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SUMMARY:The fluxes and budget of organic matter from the oligotrophic surface waters of the eastern Mediterranean to
the deep waters are poorly known, and little information is available on past and present macrobenthic activity on the sea
floor. Evidence of macrobenthic activity can be direct, through recovery of living organisms or their autochthonous skeletal
remains, or indirect, through bioturbation and trace fossils. The evidence of biological activity in deep eastern Mediterranean
sediments has been evaluated and compared through 2!°Pb profiles from box-cores and study of dredge samples from sites
on Medina Rise (1374 m water depth), the Messina Abyssal Plain (4135 m) and several sites along the Mediterranean Ridge,
SW and S of Crete (1783 to 3655 m). All these sites are remote from the continental shelves, so the biological benthic activ-
ity is expected to depend primarily on primary production from surface waters. The results show that present-day mac-
robenthos and trace fossils are generally scarce, especially at depths >2500 m. This observation is supported by surface sed-
iment 21°Pb,, - distributions that show a surface mixed layer (SML) <6 cm deep in cores from water depths <2500 m and
only 2-3 cm at greater depths, and estimated bioturbation intensities similarly fall off with water depth. These values are
much lower than the average SML of ~10 cm in marine sediments elsewhere. It is unlikely that the present-day primary pro-
duction in the eastern Mediterranean can sustain any structured macrobenthic activity at >2500 m. The historical layer of
some box-cores and the Pleistocene hardgrounds collected in the Cleft area (Mediterranean Ridge) do, however, record a
macrobenthic activity that is apparently more intense than at present, which may be related to higher primary production of
the Pleistocene glacial intervals. In contrast with most areas of the present-day deep eastern Mediterranean which depend on
surface primary production based on photosynthesis, a relatively dense and diversified macrobenthic community based on
chemosynthesis has been recognised at depths >1100 m on the Napoli Dome mud volcano in the Olimpi area, and on the
Kazan and other mud volcanoes in the Anaximander Mountains.

Key words: deep macrobenthos, eastern Mediterranean, 2!°Pb profiles, surface mixed layer, trace fossils, chemosynthesis,
sapropels, Pleistocene.

RESUMEN: INDICACIONES DE BAJA ACTIVIDAD EN EL MACROBENTOS DE SEDIMENTOS PROFUNDOS EN EL MEDITERRANEO ORIEN-
TAL. — En el Mediterraneo oriental los flujos de materia organica desde las aguas superficiales oligotroficas hasta las aguas
profundas son poco conocidos y en general hay poca informacion sobre la actividad del macrobentos en el fondo del mar.
La evidencia de la actividad macrobentdnica puede ser directa, a través de los organismos vivos o de los restos de esquele-
tos autoctonos, o indirecta, a través de la bioturbacion y fosiles. La evidencia de la actividad bioldgica en los sedimentos pro-
fundos del Mediterraneo oriental se ha evaluado y comparado por medio de los perfiles del 2'°Pb provinentes de muestreos
con box-corer y dragas tomados en varios puntos del dorsal Mediterraneo, al SO y S de Creta (entre 1783 y 3655 m). Se
espera que la actividad bioldgica de estos fondos alejados de la plataforma continental dependa principalmente de la pro-
duccion primaria de las aguas superficiales. Los resultados muestran que el macrobentos actual y los fosiles son general-
mente escasos, especialmente en fondos superiores a los 2500 m. Estas observaciones se basan en la distribucion del exce-
so de 2'%Pb que se ha encontrado en en la capa superficial de mezcla del sedimento, inferior a 6 cm de grosor, en los cores
de aguas inferiores a 2500 m; y de solo 2-3 cm a mayor profundidad. La estimacion de la intensidad de la bio-perturbacion
también cae de manera parecida con la profundidad. Estos valores son mucho més bajos que la media de la capa superficial
de mezcla de unos 10 cm en los sedimentos marinos de otras zonas. Es probable que la produccién primaria actual en el
Mediterraneo oriental no pueda soportar ninguna actividad macrobentdnica estruturada a mas de 2500 m. La capa historica
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en algunos box-corer de los fondos duros del Pleistoceno muestreados en el area de Cleft registran, sin embargo, una cativi-
dad macrobentdnica aparentemente mas intensa que la actual, y que podria relacionarse con una produccion primaria alta
durante los intervalos interglaciales del Pleistoceno. Contrariamente a lo encontrado en la mayorfa de las 4reas actuales en
el Mediterraneo oriental profundo, el cual depende de la produccion primaria superficial basada en la fotosintesis, en el vol-
can fangoso de Napoli Dome en el area de Olimpi, en el Kazan y otros volcanes fangosos de las montafias Anaximander, se
ha encontrado una comunidad macrobentdnica relativamente densa y diversificada basada en procesos quimiosintéticos.

