
and as consequences the faunal density and diversity decrease at the abyss of the eastern
Mediterranean. Therefore, low faunal density/diversity recorded at the deeper sites of the
eastern Mediterranean could be related to the less amount of organic matter flux received
from surface water productivity.
In conclusion, the environmental disturbances such as repeated deposition of organicrich layers (sapropels) and amount of food availability could be prime factors controlling the
benthic foraminiferal density and diversity on the sea floor of the eastern Mediterranean.
8.2.2

Faunal diversity change with time

Our results show that the pre-sapropelic sediments, especially the glacial interval (from the
base of the cores to 15.5 ka BP), generally hold more diverse and abundant faunas than the
sapropel and post-sapropelic intervals. These high diversities could suggest that the benthic
foraminiferal community during the deposition of the pre-sapropelic sediments were
dominated by more stable environment with a stable food supply than during the deposition
of the sapropel and post-sapropelic sediments. Increased rates of oceanic turnover should
prevent the development of extremely eutrophic or extremely oligotrophic conditions,
causing a trophic resource continuum that permits a higher degree of specialisation and
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therefore a higher diversity (Hallock, 1987). Valentine (1971) pointed out that resourceunstable environments favour generalised, inefficient populations and result in low diversity,
while resource-stable environments favour specialised, efficient populations that result in
high diversity. High diversity means that the communities utilise all available resources to
support a maximum number of species. A similar result has been found in the deep-sea of the
NE Atlantic today, which shows high species richness and low dominance values, reflecting
normal, well oxygenated bottom water (Gooday et al., 1998). Therefore, presence of high S,
//'and /'during the glacial intervals of the studied cores could indicate normal, stable
environment with a stable food supply for the benthic foraminifera on the sea floor of the
eastern Mediterranean.
During the 15.5-10 ka BP-interval of cores SL-31, LC-21 and LC-31, the //'and its
components (S and /") show remarkable changes. The / / ' a n d its components (5 and /O show
no remarkable changes during this interval in cores SLA-9. They show only a decrease just
below the sapropel layer. In cores SL-31 and LC-31, / / ' a n d S decrease and /'increase
towards SI. In core LC-21, both //'and its components (S and /O show a decrease during this
interval. The equitability ( / ' ) is dependent on //'and 5, measuring how the species are
evenly distributed among the other species in an ecosystem. It is also in an opposite
relationship with dominance. High /'indicates that all the species in a sample are nearly
equally distributed (low dominance) and hence none of these species dominates the others,
while low /'indicates that few species dominate (high dominance) many other species. In
general, /'values among the studied cores increase progressively with increasing water depth
in the eastern Mediterranean, which means that in the deepest part of eastern Mediterranean
few species dominate many other species occurring with low abundances.
Immediately below SI in core SL-31 and LC-31, /'tends to increase, while //'and S
decrease towards SI, indicating a tendency to more equally distributed fauna during this
interval than below. In core SL-31, many species (B. spathulata, C. carinata, U. peregrina
and C. pachydermus) decrease during this interval, but none of them completely disappear.
At the same time, many species {U. mediterranean B. inflata, B. nodosaria, P. crustata, G.
orbicularis and G. altiformis) enter this environment with high frequencies. In core LC-31,
the species decrease and even some of them disappear, while only one species (G.
orbicularis) enters the environment. None of these species overwhelmingly dominates the
others, resulting in an increase in / ' i n the interval immediately below SI in both cores SL-31
and LC-31.
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S and / ' s h o w a remarkable decrease in the interval between 15.5

ka BP to the onset of SI. Low /'associated with low / / ' a n d 5 is a characteristic feature in
early succession ecosystem or in ecosystem containing opportunistic species (Kricher, 1972).
During this interval, species such as C. pachydermus, U. mediterranea and B. spathulata
decrease and species such as U. peregrina B. inflata and B. marginata disappear. At the same
time, species such as H. elegans, G. altiformis, G. orbicularis M. barleeanum increase with
very high frequencies. During this interval only M. affinis enters this environment. Therefore,
low /'during this interval is possibly related to the presence of H. elegans, G. altiformis, G.
orbicularis and M. barleeanum with very high frequencies. Such species occur in the interval
from the base of the core to 15.5 ka BP with very low frequencies where many other species
occur. During the 15.5-10 ka BP-interval, they increase showing high frequencies, leading to
decrease in the /'. G. altiformis and G. orbicularis are important opportunistic species in the
present-day eastern Mediterranean (De Rijk et al., 1999a). Thus opportunistic species are
able to take advantage of a temporary and rapidly changing ecosystem, exploiting the
phytodetritus reaching the sea floor and reproducing very rapidly (Gooday, 1999). The
presence of opportunistic species has been interpreted as an indication that there is an
intensive seasonal pulse of food supply to the sea floor in the Atlantic Ocean (Gooday, 1999).
Hallock (1987) mentioned that relatively few opportunistic species, with highly variable
numbers of individuals, are typical of fluctuating environments.
At the basal part of SI (10-8 ka BP) in cores SLA-9 and SL-31, the diversity indices
(//' S and /O decrease. This means that dominance increases, where only two species (G.
affinis and C. mediterranensis) overwhelmingly dominate the rest of the fauna. Similar
conditions to those of this interval have been recorded under oxygen minimum zones (OMZ)
in the modem open ocean (Sen Gupta and Machain-Castillo, 1993; Bemhard, et al., 1997;
Gooday et al., 1998; Gooday, 1999). These studies reported that under dysoxic conditions or
within oxygen minimum zones (OMZ), where oxygen levels fall below 0.3 ml/1, few species
have been recorded with very high dominance values. Throughout the entire SI of cores LC21 and LC-31, / / ' a n d S are very low, while /'reaches maximum values. This high value of
/ ' accompanied with very low / / ' a n d S, is a result of the presence of few species with nearly
equal distribution. It seems that the anoxia associated with SI exterminates many taxa,
leaving only to survive the low-oxygen tolerant taxa (e.g. C. mediterranensis, G. affinis, R.
rotundiformis, Cassidulinoides bradyi, B. alata and B. costata). Several studies have
suggested that a higher degree of eutrophication promotes low diversity, while oligotrophic
conditions promote high diversity (Levinton, 1970; Hallock, 1987; Ottens and Nederbragt,
1991). Also, the degree of organisation, diversity and biotic stability of a community are
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directly proportional to the age of the community and their habitats, but inversely
proportional to the degree of physiological stress (Levinton, 1970). Therefore, the presence
of few low oxygen tolerant taxa, resulting in very low H\ S and low/high

is possibly due

to the eutrophication developed during SI formation between 10 and 6 ka BP.
In the 6 ka to the Present-interval, the faunal densities and diversities are still low
with high equitabihties. High equitability with low species richness indicates that a few
species are equally utilizing the habitat resources. The recorded faunas during this interval
comprise mainly epifaunal and shallow infaunal species that require high levels of dissolved
oxygen. A combination of such low diversities with highly oxygenated bottom water
indicates oligotrophic conditions. These oligotrophic conditions are supposed to increase the
faunal diversity during this interval. Huston (1979) and Hallock (1987) suggested that low
availability of basic nutrients would be expected to reduce growth rates in communities of
organisms requiring these nutrients and result in higher diversity than in a similar situation
with high nutrient availability. So, why could oligotrophic conditions not promote high
diversities during the interval from the end of SI to the Present? The age of benthic
foraminiferal community and their habitats could not explain the persistence of low diversity
throughout the post-sapropelic sediments in the eastern Mediterranean. About 6 kyr elapsed
since the cessation of S1 formation and still the faunas recorded at 6 ka BP are the same as
today. Increasing the age of benthic foraminiferal community and their habitats make the
community evolve into a set of species that are biologically accommodated, and as a
consequence diversity increases (Sanders, 1968; Valentine, 1973; Huston, 1979; Dodd and
Stanton, 1981). Therefore, we argue that presence of low diversities throughout the postsapropelic sediments could be not only related to the presence of poor nutrients, but also to
an environmental instability that would create an instability in the food regime to benthic
foraminiferal community on the seafloor. Such conditions are in favour of the opportunistic
species only such as G. orbicularis, G. altiformis and A. tubulosa especially in deeper cores
(LC-21 and LC-31). Today, in order to promote high diversity in the deep-sea of the eastern
Mediterranean, the environment should receive a stable and regular food supply throughout
the year as our reconstruction suggests for the glacial interval.
In conclusion, high S, H'md / ' a s they were during the glacial intervals (from the
base of the cores to 15.5 ka BP) would indicate normal, stable environment with a stable food
supply for the benthic foraminifera on the sea floor of the eastern Mediterranean. Low/high
equitability associated with low S and i/'would indicate fluctuating environments dominated
by opportunistic species typical for the interval from 15.5 ka BP to the Present.
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8.3 Implications for benthic foraminiferal microhabitat preferences
In the present study, benthic foraminiferal microhabitats have been determined on the basis
of comparison with the same Rose Bengal stained ones (Appendix A). From the base of the
cores SLA-9, SL-31 and LC-21 to 15.5 ka BP, the predominant taxa are epifaunal and
shallow infaunal (Figures 8.1-8.3), while in the same interval of core LC-31 the predominant
taxa are epifaunal (Figure 8.4). This could suggest that the faunal penetration depth into the
sediments during this interval mostly did not exceed 2-cm depth at the shallower cores (SLA9, SL-31 and LC-21), while at the deeper core (LC-31) it was mostly confined to the top 1cm depth. The benthic foraminiferal penetration depth into the sediments is controlled by the
food availability and the amount of dissolved oxygen in the ambient seawater (Corliss and
Chen, 1988; Corliss and Emerson, 1990; Corliss, 1991; Jorissen et al., 1995). The numbers of
individuals and species in both epifaunal and shallow infaunal habitats vary from shallower
sites into deeper sites. The total numbers of individuals and species of shallow infaunal
habitats decrease with increasing water depth. In an opposite way, the total numbers of
individuals and species of epifaunal habitats increase with increasing water depth
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Figure 8.1. Cumulative percentages of epifaunal and infaunal taxa in core SLA-9. Unknown
habitats and miscellaneous species are not presented here. Core lithology is indicated in
Figure 7.2.
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Figure 8.2. Cumulative percentages of epifaunal and infaunal taxa in core SL-31. Unknown
habitats and miscellaneous species are not presented here. Core lithology is indicated in
Figure 7.2.
(Figures 8.1-8.4). These findings could suggest that the shallower sites received more organic
matter during the deposition of the pre-sapropel interval than the deeper sites. Similar results
have been found in the present-day Adriatic Sea (De Stigter et al., 1998). They found that
total numbers of deposit-feeding foraminifera (infauna) decrease in a fairly regular manner
with increasing water depth and distance from land, probably as a consequence of a
decreasing flux of organic matter. So, water-depth effect is maintained in the eastern
Mediterranean through time, showing its effect on the benthic foraminiferal habitats in the
-30-15.5 ka BP-interval as it shows today.
From 15.5 ka BP to the onset of SI (10 ka BP), shallow infaunal taxa decrease or
disappear in cores LC-21 and LC-31, and have been replaced by the intermediate infaunal
taxa only at core LC-21 (Figure 8.3). They increase in core SL-31 and start to decrease just
below SI similar to those in core SLA-9 (Figures 8.1-8.2). These findings could suggest that
there is a progressive increase in the eutrophication towards SI. At core LC-31, one might
suggest that there is a strong oligotrophic condition during this interval, based on a decrease
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Figure 8.3. Cumulative percentages of epifaunal and infaunal taxa in core LC-21. Unknown
habitats and miscellaneous species are not presented here. Core lithology is indicated in
Figure 7.2.
of both epifaunal and shallow infaunal taxa, but this seems rather unlikely in view of the
development of eutrophic conditions on the shelf. We argue that increasing eutrophication on
the shelf coupled with progressive stratification of the water column led to a decline in the
ventilation /oxygenation of the deepest parts of the basin.
Through SI, deep infaunal taxa are the dominant ones. They are commonly associated
with epifaunal and shallow infaunal taxa in the shallower sites, but less so in the deeper sites,
indicating that the amount of dissolved oxygen in the pore waters was higher at the shallow
sites than at the deeper sites. This also could suggest niches of the fauna in the shallower sites
are thicker than in the deeper sites. 5^^C values of B. marginata, G. qffinis and C.
mediterranensis of core SL-31 are separated from each other, suggesting different levels in
the sediments (or different offsets for disequilibrium?), since the deeper habitats are known to
yield more depleted 6'^C values than the shallower ones (Berger and Vincent, 1986; Gooday,
1988; McCorkle et al., 1990).
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Figure 8.4. Cumulative percentages of epifaunal and infaunal taxa in core LC-31. Unknown
habitats and miscellaneous species are not presented here. The data Core lithology is
indicated in Figure 7.2.
Deep infaunal taxa mostly occur in SI interval of the studied cores. They started to
appear before the onset of SI by about 1000 kyr in core SLA-9 and by about 300 to 500 kyr
in cores SL-31 and LC-21, likely indicating expansion in their bathymetrical ranges (Jorissen,
1999) and then colonising the newly formed habitats (organic-rich sediments). Deep infaunal
taxa possibly started to build their niches gradually in the organic-rich sediments, rather than
to penetrate down in more clastic-rich sediments. They always live in the organic-rich
sediments of the present-day ocean floor (e.g. Corliss, 1985; Mackensen and Douglas, 1989;
CorHss and Emerson, 1990; Bemhard and Reimers, 1991; De Stigter et al, 1998; De Rijk et
al., 1999a and 2000). So, their first appearance could indicate an actual environmental change
causing the deposition of the deep infaunal taxa simultaneously with the ambient sediments
Above S1 to the Present, the epifaunal taxa are the most successful faunal elements at
the deeper sites (LC-21 and LC-31) (Figures 8.3-8.4), indicating that most of the fauna live
on/in the upper 1-cm of the sea floor sediments. This reflects strongly oligotrophic conditions
in the deep-sea environments of the eastern Mediterranean, but less so in the shallower ones
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(SL-31 and SLA-9) (Figures 8.1-8.2) where the epifaunal taxa are associated with high
numbers of the shallow infaunal taxa.

8.4 Colonisation of benthic foraminifera to the intervals immediately
below, within and above SI
Immediately below SI in the studied cores, there are many species that increase rapidly in
numbers (e.g. G. altiformis, G. orbicularis, H. elegans, U. mediterranea, B. nodosaria, P.
crustata, M. barleeanum and M. ajfinis) at the expense of other species (e.g. C. pachydermus,
H. balthica, B. spathulata, C. carinata, T. angulosa and miliolids). In the aftermath of SI
formation, G. altiformis, G. orbicularis, U. mediterranea, B. nodosaria, P. crustata, M.
barleeanum and M. affinis return also very rapidly to be the dominant taxa through the postsapropelic sediments. G. orbicularis, M. barleeanum and M. affinis are the only species that
managed to colonise the interval of interruption of SI in core LC-21. Their colonisation to
the interval immediately below SI is considered as result of deteriorating event, while their
rapid return to the intervals within and immediately above SI is considered as a result of
repopulation in an improving environment (Vismara Schilling, 1984)
Among of the above mentioned species G. orbicularis and G. altiformis are known as
opportunistic species in the Mediterranean (Jorissen, 1999; De Rijk et al., 1999a). They had
no ability to show high frequencies during the glacial period of these cores. Immediately
below SI, they may have become more abundant as a result of high food availability on the
sea floor and disappearance of some other taxa (Jorissen, 1987). With onset of SI, they
disappeared completely and have been replaced by very low oxygen tolerant species such as
G. affinis and C. mediterranensis. This indicates that G. orbicularis and G. altiformis are less
tolerant for an environmental stress (low dissolved oxygen) than G. affinis and C.
mediterranensis. Slobodkin (1968) suggested that in a highly stressed environment, there is
often no mechanism of escape from death other than chance. Therefore, the highest tolerance
faunas have the ability to increase without regard to the environmental stress that initially
depleted the population. Also, the highest tolerance faunas are able to react with the
environmental stress by adapting their morphology (Jorissen, 1987).
The abundances of the colonising/recolonising taxa (especially the opportunistic
species such as G. orbicularis and G. altiformis) vary from core to another, comparing with
the associated fauna in the same core. These unequal abundances of the same species among
the studied cores could be related to a bathymetrical influence. Each of the benthic
foraminiferal species is known to have a certain water-depth range on the sea floor of a
certain basin. Therefore, it is probable that the species will be more abundant at the middle of
its water-depth range than somewhere else.
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The recolonising taxa in cores LC-21 and LC-31 do not appear simultaneously
immediately above SI. In core LC-21, G. orbicularis re-colonises first, then followed by M.
affinis, G. altiformis, and later by M. barleeanum. In core LC-31, G. orbicularis re-colonises
before A. tubulosa. These species restarted their journey to re-colonise the deep-sea
environment from shallower depths, which were not subjected to the anoxic conditions of SI
(Cita and Podenzani, 1980). Therefore, we assume that species with shallower upper waterdepth limits will repopulate first, while species with deeper upper water-depth limits will
repopulate later. At present, G. orbicularis has water depth limits between 100 and 2800 m,
showing highest frequencies below 600 m in the whole Mediterranean (Cita and Zocchi,
1978; De Rijk et al., 1999a). G. altiformis is found abundant in the eastern Mediterranean
with water depth limit between 200 and 2500 m, while in the western Mediterranean, it is
common at 2500-4000 m. A. tubulosa is a remarkably deep-water species in the present
Mediterranean Sea with highest frequencies below 3000 m water depth (Parker (1958).
Therefore, the differences in the timing of recolonization of G. orbicularis, M. affinis, G.
altiformis, M. barleeanum and A. tubulosa in cores LC-21 and LC-31 could be related to their
water-depth ranges differences. This may determine how many years elapsed until the normal
oxygenation returned to the bottom water of eastern Mediterranean that is estimated around
500 years.

8.5 Benthic foraminiferal composition of the interruption of SI
The dark olive coloured sapropel S1 has been interrupted by a grey light interval, especially
in cores LC-21 and LC-31. This interval in core LC-21 contains a specific faunal
composition that is completely different from that recorded above or below SI, indicating a
genuine origin for these taxa (in situ environment). This conclusion can be highlighted by the
faunal composition around and within SI as follows:
1) C. pachydermus, U. mediterranea, B. spathulata, H. elegans, B. albatrossi, C. carinata,
C. crassa, C. wuellerstorfi, Siphotextularia concava and Cruciloculina triangularis
dominate the sediments immediately below the sapropel, thereafter disappear completely
from the sapropel SI and post-sapropel sediments.
2) G. altiformis and C. lobatulus occur abundantly below/above SI, but not within SI.
3) G. orbicularis shows the highest relative abundance (up to 70 %) only in the interruption.
These findings indicate that G. orbicularis (M. barlaeenum and M. affinis) re-colonised the
deep-sea environment as result of re-oxygenation of the deep-sea environment.
The faunal composition of the interval of interruption in core LC-31 carries the
signature of the faunal composition also present below the sapropel layer. A slump has been
recorded around the interval of the interruption in core LC-31. This slump could be
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responsible for the addition of older foraminifera to this interval. This is also indicated from
the radiocarbon dating of this interval, which gives an older age for the interruption than the
sediments below. Therefore, we are not sure whether the benthic foraminiferal association of
this interval in core LC-31 is genuine.

8.6 Benthic foraminifera and the Younger Dry as
During the Younger Dryas between 12.5 and 11.5 ka BP especially in SL-31 and LC-21, G.
orbicularis, G. altiformis, H. elegans, M. ajfinis, M. barleeanum, B. nodosaria and P.
crustata decrease, while C. pachyclermus and M. irregularis increase, returning more or less
to the glacial frequencies. C. pachydermus is living today with epifaunal microhabitats,
occupying the surficial sediments between 0 to 1 cm depth (Corliss, 1991; De Stigter et al.,
1998; Mackensen and Douglas, 1989) and it is more abundant during the glacial intervals of
these cores. During the glacial intervals of these cores the water column was homogenised
consisting of a single unit as indicated from the

and

values of both benthic and

planktonic foraminifera. This means that the circulation was enhanced, leading to good
ventilation at bottom water and mixing the organic matter so it could reach the benthic
foraminifera equally throughout the year. These conditions are in favour of the epifaunal taxa
such as C. pachydermus that forages at the surface, where labile organic matter is most
abundant (Corliss and Chen, 1988). In the 15.5-10 ka BP-interval, G. orbicularis, G.
altiformis, H. elegans, M. ajfinis, M. barleeanum, B. nodosaria and P. crustata show high
frequencies throughout, but they decrease in the Younger Dryas interval (12.5-11.5 ka BP)
showing very low frequencies. At the same time (12.5-11.5 ka BP), C. pachydermus andM.
irregularis increase, returning more or less to the glacial frequencies. This leads us to suggest
that well mixed water column throughout the year and as consequence regular food supply
are in favour of C. pachydermus and not in favour of species such as G. orbicularis and G.
altiformis that probably like pulsed food supply conditions.
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CONCLUSIONS AND FUTURE WORK
During the deposition of the -30-15.5 ka BP-interval, the presence of high faunal densities
and diversities dominated by the epifaunal taxa (e.g. C. pachydermus and miliolids) and
shallow infaunal taxa (e. g. U. peregrina and B. spathulata) suggests that deep-sea
environments were very well ventilated with normal, stable environments and with stable,
enough food supply for the benthic foraminifera on the sea floor. This food supply was
higher at the shallower sites than at the deeper sites, as might be expected with a normal
depth-dependent decrease of the organic matter flux to the sea floor.
During the 15.5-10 ka BP-interval, the decrease/disappearance of both epifaunal and
shallow infaunal taxa and their replacement with more opportunistic taxa (e.g. G. orbicularis
and G. altiformis) would suggest that the deep-sea environments were controlled by the
amount of the dissolved oxygen rather than the development of oligotrophic conditions.
Intensive seasonal pulse of food supply to the sea floor accompanied with reduced deepwater ventilation led to a decrease in the amount of dissolved oxygen at the deep-sea
environment and hence disappearance of epifaunal taxa and as well as shallow infaunal taxa.
This seasonal pulse of food supply was in favour of the opportunistic species (G. altiformis
and G. orbicularis) that are adapted for typical fluctuating environments. These findings need
to be tested in the future by studying the >63 and >125 sediment fractions to see if there is a
high reproduction of these species that could indicate the opportunistic behaviour of these
species due to seasonal organic matter flux.
Si interval (10-6 ka BP) was deposited under dysoxic/anoxic bottom water condition,
as indicated from the dominance of deep infaunal taxa (G. affinis and C. mediterranensis).
These dysoxic/anoxic conditions resulted from the deposition of organic matter in a very
poorly ventilated, well-stratified water column. Stratification of the water column during this
time would have been induced by the warming of surface water and high influx of freshwater
as indicated from the planktonic foraminiferal species abundances and their

and 6'^C

values. Deep infaunal taxa in the SI interval are more diverse and abundant at shallower sites
than at the deeper sites which could suggest that limited oxygen recharge occurred at the
shallower sites, while totally anoxic conditions dominated the abyssal depths.
During the 6 ka BP to the Present-interval, a very weak seasonal flux of nutrients
dominated the sea floor, resulting in oligotrophic conditions that were much stronger at the
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deeper sites than at the shallow ones. This seasonal pulse of food supply created instability in
the food regime to benthic foraminiferal community on the seafloor, resulting in the
occurrence of the opportunistic species (G. orbicularis, G. altiformis and A. tubulosa),
especially at the deepest eastern Mediterranean. These findings also need to be tested in the
future work by studying the >63 and >125 sediment fractions to see if there is a high
reproduction of these species. The differences in the timing and abundances of the
repopulating taxa (e.g. G. orbicularis, G. altiformis, M. ajfinis, G. altiformis, M. barleeanum
and A. tubulosa) immediately above SI in cores LC-21 and LC-31 could be related to their
water-depth range differences. This feature could be used to determine how many years
elapsed until the normal oxygenation returned to the bottom water of eastern Mediterranean
that is estimated around 500 years. This feature can be confirmed and tested again in the
future by studying another transect of cores (or more cores) passing from shallow to deep
waters.

122

Chapter Ten
10. FORAMINIFERAL DESCRIPTION
10.1 Benthic foraminifera
In the present study, about 145 benthic foraminiferal species were identified and are listed
here in this chapter. Some remarks with digital images have been indicated for the
characteristic species. Modem bathymetrical distribution of the most characteristic species
have been mentioned according to Parker (1958), Cita and Zocchi (1978), Wright (1978a),
Jorissen (1987), De Stigter et al. (1998), De Rijk et al. (1999a).
1- Psammosphaera fusca Schulze, 1875-Jones, 1994, p. 31, pi. 18, figs. 1-8.
2- Rhabdammina abyssorum M. Sars, 1869-Jones, 1994, p. 32, pi. 21, figs. 1-8, 10-13. It is
characterized by having a branched test with agglutinated wall.
3- Rhabdammina discreta Brady, 1881-Jones, 1994, p. 32, pi. 22, figs. 7-10. It has a testtube shape with regular spaced constrictions on the tube. Wall is agglutinated with clear,
coarse sand grains scattered randomly and cemented in a fine grain matrix.
4- Lagenammina laguncula Rhumbler, 1911-Loeblich & Tappan, 1988, p. 31, pi. 21, fig. 9.
It is found commonly attached to the substrate showing white color flask-shape test. Wall
is coarsely agglutinated and built mainly of the surrounding foraminiferal remains.
5- Ammolagena clavata (Jones & Parker, 1860)-Cita & Zocchi, 1978, pi.3, fig. 4. It is found
commonly attached to shell fragments. Test consists of a large, ovoid proloculus with a
long, curved neck. Wall is finely agglutinated with brown color (Plate 1, Figure 1).
6- Glomospira charoides (Jones & Parker, 1860)-Bizon & Bizon, 1984, pi. IV, figs. 1-4.
This species is characterized by having an undivided tubular second chamber that is
streptospirally coiled. At its final stage, the last whorl coils in a way to be perpendicular
on the preceding whorls. Wall is finely agglutinated with reddish-brown colour (Plate 1,
Figures. 2, 3).
It is found in sediments from 300 to 3500 m water depth, showing highest
frequencies below 1000 m. It dominates the other taxa in the deepest basins of the eastern
Mediterranean where clay minerals associated with low ph water prevent the
development of benthic foraminifera with calcitic tests (Cita and Zocchi, 1978). G.
charoides is one of the characteristic foraminifera of the western Mediterranean basin
from 2500 to 4000 m water depth, but never dominates the other taxa there.
7- Reophax agglutinatus Cushman, 1913-Cushman, 1932, p. 4, pi. 1, figs. 1-3.
8- Ammoscalaria pseudospiralis (Williamson, 1858)-Jones, 1994, p. 39, pi. 33, figs. 1-4.

9- Ammoglobigerina globigeriniformis (Parker & Jones, 1865)-Loeblich & Tappan, 1988, p.
126, pi. 128, figs. 9-10. It has a fragile test, reddish-brown in color, coarsely agglutinated,
trochospiral, with four chambers in the last whorl. Aperture is interiomarginal on the
umbilical side (Plate 1, Figures 4, 5).
10- Trochamminopsis quadriloba (Hoglund, 1948)-Loeblich & Tappan, 1988, p.122, pi. 129,
figs. 1-3. It differs from A. globigeriniformis by having high trochospiral coiling, and four
chambers in the final whorl that increase gradually in size.
11-Eggerella bradyi (Cushman, 1911)-Parker, 1958, p. 254, pi. 1, fig. 8. Test is conical when
triserial and elongate when a tri-biserial arrangement. Wall is finely agglutinated.
Aperture is sub terminal, rounded by a distinct lip (Plate 1, Figures 6-8).
12-Bigenerina nodosaria d'Orbigny, 1826-Ayyad et al. 1991, pi. 1, fig. 1. Test is elongate
with a biserial-uniserial arrangement. Wall is coarsely agglutinated. Aperture is rounded
and produced on a short neck (Plate 1, Figures 9-11).
13- Textularia agglutinans d'Orbigny, 1839-Cimerman and Langer, 1991, p. 21, pi. 10, figs.
1-2. (Plate 1, Figures 12, 13)
14- Textularia foliacea Heron-Allen and Earl and, 1915-Cushman, 1932, pi. 1, figs. 6-10. This
species is very similar to the juvenile biserial specimens of Bigenerina nodosaria
d'Orbigny, but its textulariine aperture can easily separate it (Plate 1, Figures 14, 15).
15- Textularia sagittula Defrance, 1824-Jorissen, 1988, pi. 3, fig. 12. (Plate 1, Figures 16, 17)
16- Textularia truncata Hoglund, 1947- Cimerman and Langer, 1991, p. 22, pi. 12, figs. 1-3.
(Plate 2, Figure 1)
11 - Siphotextularia concava (Karrer, 1868)-Cushman, 1932, p. 13, pi. 3, fig. 6. It is very
similar to Textularia especially in chamber arrangement. It differs from Textularia mainly
by having fine to coarse agglutinated wall and a rounded aperture produced on a tubular
neck near the base of the final chamber (Plate 2, Figures 2, 3).
l%-Siphotextularia curta (Cushman, 1922)-Phleger et al. 1953, p.26, pi. 5, figs. 5-6. (Plate 2,
Figure 4)
19- Pseudoclavulina crustata Cushman, 1936- Jorissen, 1988, pi. 1, fig. 1. Test is coarsely
agglutinated with triserial-uniserial arrangement. Aperture is terminal produced on
pronounced neck in adult specimens. In triserial juvenile specimens, it is interiomarginal
placed at the base of the last chamber with a neck (Plate 2, Figures 5-8).
20-Spirillina vivipara Ehrenberg, 1841-Parker, 1958, p. 264, pi. 3, fig. 4.
21- Patellina corrugata Williamson, 1858-Jones, 1994, p. 93, pi. 86, figs. 1-7.
22- Comuspira planorbis Schultze, 1854-Loeblich & Tappan, 1988, p.310, pi.322, figs.7-8.
23- Wiesnerella auriculata (Egger, 1893)-Loeblich & Tappan, 1988, p.319, pi.330, figs.11-13.
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24-Spirophthalmidium acutimargo (Brady, 1884)-Loeblich & Tappan, 1988, p. 327, pi. 334,
figs. 10-11. Test is fusiform shape, thin, flattened with carinate periphery. Chamber
arrangement as in Spiroloculina out with only two chambers per whorl. Wall is
calcareous and imperforate (Plate 2, Figure 9).
25- Spirophthalmidium acutimargo concava Heron-Allen & Earland, 1916-Lander
Rasmussen, 1991, p. 376, fig. 6(1). It differs only from S. acutimargo by having concaveconvex test rather than flattened (Plate 2, Figures 10, 11).
26-Spiroloculina canaliculata d'Orbigny, 1846-Parker, 1958, p. 257, pi. 1, figs. 26-28. (Plate
2, Figure 12)
21 - Spiroloculina rotunda d'Orbigny, 1826-Jones, 1994, p. 25, pi. 9, figs. 15-16.
28- Cycloforina contorta (d'Orbigny, 1846)-Loeblich & Tappan, 1988, p. 333, pi. 342, figs.
4-9. (Plate 2, Figures 13, 14)
29- Cycloforina juleana (d'Orbigny, 1846)-Cimerman and Langer, 1991, p. 33, pi. 28, figs. 12. (Plate 2, FigurelS)
30- Cycloforina rugosa (d'Orbigny, 1826)-Cimerman and Langer, 1991, p. 33, pi. 28, figs. 34. (Plate 2, Figure 16; Plate 3, Figures 1, 2)
31- Quinqueloculina lamarckiana d'Orbigny, 1839-Lankford & Phleger, 1973, p. 126, pi. 1,
fig. 23. Test is circular to ovate in outline with smooth, imperforate, porcelaneous wall.
Chambers add each 72 ° providing five visible chambers in the last whorl. Chambers form
subacute angles, providing the test with four prominent edges, especially if you look at
the apertural view. Aperture is ovate with tooth (Plate 3, Figures 3-5).
This species occurs frequently in the shallower areas of the eastern Mediterranean
with water depth ranging from 70 to 1000 m.
32- Quinqueloculina seminula (Linnaeus, 1758)- Cimerman and Langer, 1991, p. 38, pi. 34,
figs. 9-12. It differs from Q. lamarckiana only by having triangle shape in the apertural
view and rounded chamber edges (Plate 3, Figures 6, 7).
33-Biloculinella labiata (Schlumbrger, 1891)-Bizon & Bizon, 1984, pi. VII, fig. 13.
34- Cruciloculina triangularis d'Orbigny, 1839-Loebhch & Tappan, 1988, p. 338, pi. 347,
figs. 8-12. This species is triangular in section with only three chambers externally visible
as in Triloculina. Wall is calcareous, imperforate and porcelaneous with smooth surface.
Aperture with simple flap in the juvenile specimens and becomes distinctly cruciform in
the adult (Plate 3, Figures 8-10).
35- Miliolinella circularis (Bomemann, 1855)-Cushman, 1932, p. 52, pi. 11, fig. 11. It is
characterized by an ovate outline with three inflated chambers externally visible with a
broadly rounded periphery. Wall is calcareous, imperforate and porcelaneous with a
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smooth surface. Aperture is an arch with broad and high apertural flap (Plate 3, Figures
11,12).

36-Miliolinella fichteliana (d'Orbigny, 1839)-Poag, 1981, p. 72, pi. 59-60, fig. 4. It is very
similar to M. circularis but differs by having ornamented wall with numerous
longitudinal costae.
31 - Miliolinella irregularis (d'Orbigny, 1839)-Lander Rasmussen, 1991, p. 376, fig. 6 (3).
This species was identified from the eastern Mediterranean before as M. circularis by
Parker (1958) and as M. subrotunda by Vismara Schilling (1984). It has a globular test
with circular outline, smooth, imperforate and porcelaneous wall. Sutures are visible but
not depressed. Aperture is as in Miliolinella. It is also distinguished by the irregularities
of placement of chambers around the axis of arrangement and the last chamber broadly
overlaps the preceding ones almost masking them (Plate 3, Figures 13-15).
This species is similar to Q. lamarckiana in abundance and bathymetric ranges, but
its lower depth limit extends up to 1400 m in the eastern Mediterranean.
3%-Miliolinella subrotunda (Montagu, 1803)-Loeblich & Tappan, 1988, p. 340, pi. 350, figs.
1-12. It differs from M. circularis by having more flattened test with rounded periphery.
The last chambers become planispirally arranged. Aperture has a very low apertural flap
(Plate 3, Figure 16).
39-Pyrgo comata (Brady, 1881)-Jones, 1994, p. 19, pi. 3, fig. 9, p. 20, pi. 4, fig. 8. It differs
from Pyrgo lucemula by having ornamented test with numerous striations and the
aperture does not extend above the periphery (Plate 3, Figure 17).
AO-Pyrgo lucemula (Schwager, 1866)-Mullineaux & Lohmann, 1981, p. 38, pi. 1, figs. 1415. The species is circular to ovate in outline, having a biloculine arrangement with
inflated chambers. The midpoint between the final two chambers is compressed. Wall is
calcareous, imperforate and porcelaneous with smooth surface. Aperture rounded and
produced on a noticeable neck with bifid tooth (Plate 3, Figures 18, 19).
Al-Pyrgo murrhina (Schwager, 1866)-Mullineaux & Lohmann, 1981, p. 38, pi. 1, fig. 13.
Test is circular in outline, compressed with cannate periphery and biloculine
arrangement. Aperture rounded with a short bifid tooth or flap, sometimes produced on a
short neck (Plate 4, Figures 1, 2).
A2-Pyrgo oblonga (d'Orbigny, 1839)-Loeblich & Tappan, 1988, p. 343, pi. 351, figs. 11-13.
A3-Pyrgoella sphaera (d'Orbigny, 1839)-LoebHch & Tappan, 1988, p. 343, pi. 351, figs. 1-4.
It is characterized by having a globular test with biloculine arrangement. Final chamber
strongly overlaps the preceding ones. Wall calcareous, imperforate and porcelaneous with
smooth surface. Aperture is a v-shape opening (Plate 4, Figure 3).
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44- Triloculina oblonga Montagu, 1803-Cushman, 1932, p. 50, pi. 11, fig. 10.
45- Triloculina trigonula (Lamarck, 1804)-Poag, 1981, p. 84, pi. 57-58, fig. 2. Test is ovate
in outline and subtriangular in section with three visible chambers. Chamber angels are
rounded with broadly convex periphery. Wall is smooth, calcareous, imperforate and
porcelaneous. Aperture is rounded with a short bifid tooth.
46-Triloculina tricarinata d'Orbigny, 1826-Poag, 1981, p. 84, pi. 57-58, fig. 3. It differs
from T. trigonula only by having chambers with acute angles (Plate 4, Figure 4).
47- Triloculinella obliquinodus Riccio, 1950-Loeblich & Tappan, 1988, p. 344, pi. 353, figs.
12-15. Test is ovate to elongate in outline and rounded to ovate in section with rounded
periphery. Wall imperforate, smooth and porcelaneous. Aperture is an arch covered by a
broad apertural flap (Plate 4, Figures 5, 6).
48- Sigmoilina distorta Phleger and Parker, 1951-Parker, 1958, p. 256, pi. 1, fig. 25. (Plate 4,
Figure 7)
49- Sigmoilina tenuis (Czjzek, 1848)-Parker, 1958, p. 257, pi. 1, fig. 24. (Plate 4, Figure 8)
50- Sigmoilopsis schlumbergeri (Silvestri, 1904)-Jorissen, 1988, pi. 4, fig. 9. It is
characterized by ovate outline and agglutinated wall. In the early stage, instead of one
series of coiling as in Quinqueloculina, there are two spiral series of chambers that
become planispiral in the adult stage as in Sigmoilina. Aperture is rounded with a very
small tooth (Plate 4, Figures 9, 10).
51-Articulina tubulosa (Seguenza, 1862)-Parker, 1958, p. 255, pi. 1, figs. 12-13,18-19. In the
early stage the species is very similar to Quinqueloculina, having elongate to ovate test
with rounded to prominent chamber edges. In adult stage, it is characterized by the
presence of uniserial chambers. Wall is calcareous and imperforate with smooth surface.
Aperture is rounded and bordered by everted lip (Plate 4, Figure 11).
This species is a remarkably deep-water species in the present Mediterranean Sea
with highest frequencies occurring deeper than 3000 m water depth, especially in the
Ionian Basin where oligotrophic conditions prevail. It is commonly found common in the
Balearic Abyssal Plain (2600-3000 m), but never dominates the other taxa.
52-Dentalina advena (Cushman, 1923)-Jones, 1994, p. 74, pi. 63, fig. 1.
53-Dentalina aphelis (Loeblich & Tappan, 1986)-Jones, 1994, p. 74, pi. 62, figs. 21-22.
54-Dentalina filiformis (d'Orbigny, 1826)-Jones, 1994, p. 74, pi. 63, figs. 3-5.
55- Dentalina inflexa (Reuss, 1866)-Jones, 1994, p. 73, pi. 62, fig. 9.
56-Neolenticulina variabilis (Reuss, 1850)-Jones, 1994, p. 80, pi. 68, figs. 11-16.
51 - Amphicoryna scalaris (Batsch, 1798)-Cita & Zocchi, 1978, pi. 1, fig. 2. This species is
characterized by an elongate test with apiculate base. In microspheric generation, early
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Plate 1. 1 Ammolagena clavata (Jones & Parker). 2, 3 Glomospira charoides (Jones &
Parker). 4, 5 Ammoglobigerina globigeriniformis (Parker & Jones). 6-8 Eggerella bradyi
(Cushman); 6 triserial stage in apertural view, 7 apertural view and 8 side view. 9-11
Bigenerina nodosaria d'Orbigny; 9 side view of adult specimen, 10-11 apertural and side
views of juvenile specimens. 12, 13 Textularia agglutinans d'Orbigny; 12 apertural view
and 13 side view of the same specimen. 14, 15 Textularia foliacea Heron-Allen and
Earland; 14 side view and 15 apertural view. 16, 17 Textularia sagittula Defrance. Each
scale bar represents 100 microns.
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Plate 2. 1 Textularia truncata Hogland. 2, 3 Siphotextularia concava (Karrer); 2 apertural
view and 3 side view. 4 Siphotextularia curta (Cushman). 5-8 Pseudoclavulina crustata
Cushman; 5-6 side views and 7-8 apertural views of juvenile triserial specimens. 9
Spirophthalmidium acutimargo (Brady). 10, 11 Spirophthalmidium acutimargo concava
Heron-Allen & Earland; 10 convex side view and 11 concave side view. 12 Spiroloculina
canaliculata d'Orbigny. 13, 14 Cycloforina contorta (d'Orbigny); 13 side view and 14
apertural view of the same specimen. 15 Cycloforina juleana (d'Orbigny), apertural view.
16 Cycloforina rugosa (d'Orbigny), apertural view. Each scale bar represents 100
microns.
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Plate 3.1, 2 Cycloforina rugosa (d'Orbigny), side views. 3-5 Quinqueloculina lamarckiana
d'Orbigny; 3 apertural view and 4-5 side views. 6, 7 Quinqueloculina seminula (Linne); 6
apertural view and 7 side view. 8-10 Cruciloculina triangularis d'Orbigny; 9 apertural
view and 8, 10 side views. 11, 12 Miliolinella circularis (Bomemann); 11 apertural view
and 12 side view. 13-15 Miliolinella irregularis (d'Orbigny), side views. 16 M.
subrotunda (Montagu), side view. 17 Pyrgo comata (Brady), side view. 18, 19 Pyrgo
lucemula (Schwager); 18 apertural view and 19 side view. Each scale bar represents 100
microns.
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Plate 4. 1, 2 Pyrgo murrhina (Schwager); 1 peripheral view, 2 side view. 3 Pyrgoella
sphaera (d'Orbigny). 4 Triloculina tricarinata d'Orbigny. 5, 6 Triloculinella obliquinodus
Riccio; 5 apertural view, 6 side view. 7 Sigmoilina distorta Phleger and Parker. 8
Sigmoilina tenuis (Czjzek). 9, 10 Sigmoilopsis schlumbergeri (Silvestri), side views. 11
Articulina tubulosa (Seguenza). 12-14 Amphicoryna scalaris (Batsch). 15, 16 Lagena
hexagona (Williamson). 17 Lagena hispida Reuss. 18 Lagena sulcata (Walker and Jacob).
19 Lagena striata (d'Orbigny). Each scale bar represents 100 microns.
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chambers are in a compressed astacoline coil, later un-coiled with uniserial globular
chambers. In megalospheric generation, test formed of uniserial globular chambers
throughout. Wall is calcareous and perforate with numerous longitudinal striations at the
surface. Aperture is terminal and produced on a neck ornamented with ring-like
concentric ridges (Plate 4, Figures 12-14).
58- Lagena hexagona (WiUiamson, 1848)- Loeblich & Tappan, 1988, p. 426, pi. 463, figs. 12. (Plate 4, Figures 15, 16)
59-Lagena hispida Reuss, 1858-Jones, 1994, p. 63, pi. 57, figs. 1-2. (Plate 4, Figure 17)
60-Lagena sulcata (Walker and Jacob, 1798)- Jones, 1994, p. 65, pi. 58, figs. 5-6, 18. (Plate
4, Figure 18)
61-Lagena striata (d'Orbigny,1839)-Jones, 1994, p.64, pi.57, figs.22, 24. (Plate 4, Figure 19)
62-Globulina gibba (Deshayes, 1830)-Jones, 1994, p. 83, pi. 71, figs. 11-12.
63- Globulina minuta (Roemer, 1838)-Jones, 1994, p. 83, pi. 71, fig. 16.
64-Fissurina cucullata (Silvestri, 1902)- Jones, 1994, p. 68, pi. 59, fig. 25. It is distinguished
by its circular outline with periphery has a thin keel running entirely about the test. At
both sides of this keel, there are two secondary, short, lateral keels. Aperture is fissureshape within the widened main keel. Wall is calcareous, finely perforate with smooth
surface (Plate 5, Figures 1, 2).
65-Fissurina orbignyana Seguenza, 1862-Jones, 1994, p. 68, pi. 59, fig. 18. Test is ovate in
outline, lenticular in section and inflated in the middle. Periphery has a thin keel running
entirely about the test, at either side of which is a secondary lateral keel that becomes less
pronounced towards the tapering apertural end. Wall is calcareous, hyaline and smooth.
Aperture is slit-like within a slightly depressed fissure at the test apex and provided by an
entosolenian tube.
66-Lagenosolenia sigmoidella timmsensis (Cushman & Gray, 1946)-McCulloch, 1977, p. 72,
pi. 51, figs. 10-14. (Plate 5, Figure 3)
61 - Glandulina ovula d'Orbigny, 1846-Jones, 1994, p. 72, pi. 61, figs. 17-22, p. 74, pi. 63,
fig. 6. This species is characterized by having an elongate to ovate test, sometimes
tapering at each end, circular in section and uniserially arranged. Chambers increasing
rapidly in size as added and strongly overlapping previous ones. Wall is calcareous,
hyaline and smooth. Aperture is terminal, rounded and radiate.
6S- Hoeglundina elegans (d'Orbigny, 1826)-Lohmann, 1978, p. 29, pi. 4, figs. 10-11. Test is
biconvex, trochospiral with calcareous, aragonitic, finely perforate wall with smooth
surface. Sutures curved in the spiral side and straight and oblique on the umbilical side.
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Aperture is lateromarginal and slit-like, parallel to the acute periphery and opening on the
umbilical side (Plate 5, Figures 4, 5).
It is mostly restricted to the western Mediterranean Basin today with water depth
limits between 500 and 2500 m, showing highest frequencies around 1500 m. It is rare to
absent in the eastern basin, occupying much shallower sediments from 100 to 1260 m.
69-Robertina translucens Cushman & Parker, 1936-Parker, 1958, p. 263, pi. 2, fig. 34. Test
is elongate to fusiform shape with high trochospiral coiling. Sutures are depressed. Wall
is aragonitic and hyaline with smooth surface. Aperture is elongate and loop-like
extending up to the face of the final chamber with two opening (Plate 5, Figure 6).
It is rarely found in the eastern Mediterranean with water depth limits between 200
and 1300 m. In the western basin, it is one of the major constituents of the Balearic
Abyssal Plain.
10-Bolivina alata Seguenza, 1862-Wright, 1978b, p. 710, pi. 1, fig. 13. It has an elongate,
lanceolate, compressed, biserial test with carinate periphery provided with spines. Sutures
are oblique and depressed. Wall is calcareous, hyaline and coarsely perforate. Aperture is
an interiomarginal opening, bordered by a thick rim (Plate 5, Figure 7).
It occurs in the Alboran Sea and off Algeria with variable water depths, generally
more abundant between 100 and 1000 m. In the eastern Mediterranean, it is recorded in
shallow basins such as Aegean Sea and Strait of Sicily with water depth limits between
200 and 700 m.
11-Bolivina albatrossi Cushman, 1922-Wright, 1978b, p. 710, pi. 1, figs. 14-15. Test is
elongate to triangular in outline with rounded periphery and biserial arrangement. Wall is
calcareous, porcelaneous, reticulate in the early chambers and later becomes smooth with
widely scattered coarse perforations. Sutures are slightly depressed except in the early
portion the reticulations mask them. Aperture is a narrow loop at the base of the apertural
face bordered by a thickened rim on one margin (Plate 5, Figure 8).
This species is rarely found in the eastern Mediterranean sediments with water depth
limits ranging from 500 to 1400 m.
12-Bolivina capitata Cushman, 1933-Cushman, 1942, p.28, pi.8, figs. 1-3. (Plate 5, Figure 9)
13-Bolivina pseudoplicata Heron-Allen & Earland, 1930-Parker, 1958, p. 261, pi. 2, fig. 8. It
is characterized by the presence of plications that become more pronounced among the
later chambers (Plate 5, Figure 10).
1 A-Bolivina seminuda Cushman, 1911-Barmawidjaja, et al. 1992, pi. 2, figs. 1-4. Test is
elongate, subcylindrical, slightly compressed with slightly lobulate, rounded periphery.
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Wall is calcareous and densely perforate. Suture areas are slightly depressed with
imperforate surface. Aperture is elongate and loop-shaped (Plate 5, Figure 11).
75-Bolivina spathulata (Williamson, 1858)-Lander Rasmussen, 1991, p. 376, fig. 6 (12).
This species has been identified as B. dilatata dilatatissima Silvestri by Parker (1958) and
as B. dilatata Reuss by Ross and Kennett (1984). It is characterized by having
compressed triangular test with acute periphery. Sutures are slightly depressed and
limbate. Wall calcareous and hyaline with smooth, finely perforate surface. Aperture is
terminal and bordered by lip. Lack of sigmoid sutures distinguishes it from B. dilitata
(Plate 5, Figures 12-14).
It is found between 100 and 1400 m water depth, with highest frequencies around
550-800 m. In the Adriatic Sea, it occurs commonly in the sediments of shelf and slope
with water depth limits ranging from 30 to 600 m.
16-Bolivina striatula (Cushman, 1922)-Barmawidjaja, et al. 1992, pi. 2, figs. 10-13. Test is
elongate with slightly acute periphery that becomes rounded in last stage. Initial end is
apiculate. Wall calcareous, finely perforate with longitudinal striations only on the
earliest chambers (Plate 5, Figure 17).
11-Bolivinita quadrilatera (Schwager, 1866)-Loeblich & Tappan, 1988, p. 503, pi. 554, figs.
6-10. Test is elongate, biserial with flat sides. Periphery is carinate. Sutures are raised and
oblique. Wall calcareous, hyaline with densely fine perforations (Plate 5, Figures 15, 16).
78- Cassidulina carinata Silvestri, 1896-Ross & Kennett, 1984, pi. 1, figs. 14-15. Test is
lenticular with carinate periphery. Chambers is biserially arranged, then the plane of
biseriality planispirally enrolled. It has umbonal boss of clear calcite, flush and curved
sutures. Wall is calcareous, finely perforate with smooth surface. Aperture is a narrow
arched slit on the suture that separates the final two chambers. It is parallel to the
peripheral margin and partially closed by an apertural plate (Plate 6, Figures 1, 2).
This species is found commonly in the western Mediterranean sediments with water
depth limits ranging from 0.0 to 1000 m, while in the eastern Mediterranean, it is very
rare to common, with some areas having relatively high frequencies at 560 m depth.
79- Cassidulina crassa d'Orbigny, 1839-Phleger et al., 1953, p. 44, pi. 10, fig. 1. It is
characterized by having compressed test with rounded, slightly lobulate periphery and
inflated chambers. Sutures are curved and depressed. Wall is calcareous, smooth with
fine perforations. Aperture is a simple slit placed as in C. carinata (Plate 6, Figures 3,4).
This species occurs in the Mediterranean Sea with water depth limits between 100
and 1400 m. In the Adriatic Sea, it is recorded between 100 and 1000 m water depth,
showing high frequencies along the slope.
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80- Cassidulinoides bradyi (Norman, 1881)-Jones, 1994, p. 60, pi. 54, figs. 6-9. It is
characterized by having elongate test with rounded periphery, chambers arranged as in
Cassidulina but later become uncoiled, flush to shghtly depressed sutures, calcareous and
hyaline finely perforate wall with smooth surface, and terminal-subterminal, loop-shaped
aperture as in Bulimina (Plate 6, Figures 5,6).
This species is found on shelf/upper slope to middle slope of the Adriatic Sea,
showing highest frequency on the middle slope.
81- Globocassidulina subglobosa (Brady, 1881)-Wright, 1978b, p. 713, pi. 3, fig. 17. It
differs from C. crassa by having a small, loop-shaped aperture that is perpendicular to the
base of the last chamber and by having more globular test (Plate 6, Figures 7, 8).
82-Bulimina aculeata d'Orbigny, 1826-Jorissen, 1987, p. 46, pi. 4, fig. 5. Test is elongate,
triserial with chambers that have a rounded basal part. The basal part of initial chambers
has reduced irregular spines that completely disappear in the final chambers. Wall is
calcareous and finely perforate. Aperture is loop-shaped (Plate 6, Figure 9).
83-Bulimina costata d'Orbigny, 1826- Jorissen, 1988, pi. 1, fig. 9. Test is elongate to subcylindrical shape. Length/width ratio is equal 2:1. Wall is calcareous, densely perforate,
ornamented by longitudinal crenulated costae that continue throughout the length of the
test. Aperture is terminal and loop-shaped (Plate 6, Figures 10, 11).
84-Bulimina exilis Brady, 1884-Verhallen, 1991, p. 159, pi. 5, fig. 3. Test is elongate and
triserial. Wall is finely perforate with smooth surface. Sutures are slightly depressed.
Aperture is loop-shaped bordered by a voluminous periapertural depression (Plate 6,
Figure 12).
85-Bulimina inflata Seguenza, 1862-Wright, 1978b, p. 712, pi. 3, figs. 8-9. It is characterized
by having a nearly equal length/width ratio and inflated chambers that covered by blunt
costae. These costae do not cross the sutures, but end at the lower margin of the chamber
with a short spine projecting below the chamber margin (Plate 6, Figure 13).
86-Bulimina marginata d'Orbigny, 1826-Jorissen, 1987, p. 46, pi. 4, fig. 6. It is characterized
by the presence of broad, sharply angled undercuttings at the base of each chamber and
well developed spines aligned at this angle, while the rest of chamber is smooth (Plate 6,
Figures 14-16).
This species occurs between 200 and 1000 m water depth, showing highest
frequency at 500 m. Its lower depth limit in the western Mediterranean is deeper than that
of the eastern Mediterranean.
81 - Globobulimina ajfinis (d'Orbigny, 1839)-Parker, 1958, p. 262, pi. 2, figs. 24-25. Test is
ovate and triserial with broadly rounded periphery. It has tapering ends at the broadly
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rounded apertural area and acutely pointed apical area. Chambers are inflated and
strongly overlapping the preceding ones. Sutures are slightly depressed. Wall is
calcareous, hyaline densely perforate with smooth surface. Aperture is loop-shaped with
doubly folded tongue joined to one margin of the opening (Plate 6, Figures 17-18; Plate
7, Figures 1, 2).
This species occurs in sediments of the western Mediterranean with water depth
hmits between 200 and 1800 m, showing highest abundance at 1000 m. It is absent from
most the surface sediments of the eastern Mediterranean except in some basins such as
the Aegean Sea and Black Sea.
S8-Rectuvigerina phlegeri Le Calvez, 1959-Venec-Peyre, 1984, pi. 6, fig. 4. Test elongate,
cylindrical with triserial arrangement in the early stage that becomes uniserial in the last
stage. Wall is calcareous, densely perforate with longitudinal costae that do not cross the
suture lines and end at the base of the chambers with short spines. Aperture is rounded,
terminal on a neck, bordered with a phialine lip (Plate 7, Figures 3, 4).
89- Uvigerina auberiana d'Orbigny, 1839-Parker, 1958, p. 263, pi. 2, figs. 35-36. Test is
elongate to fusiform shaped with triserial arrangement. Chambers are globular and
increasing rapidly in size. In adult stage, last chamber reduced in size and become
elongate. Wall is calcareous, microperforate, and ornamented by hispid and pustules.
Aperture is terminal, rounded, produced on a neck and bordered with phialine lip (Plate 7,
Figures 5,6).
90- Uvigerina bononiensis Fomasini, 1888-Verhallen, 1991, p. 152, pi. 12, figs. 4-8. It is
characterized by having elongate test with triserial arrangement in the early portion and
biserial in the last stage. Chambers elongate and ornamented by fine costae that do not
cross the sutures (Plate 7, Figure 7).
91- Uvigerina bifurcata d'Orbigny, 1839-Van der Zwaan et al., 1986, p. 226, pi. 16, figs. 4-6;
pi. 17, figs. 1-4. The species is a cylindrical shape throughout the entire test. Wall is
calcareous, finely perforate and ornamented by sharp, smooth longitudinal costae that
interrupted by the sutures. The spines or pustules are nearly absent (Plate 7, Figures 8, 9).
92- Uvigerina mediterranea Hofker, 1932-Jorissen, 1987, p. 46, pi. 1, fig. 2. This species is
characterized by having elongate, large-sized, inflated test, surface only ornamented by
longitudinal, low blunt costae, and broadly rounded initial portion (Plate?, Figures 10,
11).
It is most abundant throughout the Mediterranean occupying sediments from 100 to
1400 m water depth and occasionally much deeper in some basins.
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93- Uvigerina peregrina Cushman, 1923-Van Leeuwen, 1989, p. 245, pi. 19, figs. 5-6. Test is
elongate, fusiform with inflated later chambers and tapering apical end. Wall is
calcareous, finely perforate, ornamented by longitudinal, crenulated, high blade-like
costae except last chamber that covered by spines. Pustules and spines are numerous all
over the test. Aperture terminal, rounded, produced on a neck and bordered with phialine
lip (Plate 7, Figures 12, 13).
It is found frequent in the western Mediterranean (sometimes associated with U.
mediterranea) from 100 to 2500 m water depth, reaching highest frequencies around
1000-2000 m. In the eastern Mediterranean, it is very rare to absent with water depth
limits between 150 and 1000 m.
94- Trifarina angulosa (Williamson, 1858)-Bremer et al., 1980, p. 18, pi. 2, fig. 4. (Plate 7,
Figure 14)
95-Reussella spinulosa (Reuss, 1850)-Cimerman and Langer, 1991, p. 63, pi. 66, figs. 5-8.
(Plate 7, Figure 15)
96- Suggrunda eckisi Natland, 1950-Bruke et al. 1995, pi. 1, fig. 12. Test is elongate and
biserial. Chambers are low, broad and increasing rapidly in size. Basal part of each
chamber is ornamented by large spine. Wall is calcareous, hyaline finely perforate with
smooth surface. Aperture is wide and hook-like shaped (Plate 7, Figure 18).
91 - Rutherfordoides rotundiformis (McCulloch, 1977)-Loeblich & Tappan, 1988, p. 531, pi.
578, figs. 7-9. This species has been identified as Cassidulinoides tenuis Phleger and
Parker by Parker (1958) and as Fursenkoina tenuis (Seguenza) by Lander Rasmussen
(1991). Test is elongate with biserial arrangement throughout. Axis of biseriality is
slightly curved but not enrolled in the early stage as in Cassidulinoides. Chambers are
strongly oblique and broad on the dorsal side, while on the ventral side, they are inflated
and strongly overlapping the preceding ones. Sutures are distinct and depressed. Wall is
calcareous, hyaline, finely perforate with smooth surface, and elongate. Aperture is
subterminal and loop-shaped (Plate 7, Figures 16, 17).
98- Cancris auriculus (Fichtel & Moll, 1798)-Loeblich & Tappan, 1988, p. 545, pi. 591, figs.
1-3. Test is ovate in outline and lenticular in section with trochospiral coiling. Chambers
increase rapidly in size. Periphery is angled to cannate. Sutures limbate, depressed, radial
on the umbilical side and arched on the spiral side. Wall is calcareous, hyaline, densely
perforate with smooth surface. Aperture is a low interiomarginal opening on the umbilical
side with a broad apertural flap project over the umbilicus (Plate 8, Figures 1, 2).
99- Orbitina carinata Sellier de Civrieux, 1977-Loeblich & Tappan, 1988, p. 558, pi. 603,
figs. 15-17.
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Plate 5. 1, 2 Fissurina cucullata (Silvestri); 1 side view and 2 apertural view. 3
Lagenosolenia sigmoidella timmsensis (Cushman & Gray). 4, 5 Hoeglundina elegans
(d'Orbigny); 4 peripheral view and 5 umbilical view. 6 Robertina translucens Cushman &
Parker. 7 Bolivina alata (Seguenza). 8 Bolivina albatrossi Cushman. 9 Bolivina capitata
Cushman. 10 Bolivina pseudoplicata Heron-Allen & Earland. 11 Bolivina seminuda
Cushman. 12-14 Bolivina spathulata (Williamson). 15, 16 Bolivinita quadrilatera
(Schwager); 15 side view and 16 peripheral view. 17 Bolivina striatula (Cushman). Each
scale bar represents 100 microns.
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Plate 6. 1, 2 Cassidulina carinata Silvestri; 1 side view and 2 peripheral view. 3, 4
Cassidulina crassa d'Orbigny; 3 side view and side view showing the aperture. 5, 6
Cassidulinoides bradyi (Norman), side views. 7, 8 Globocassidulina subglobosa (Brady);
7 peripheral view and 8 side view showing the aperture. 9 Bulimina aculeata d'Orbigny.
10, 11 Bulimina costata d'Orbigny. 12 Bulimina exilis Brady, side view. 13 Bulimina
inflata Seguenza. 14-16 Bulimina marginata d'Orbigny; 14, 15 side views and 16 basal
view. 17,18 Globobulimina affinis (d'Orbigny); 17 apertural view and 18 side view. Each
scale bar represents 100 microns.
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Plate 7.1, 2 Globobulimina affinis (d'Orbigny), side views. 3, 4 Rectuvigerina phlegeri Le
Calvez, side views. 5, 6 Uvigerina auberiana d'Orbigny, side views. 7 Uvigerina
bononiensis Fomasini, side view. 8, 9 Uvigerina bifurcata d'Orbigny, side views. 10, 11
Uvigerina mediterranea Hofker, side views. 12, 13 Uvigerina peregrina Cushman, side
views. 14 Trifarina angulosa (Williamson), side view. 15 Reussella spinulosa (Reuss),
side view. 16, 17 Rutherfordoides rotundiformis (McCulloch), side views. 18 Suggrunda
eckisi Natland, side view. Each scale bar represents 100 microns.
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Plate 8.1, 2 Cancris auriculus (Fichtel & Moll); 1 peripheral view and 2 umbilical view. 3,
4 Neoconorbina terquemi (Rzehak); 3 spiral view and 4 umbilical view. 5-7
Planodiscorbis rarescens (Brady); 5 peripheral view, 6 spiral view and 7 umbilical view.
8, 9 Rosalina bradyi (Cushman); 8 spiral view and 9 umbilical view. 10, 11 Rosalina
vilardeboana d'Orbigny; 10 umbilical view and 11 spiral view. 12, 13 Discorbinella
bertheloti (d'Orbigny); 12 spiral view and 13 umbilical view. 14 Sphaeroidina bulloides
d'Orbigny. 15 Hyalinea balthica (Schroeter). 16,17 Planulina ariminensis d'Orbigny; 16
umbilical view and 17 spiral view. Each scale bar represents 100 microns.
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100- Gavelinopsis praegeri (Heron-Allen & Earland, 1913)-Wright, 1978b, p. 714, pi. 4, fig.
18. Test is trochospiral with planoconvex to inequally biconvex sides. Periphery is
cannate. Sutures are curved and flush on the spiral side, and radial, depressed around the
small umbilical plug.
101- Neoconorbina terquemi (Rzehak, 1888)-Jorissen, 1987, p. 46, pi. 3, fig. 4. It is
characterized by having scale-like shape test with convex spiral side and concave
umbilical side. Chambers are crescentic-shaped and increasing rapidly in breadth, so that
the final chamber occupies more than half of the acute periphery. Wall is calcareous with
dense fine perforations on the spiral side and little coarse perforations on the umbilical
side. Aperture is umbilical beneath the chamber folium (Plate 8, Figures 3, 4).
102- Planodiscorbis rarescens (Brady, 1885)-Loeblich & Tappan, 1988, p. 560, pi. 609,
figs. 11-13. Test is planoconvex and trochospiral coiling with cannate periphery.
Chambers are crescentic on the spiral side and subtriangular and strongly overlapping on
the umbilical side. Sutures are flush to slightly depressed. Umbilicus is closed. Wall is
calcareous, hyaline, and densely perforate with smooth surface. Aperture is an
interiomarginal arch at the base of the final chamber midway between the umbilicus and
the periphery on the spiral side (Plate 8, Figures 5-7).
103- Rosalina bradyi (Cushman, 1915)-Parker, 1958, p. 268, pi. 3, figs. 37-38. It is
characterized by having concavo-convex test with subacute periphery, coarsely perforate
spiral side and finely perforate umbilical side. Aperture is a low interiomarginal arch near
the periphery bordered by lip and separated from the secondary aperture by the umbilical
folium (Plate 8, Figures 8, 9).
104- Rosalina vilardeboana d'Orbigny, 1839-Todd, 1965, p. 13, pi. 3, figs. 2, 5. (Plate 8,
Figures 10, 11)
105- Rosalina suezensis (Said, 1949)-Parker, 1958, p. 268, pi. 3, figs. 40-41.
106- Sphaeroidina bulloides d'Orbigny, 1826-Loeblich & Tappan, 1988, p. 564, pi. 617,
figs. 1-6. (Plate 8, Figure 14)
Glabratella califomiana Lankford, 1973-Lankford & Phleger, 1973, p.122, pi. 4, figs. 27-28.
107- Glabratellina albida (McCulloch, 1977)-Loeblich & Tappan, 1988, p. 567, pi. 619,
figs. 13-15.
108- Glabratellina turriformis (McCulloch, 1977)-Loeblich & Tappan, 1988, p. 567, pi. 619,
figs. 16- 18.
109- Planaglabratella opercularis (d'Orbigny)-Jones, 1994, p. 95, pi. 89, figs. 8-9.
110- Siphonina tubulosa Cushman, 1924-Todd, 1965, p. 22, pi. 15, fig. 4.
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111- Discorbinella bertheloti (d'Orbigny, 1839)-Loeblich & Tappan, 1988, p. 577, pi. 630,
figs. 4-6. It is characterized by having planoconvex, trochospiral test with slightly
cannate periphery, coarsely perforate umbilical side and finely perforate spiral side and
an interiomarginal arch aperture. It differs from Planodiscorbis rarescens (Brady) by the
absence of chamber overlapping so that the earlier whorls appear on both sides (Plate 8,
Figures 12, 13).
112- Hyalinea balthica (Schroeter, 1783)-Murray, 1971, p. 173, pi. 72, figs. 5-8. Test is
discoidal, planispiral and semi-evolute with a small flap on the umbilical margin of the
chambers. Sutures wide, raised, radial and limbate. Periphery is broad and carinate. Wall
is calcareous and imperforate with smooth surface. Aperture is a low equatorial and
interiomarginal arch bordered above by a narrow lip (Plate 8, Figure 15).
113- Planulina ariminensis d'Orbigny, 1826-Bremer et al., 1980, p. 23, pi. 3, figs. 5-7. It
differs from H. balthica (Schroeter) by having very low trochospiral test with evolute
spiral side and partially evolute umbilical side, strongly curved back sutures at the
peripheral margin, coarsely perforate umbilical side and imperforate spiral side (Plate 8,
Figures 16, 17).
114- Cibicides lobatulus (Walker & Jacob, 1798)-Herb, 1971, p. 296, pi. 2, fig. 11. Test is
attached to the substrate and is trochospiral with a flat to irregular spiral side and convex
umbilical side. Sutures are depressed and radial on the umbilical side. Periphery is
carinate with lobulate outline. Wall is calcareous, coarsely perforate on the spiral side and
imperforate on the umbilical side. Aperture is an interiomarginal-equatorial arch,
bordered by a lip and extending into the spiral side beneath a narrow folium (Plate 9,
Figures 1,2).
It is common in the eastern Mediterranean with water depth limits between 50 and
1300 m.
115- Cibicides kullenbergi Parker, 1953-Van Leeuwen, 1989, p. 223, pi. 9, figs. 1-3. It is
characterized by having unequally biconvex test, slightly depressed, radial sutures,
bluntly angled periphery, coarsely perforate spiral side and microperforate umbilical side
(Plate 9, Figures 3-5).
116- Cibicides pachydermus (Rzehak, 1886)-Jorissen, 1987, p. 46, pi. 1, fig. 6. This species
has been identified as Cibicides aff. C. floridanus (Cushman) by Parker (1958), Ross and
Kennett (1984) and Lander Rasmussen (1991). It is characterized by having large, equally
biconvex test with broad imperforate keel on the periphery that becomes slightly lobulate
between the last two or three chambers. Wall is calcareous, coarsely perforate on the
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spiral side and microperforate on the umbilical side. The umbilical area is filled with
clear shell material (Plate 9, Figures 6-8).
This species occurs most abundant in the eastern Mediterranean around 200-700 m
water depth.
117- Cibicides wuellerstorfi (Schwager, 1866)-Parker, 1958, p. 275, pi. 4, figs. 41-42. It has
compressed plano-convex test with thick bluntly angled periphery and strongly curved
backward sutures at the periphery on both sides (Plate 9, Figures 9-11).
It is found rarely as shallow as 500 m and is most common below 1000-1260 m.
This species is an important form of North Atlantic Deep Water (NADW) with an upper
water depth limit at 1800-1900 m and shows highest frequencies below 3000 m.
118- Planorbulina mediterranensis d'Orbigny, 1826-Parker, 1958, p. 279, pi. 4, fig. 44.
119- Asterigerinata mamilla (Williamson, 1858)-Parker, 1958, p. 264, pi. 3, figs. 5-6. (Plate
9, Figures 12-13)
120- Haynesina depressula (Walker & Jacob, 1791)-Reinhardt et al., 1994, p. 48, pi. 1, figs.
1-2. It is characterized by having compressed, planispiral test with depressed umbilici,
rounded and slightly lobulate periphery, calcareous, finely perforate wall, radial, gently
curved sutures that become deeply incised near the umbilicus, and tubercles or pustules
over the area around the aperture, umbilicus and along the intercameral sutures (Plate 9,
Figures 14-15).
121- Haynesina sp.-Cimerman and Longer, 1991, p. 81, pi. 83, figs. 5-8. (Plate 9, Figures
16-17)
122- Haynesina sp.-Cimerman and Longer, 1991, p. 82, pi. 83, figs. 9-10. (Plate 9, Figure
18; Plate 10, Figure 1)
123- Nonion labradoricum (Dawson, 1860)-Hansen and Lykke-Andersen, 1976, p. 23, pi.
21, figs. 5-8. Test is planispiral, involute with broadly angled periphery. Chambers low,
broad, subtriangular in the apertural face and increase rapidly in size. Sutures are slightly
curved, depressed around the umbilici and then become flush near and at the periphery.
Umbilici very deep, slightly covered by the basal part of the chambers. Wall is
calcareous, hyaline, finely perforate with smooth surface. Aperture is an interiomarginal,
low equatorial slit at the base of the arched apertural face (Plate 10, Figures 2, 3).
124- Nonionella turgida (Williamson, 1858)-Jorissen, 1987, p. 46, pi. 4, figs. 11-13. It is
characterized by having low trochospiral, partially evolute test. Chambers increase
rapidly in width. Flap-like projection of the final chamber increases rapidly covering the
umbilicus and the initial portion (Plate 10, Figures 4, 5).
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125- Astrononion stelligerum (d'Orbigny, 1839)-Loeblich & Tappan, 1988, p. 619, pi. 694,
figs. 1-2. It is characterized by compressed, involute, planispiral test with open umbihci,
and the presence of a rhomboidal to triangular plate extending from the umbilicus along
the intercameral suture at the back of each chamber.
126- Laminononion tumidum (Cushman & Edwards, 1937)-Jones, 1994, p. 107., pi. 109, fig.
5. It is similar to A. stelligerum but differs by having closed umbihci, few inflated
chambers per whorl, and the rhomboidal to subtriangular plates are large and covering the
umbilical region.
127- Melonis ajfinis (Reuss, 1851)-Wright, 1978b, p. 715, pi. 6, figs. 2-3. Identified as
Melonis formosum (Seguenza) by Parker (1958). Test is inflated and planispiral with
broadly rounded periphery. Umbilici are deep and open. Chambers increase gradually in
size. Sutures are radial, limbate, imperforate and flush. Wall is calcareous, hyaline, and
coarsely perforate with smooth surface. Aperture is an equatorial slit extending to the
umbilici and bordered by distinct lip (Plate 10, Figures 6, 7).
It is found always associated with M barleeanum occupying the same water depths
in the eastern Mediterranean (Parker, 1958). Wright (1978a) reported that the broader
forms of Melonis spp. are restricted to the lower epibathyal zone and below, while the
more compressed forms have their shallowest depths in the outer neritic zone.
128- Melonis barleeanum (Williamson, 1858)-Wright, 1978b, p. 715, pi. 6, fig. 4. It is very
similar to Melonis ajfinis (Reuss), but differs only by having a slightly compressed test,
narrow, subcarinate periphery, a rim of imperforate shell material around the large
umbilical depression, and more coarsely perforate wall (Plate 10, Figures 8, 9).
It is found more abundantly in the eastern Mediterranean between 50 and 1300 m
water depth. In the Adriatic Sea, it occupies the same water depths.
129- Pullenia bulloides (d'Orbigny, 1846)- Loeblich & Tappan, 1988, p. 621, pi. 696, figs.
3-4. It is characterized by having globular test, four to five chambers in the last whorl,
flush sutures, and broadly rounded periphery (Plate 10, Figures 10, 11).
130- Pullenia quinqueloba (Reuss, 1851)-Parker, 1958, p. 273, pi. 4, figs. 32-33. It differs
from Pullenia bulloides (d'Orbigny) by having a more compressed test with slightly
narrower periphery.
131- Chilostomella mediterranensis Cushman & Todd, 1949-Parker, 1958, p. 273, pi. 4, fig.
24. This species is characterized by having planispiral, elongate to ovate test. Last
chamber strongly overlapping the preceding ones so that only two visible chambers from
outside. Wall is calcareous, hyaline, finely perforate with smooth surface (Plate 10,
Figures 12, 13).
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Plate 9 . 1 , 2 Cibicides lobatulus (Walker & Jacob); 1 spiral view and 2 umbilical view. 3-5
Cibicides kullenbergi Parker; 3 peripheral view, 4 umbilical view and 5 spiral view. 6-8
Cibicides pachydermus (Rzehak); 6 peripheral view, 7 spiral view and 8 umbilical view.
9-11 Cibicides wuellerstorfi (Schwager); 9 spiral view, 10 umbilical view and 11
peripheral view. 12, 13 Asterigerinata mamilla (Williamson); 12 spiral view and 13
umbilical view. 14, 15 Haynesina depressula (Walker & Jacob); 14 peripheral view and
15 umbilical view. 16, 17 Haynesina sp.; 16 umbiHcal view and 17 peripheral view. 18
Haynesina sp., umbilical view. Each scale bar represents 100 microns.
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P l a t e 10. 1 Haynesina sp., peripheral view. 2, 3 Nonion labradoricum (Dawson); 2
peripheral view and 3 umbilical view. 4, 5 Nonionella turgida (Williamson), umbilical
views of the same specimen. 6, 7 Melonis qffinis (Reuss); 6 peripheral view and 7
umbilical view. 8, 9 Melonis barleeanum (Williamson); 8 peripheral view and 9 umbilical
view. 10, 11 Pullenia bulloides (d'Orbigny); 10 peripheral view and 11 umbilical view.
12, 13 Chilostomella mediterranensis Cushman & Todd, peripheral views. 14, 15
Gyroidina altiformis Stewart & Stewart; 14 peripheral view and 15 umbilical view. 16-18
Gyroidina orbicularis d'Orbigny; 16 umbilical view, 17 peripheral view and 18 spiral
view. Each scale bar represents 100 microns.
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Plate 1 1 . 1 , 2 Gyroidina umbonata (Silvestri); 1 umbilical view and 2 peripheral view. 3, 4
Hanzawaia boueana (d'Orbigny); 3 umbilical view and 4 spiral view. 5, 6 Ammonia
parkinsoniana (d'Orbigny); 5 umbilical view and 6 spiral view. 7, 8 Elphidium aculeatum
(d'Orbigny); 7 peripheral view and 8 umbilical view. 9, 10 Elphidium advenum
(Cushman); 9 umbilical view and 10 peripheral view. 11 Elphidium complanatum
(d'Orbigny), umbilical view. 12, 13 Elphidium decipiens (Costa); 12 peripheral view and
13 umbilical view. 14 Elphidium jenseni (Cushman), umbilical view. 15, 16 Elphidium
macellum (Fichtel & Moll); 15 umbilical view and 16 peripheral view. 17 Elphidium
margaritaceum Cushman, umbilical view. Each scale bar represents 100 microns.
148

Ph.D. Thesis

Chapter Ten

It is found associated with G. affinis and B. alata, occupying the same water depths
in shallower basins such as Alboran and Aegean basins.
132- Gyroidina altiformis Stewart & Stewart, 1930-Jorissen, 1987, p. 47, pi. 1, figs. 11-12.
Test is large, trochospiral with evolute, shghtly convex spiral side and involute, highly
convex umbilical side. Umbilicus is open bordered with subangular shoulder. Periphery is
acute. Wall is calcareous, hyaline and imperforate. Aperture is a short equatorialinteriomarginal slit-shaped that bordered by a narrow lip (Plate 10, Figures 14, 15).
It is found abundantly in the eastern Mediterranean with water depth limit between
200 and 2500 m. In the western Mediterranean, it occurs commonly at 2500-4000 m.
133- Gyroidina orbicularis d'Orbigny, 1826-Jorissen, 1987, p. 47, pi. 1, fig. 13. It is
identified as Gyroidina cf. G. neosoldanii Brotzen by Parker (1958) and Mullineaux and
Lohmann (1981), and as G. soldanii (d'Orbigny) by Ross and Kennett (1984) and
Cimerman and Langer (1991). It is characterized by having a compressed test with
flattened or slightly convex, evolute spiral side, strongly convex umbilical side, bluntly
angled periphery, very narrow umbilicus, and a low interiomarginal slit-shaped aperture
extending from the periphery to the umbilicus (Plate 10, Figures 16-18).
This is species has water depth limits between 100 and 2800 m, showing highest
frequencies below 600 m. In the western Mediterranean, it is associated with G.
altiformis, occupying the same depth ranges.
134- Gyroidina umbonata (Silvestri, 1898)-Parker, 1958, p. 266, pi. 3, figs. 19, 20. It differs
from G. orbicularis d'Orbigny by having more inflated test with broadly rounded,
lobulate periphery and only five chambers in the last whorl (Plate 11, Figures 1, 2).
135- Hanzawaia boueana (d'Orbigny, 1846)-Wright, 1978b, p. 715, pi. 5, figs. 12-14. This
species has been identified as Hanzawaia rhodiensis (Terquem) by Parker (1958). It has
planoconvex test with thickened sutures that are strongly curved back at the acute
periphery. The involute convex side with clear umbilical boss, while the partially evolute
spiral side is characterized by the presence of successive flaps from each chamber
extending over the entire umbilical area. Wall is calcareous, hyaline with coarse
perforations (Plate 11, Figures 3,4).
136- Ammonia parkinsoniana (d'Orbigny, 1839)-Jorissen, 1988, p. 56, pi. 9, figs. 1-5. The
species is very similar to Ammonia beccarii (Linnaeus), but differs by having no knobs
on both the spiral and umbilical sides, and flush sutures on the spiral side (Plate 11,
Figures 5, 6).
137- Elphidium aculeatum (d'Orbigny, 1846)-Cimerman and Langer, 1991, p. 77, pi. 89,
figs. 1-4. (Plate 11, Figures 7, 8)
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138- Elphidium advenum (Cushman, 1922)-Jorissen, 1988, p. 120, pi. 2, figs. 9-10; pi. 24,
fig. 3. (Plate 11, Figures 9, 10)
139- Elphidium complanatum (d'Orbigny, 1839)-Parker, 1958, p. 270, pi. 4, fig. 5. (Plate 11,
Figure 11)
140- Elphidium decipiens (Costa, 1856)-Jorissen, 1988, p. 118, pi. 2, fig. 2; pi. 20, figs. 1-6;
pi. 22, figs. 1-2, 4-5; pi. 23, figs. 1, 4-5. (Plate 11, Figures 12, 13)
141- Elphidium granosum (d'Orbigny, 1846)-Jorissen, 1988, p. 104, pi.2, figs. 1-3, pis. 16-19.
142- Elphidium jenseni (Cushman, 1924)-Cimerman and Langer, 1991, p. 78, pi. 92, figs. 13. (Plate 11, Figure 14)
143- Elphidium macellum (Fichtel & Moll, 1798)-Jorissen, 1988, pi. 3, fig. 9, pi. 24, fig. 2.
(Plate 11, Figures 15, 16)
144- Elphidium margaritaceum Cushman, 1930-Jorissen, 1988, p. 122, pi. 24, figs. 4-5.
(Plate 11, Figure 17)
145- Parrellina verriculata (Brady, 1881)-Parker, 1958, p. 271, pi. 4, fig. 7.

10.2 Planktonic foraminifera
About 12 characteristic planktonic foraminiferal species have been recorded in the present
study. They have been named according to Hemleben et al. (1989) and listed with some
remarks. Digital images for each species also presented in plates 12 and 13.
1- Globigerina bulloides d'Orbigny. Test consists basically of a fairly low trochospire with
four globular chambers in the last whorl. Wall with small regularly distributed pores and
thin spines. Aperture is umbilical, wide and highly arched without hp in the upper rim
(Plate 12, Figures 1, 2).
2- Globoturborotalita rubescens Hofker. It differs from Globigerina in having a reticulate
wall and small to high arched umbilical aperture with thin lip, and from Globigerinoides,
which has a similar wall, in having a smaller sized test and lacks sutural supplementary
apertures on the spiral side. It is rather easy to distinguish by its reddish pigment
distributed throughout its test. This is in contrast with G. ruber, where usually only the
inner whorls are clearly red (Plate 12, Figures 3, 4).
3- Turborotalia quinqueloba (Natland). Test is small in size, slightly flattened with five
chambers in the final whorl. Wall is spinose with perforations. Aperture is umbilicalextraumbilical, obscured by the prolongation of the final chamber (Plate 12, Figures 5, 6).
4- Globigerinoides ruber (d'Orbigny). This species exhibits two varieties, pink and white. It
is characterized by having three chambers in the last whorl. Wall is highly perforated and
reticulated with spines. Primary aperture is umbilical, highly arched and positioned well
above the suture of each earlier two chambers. Secondary apertures on the spiral side are
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Plate 12. 1, 2 Globigerina bulloides d'Orbigny; 1 umbilical view and 2 spiral view. 3, 4
Globoturborotalita

rubescens Hofker; 3 umbilical view and 4 spiral view. 5, 6

Turborotalita quinqueloba (Natland); 5 umbilical view and 6 spiral view. 7, 8
Globigerinoides ruber (d'Orbigny). 9,10 Globigerinoides sacculifer (Brady); 9 umbilical
view and 10 spiral view. 11,12 Globigerinella digitata (Brady); 11 umbilical view and 12
spiral view. 13-15 Globigerinella siphonifera (d'Orbigny); 13 umbilical view, 14
peripheral view and 15 spiral view. Each scale bar represents 100 microns.
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Plate 13. 1 Orbulina miversa d'Orbigny. 2, 3 Neogloboquadrina dutertrei (d'Orbigny); 2
umbilical view and 3 spiral view. 4, 5 Neogloboquadrina pachyderma (Ehrenberg); 4
umbilical view , 5 spiral view. 6, 7 Globorotalia inflata (d'Orbigny); 6 umbilical view, 7
spiral view. 8-10 Globorotalia scitula (Brady); 8 umbilical view, 9 spiral view, 10
peripheral view. 11-12 Globigerinita glutinata (Egger); 11 umbilical view with bulla, 12
umbilical view without bulla. Each scale bar represents 100 microns.
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always present. The position of the apertures of this species easily separates it from G.
sacculifer tests (Plate 12, Figures 7, 8).
5- Globigerinoides sacculifer (Brady). It differs from G. ruber by having slightly flattened
test with sac-like extended (sometimes incomplete) final chambers and large, deep
reticulations on the wall (Plate 12, Figures 9, 10).
6- Globigerinella digitata (Brady). It is characterized by having distinctly trochospiral
coiling throughout ontogeny, globular chambers in the early stage that increasing so
rapidly that the last two-three chambers in final whorl become strongly elongated (fingerlike shape) with pointed/rounded ends. Aperture is umbilical with arch, bordered by a lip
(Plate 12, Figures 11, 12).
7- Globigerinella siphonifera (d'Orbigny). In young forms, test is very low trochospiral that
becomes planispiral in adult. It differs from G. bulloides by having low, arched, umbilical
aperture that extends to the periphery and from Hastigerina by having distinctly
trochospiral coihng in the early stage (Plate 12, Figures 13-15).
8- Orbulina universa d'Orbigny. It has a spherical test. Last chamber increases very rapidly
covering the previous chambers so that one (rarely two) spherical chambers are visible
from outside. Wall is thin, coarsely perforate and spinose (Plate 13, Figure 1).
9- Neogloboquadrina pachyderma (Ehrenberg). In this study, it includes varieties of
Neogloboquadrina dutertrei (d'Orbigny) that characterized by having a large-sized tests
with five to six chambers in the last whorl and wide umbilicus. Tests of N. pachyderma is
low trochospiral with four to five chambers in the final whorl. Last chamber is frequently
incomplete. Wall is reticulate without spines, later thickened and pitted through
secondary calcite deposits. Aperture is umbilical-extraumbilical in the juvenile stage and
may become almost umbilical in the adult (Plate 13, Figures 2-5).
10- Globorotalia inflata (d'Orbigny). It has a test with low trochospiral coiling and four
subglobular chambers in the final whorl. Chambers are inflated, closely coiled without a
peripheral keel. Umbilical side is convex and spiral side is almost flat. Wall is thick,
smooth and very finely perforated without spines. Aperture is a high wide arch with no
apparent lip (Plate 13, Figures 6, 7).
11- Globorotalia scitula (Brady). Test is low trochospiral with five to six chambers in the
final whorl. It is slightly compressed with no evidence of peripheral keel. Chambers are
lunate from the spiral side and subtriangular from the umbilical side. Wall is smooth,
finely perforated and lightly pustulated near the aperture in the umbilical side. Aperture is
umbilical-extraumbilical, low asymmetrical with a rim-like lip (Plate 13, Figures 8-10).
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12- Globigerinita glutinata (Egger). It is characterized by having smooth, fragile, finely
perforated, non-spinose test. In its juvenile stage, it is planispirally coiled with an
equatorial aperture provided with a pronounced flange, while in terminal stages the
specimens have a narrow slit-like umbilical aperture with distinct symmetrical lip which
eventually becomes covered by a bulla (Plate 13, Figures 11, 12).

154

APPENDICES
Appendix A (benthic microhabitat preferences)
Benthic foraminiferal microhabitat preferences based on comparison with the same Rose
Bengal stained ones. R = references [1, Corliss (1991); 2, Jorissen et al. (1998); 3,
Mackensen and Douglas (1989); 4, De Stigter et al. (1998); 5, this study; 6, Rohling et al.
(1997); 7, Jorissen (1999); 8, Barmawidjaja et al. (1992); 9, Bemhard (1992); 10, Gooday
(1986); 11, Jorissen et al. (1994); 12, Corliss (1985); 13, Dobson and Haynes (1973); 14,
Lutze and Thiel (1989); 15, Mackensen et al. (1985); 16, Langer (1993); 17, Lee et al.
(1969); 18, Jones and Chamock (1985); 19, Corliss and Chen (1988); 20, Murosky and
Snyder (1994); 21, Rathbum and Corliss (1994)].
Name of Species

Environmental
microhabitat
preferences

Vertical range in
sediments (cm)

Depth of
abundance
maximum (cm)

R

Psammosphaera fusca

epifaunal

14

Rhabdammina
abyssorum
Rhabdammina discreta

epifaunal

epifaunal

the species was found attached to a
skeleton of Pheronema
tubular test with suspension feeder
habitat
branched test with suspension feeder
habitat
attached to hard substrate

epifaunal
epifaunal
infaunal

0-3
0-5
0-4.5

0-1
0-1 (in deep cores)
1.5-3

2
4
3

epifaunal

0-4

0-1

4

-

-

-

-

infaunal

0-6

2-5

8

epifaunal

0-4
0-1
0-3

0-1
0-1
0-1

4
3
11

Lagenammina
laguncula
Ammolagena clavata
Glomospira charoides

Bigenerina nodosaria
Reophax agglutinatus
Ammoscalaria
pseudospiralis
Ammoglobigerina
globigeriniformis
Trochamminopsis
quadriloba
Eggerella bradyi
Textularia agglutinans
Textularia foliacea
T. sagittula
Textularia truncata
Siphotextularia
concava

epifaunal

epifaunal

18
18
5

infaunal
(shallow)
infaunal

0-3

2-3

3

0-6

2-3

4,
8

-

-

-

-

epifaunal
epifaunal

0-5

0-1

0-3

2-3

4
2
4

-

Appendix A. Continued.
S. curta
Pseudoclavulina
crustata
Spirillina vivipara
Patellina corrugata
Comuspim planorbis
Miliolids

Dentalina advena
Dentalina aphelis
D. filiformis
D. inflexa
Neolenticulina
variabilis
Amphicoryna scalaris
Lagena hexagona
L. hispida
L. sulcata
L. striata
Globulina gibba
G. minuta
Fissurina cuculata
F. orbignyana
Lagenosolenia
sigmoidella timmsensis
Glandulina ovula
Hoeglundina elegans

Robertina translucens
Bolivina alata
B. albatrossi
B. capitata
B. pseudoplicata
B. seminuda
B. spathulata
B. striatula
Bolivinita quadrilatera
Cassidulina carinata
C. crassa
Cassidulinoides bradyi
Globocassidulina
subglobosa

-

-

0.5-2

0.5-2

4

-

-

-

-

epifaunal

epiphytic species lives on plant substrate 17

-

-

-

epifaunal

epifaunal

-

-

-

-

0-1

1,3,
7,
16

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

_

-

-

-

-

-

-

-

—

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

0-7
0-1
0-4

0-1
0-1
0-1
0-2

1
2
2
3

-

-

epifaunal

-

infaunal (deep)*
-

-

7
-

-

-

-

-

-

-

-

-

-

-

infaunal
(shallow)
infaunal
(shallow)
epifaunal
infaunal(deep)
epifaunal
epifaunal
infaunal (deep)
infaunal

0-6

0-2

8

0-5

0-1.5

4

0-6

0-2

0-4
0-5
0-5
0-4

0-1
0-1
3-5
2-3

8
5
4
4
4
4
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Appendix A. Continued.
Bulimina aculeata
B. costata
B. exilis
B. inflata (=B.
mexicana)
B. marginata

Globobulimina affinis

Rectuvigerina phlegeri
Uvigerina auberiana
U. bononiensis
U. bifurcata
U. mediterranea
U. peregrina
Trifarina angulosa
Reussella spinulosa
Suggrunda eckisi
Rutherfordoides
rotundiformis
Cancris auriculus
Orbitina carinata
Gavelinopsis praegeri
Neoconorbina
terquemi
Planodiscorbis
rarescens
Rosalina spp.
Sphaeroidina bulloides
Glabratella
califomiana
Glabratellina albida
G. turriformis
Plana glabratella
opercularis
Siphonina tubulosa
Discorbinella
bertheloti
Hyalinea balthica
Planulina ariminensis

0-2

3

0-1
0-1
0-8
0-2

6,7
7
2
1
2
8

0-3
6-9
4-7

11
12
1

-

-

-

-

-

-

0-6
infaunal
(shallow)
infaunal (deep)
infaunal (deep)*
infaunal
0-5
(shallow)
0-12
0-10
infaunal (deep)
0-7
infaunal
(shallow)
infaunal (deep)
0-5
:M5
0-9
-

-

-

-

-

-

-

-

-

-

infaunal
(shallow)
infaunal
(shallow)
infaunal
(shallow)

0-4
0-7
(X45
0-4

(^L5
0-1
0-1
0-2
0-1.5

2
4
2
1
4

-

-

-

-

infaunal (deep)
infaunal (deep)

5
5

infaunal(deep)

5

-

-

epifaunal
epifaunal

4
0-1
0-3
epiphytic species lives on plant substrate 16

-

-

-

-

epifaunal
epifaunal

0-5
0-1

0-1
0-1

4
2

-

-

-

-

-

-

—

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

0-8

0-3

19
20
19

attached to
substrate
0-1

0-1

epifaunal
epifaunal
epifaunal
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Appendix A. Continued.
Cibicides lobatulus

C. kullenbergi

epifaunal

epifaunal

C. pachydermus

epifaunal

C. wuellerstorfi

epifaunal

Planorbulina
mediterranensis
Asterigerinata
mamilla
Haynesina depressula
Haynesina spp.
Nonion labradoricum
Nonionella turgida
Astrononion
stelligerum
Laminononion
tumidum
Melonis affinis
M. barleeanum

Pullenia bulloides
P. quinqueloba
Chilostomella
mediterranensis

epifaunal
epifaunal

0-1
0-1
attached to
substrate
attached to
substrate
0-1
(^43
0-1
0-2
0-1
0-5
0-6
0-2.5 and 2-4
attached to
substrate
0-1
(>Z5
0-1
0-9
epiphytic species lives on plant substrate

1
15
14
1
2
4
21

14
1
2
5,
16
epiphytic species lives on plant substrate 13,
16

-

-

-

-

-

-

-

-

infaunal
infaunal(deep)

0-3

0-3

19
11

-

-

-

-

-

-

-

-

infaunal
(intermediate)
infaunal
(intermediate)

very similar to M. barleeanum

5

(^43
0-9
0-4
1-6
(^42

1-4
1<15
1-2
2-3
0-1

1
2
4
12
1

0-8

0-1

2

infaunal
(shallow)
infaunal
(shallow)
infaunal(deep)

Gyroidina altiformis
G. orbicularis

epifaunal
epifaunal

G. umbonata
Hanzawaia boueana
Ammonia spp.
Elphidiids

epifaunal
epifaunal
epifaunal
epifaunal

3
1
2
7
9
10
2
0-1
0-1
2
0-1
0-1
4
0-1
0-4
4
0-1
0-3
4
0-1
0-5
epiphytic species lives on substrate plant 17
16
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A p p e n d i x B (faunas p e r g r a m )
1- Graphs of both benthic and planktonic foraminiferal species g"^ in core SL-31.
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P. rarescens
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2- Graphs of both benthic and planktonic foraminiferal species

in core SLA-9.
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3- Graphs of both benthic and planktonic foraminiferal species g'^ in core LC-21.
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4- Graphs of both benthic and planktonic foraminiferal species g"' in core LC-31.
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