Palabras clave: macrobentos profundo, Mediterraneo oriental, perfiles de >'°Pb, capa superficial mezclada, fosiles traza, qui-

miosintesis, sapropeles, Pleistoceno.

INTRODUCTION

The Mediterranean is a semi-enclosed sea that
acts as a concentration basin. At the Strait of
Gibraltar its water budget deficit is compensated by
the ingress of fresher Atlantic waters at the surface
over an underlying denser and higher salinity out-
flow. This anti-estuarine circulation (Bethoux, 1979;
Bryden, 1993) prevents nutrient accumulation in the
Mediterranean basin, especially in the eastern sub-
basin west of the Straits of Sicily, thus causing olig-
otrophy (Bethoux, 1989). The actual fluxes and
budget of organic matter to the deep eastern
Mediterranean are still poorly known, but the carbon
export from the euphotic layer to 1000 m depth is
equivalent to about 10% in the western
Mediterranean (Gulf of Lions) which is about 5
times higher than in the eastern Mediterranean
(Cretan Sea); accordingly, chlorophyll-a concentra-
tions are 2-3 times higher in the western basin than
in the eastern basin at similar depths (Danovaro et
al., 1999; Psarra et al., 2000). Abundance and diver-
sity of benthic biomass decrease with water depth,
and marine invertebrates are particularly scarce in
water depths exceeding 2000 m (Fredj and Laubier,
1985; Hausmann et al., 2002).

Knowledge of the deep meiofauna is good com-
pared with the limited information available on the
macrobenthos. The density of metazoan meiofauna
decreases with depth and there is evidence of a sig-
nificant relationship between meiofauna density in
eastern Mediterranean sediments and the amount of
labile organic matter that is readily available to ben-
thic consumers (Danovaro et al., 1995). The micro-
bial activity in deep-sea sediments also appears to be
regulated by the input of phytodetritus to the sedi-
ments (Boetius et al., 1996). Moreover, it has been
shown that the bathymetrical succession of benthic
foraminifers is determined by the organic flux, such
that their habitat range reflects the west to east trend
of increasing oligotrophy in the basin by a shallow-
ing of upper or lower water depth limits (De Rijk et
al., 2000).
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The availability of oxygen is also an important
parameter for understanding the distribution of ben-
thic fauna on and in the sediments. Simulations of
oxygen consumption in the deep waters of the east-
ern Mediterranean yield higher rates than those
found in the Atlantic and Pacific, possibly related to
the relatively high deep water temperatures which
characterise the eastern Mediterranean, but ventila-
tion is sufficient to ensure that the present deep
waters of the eastern Mediterranean are well oxy-
genated (Bethoux, 1989; Souvermezoglou and
Krasakopoulou, 1998; Roether and Well, 2001).

The benthic macrofauna of the deep eastern
Mediterranean seems to be very sparse, with few
exceptions (Fredj ef al., 1992; Fiege et al., 2000).
Due to its extreme scarcity, it is difficult to sample
and is therefore poorly known. In the oligotrophic
south Aegean Sea, over the continental slope of
Crete, the macrobenthos distribution sharply
decreases with depth and is limited by food avail-
ability, which in turn depends on the pelagic food
web and its hydrological framework (Tselepides and
Eleftheriou, 1992).

The macrobenthic activity in the eastern basin at
sites far from the continental shelves is expected to
depend mainly on the primary production from sur-
face waters; therefore, its intensity should mirror the
trophic quality of the sea water, in the present as in
the past.

The eastern Mediterranean, one of the least pro-
ductive seas in the world, has been defined as a
marine desert (Azov, 1991). However, exceptionally
high abundances of benthic biomass have been
recorded in some trenches that channel fresh organ-
ic material from adjacent steep slopes (Boetius et
al., 1996).

Evidence of macrobenthic activity can be direct,
through recovery of living organisms or their
autochthonous skeletal remains, or indirect through
bioturbation and trace fossils.

In this work the downcore distribution of the nat-
ural radionuclide 2'°Pb was used to assess the
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depth of modern sediment mixing due to bioturba-



tion (e.g. Soetaert et al., 1996). 21°Pb is supplied to
the surface ocean from the atmosphere, following its
production in the atmosphere from the decay of
22Rn that has emanated from the continental land-
masses (Turekian e al., 1977). Once deposited in
the surface ocean, 2'°Pb is particle reactive, and
traces surface ocean production (Moore and
Dymond, 1988). Sinking organic material can
absorb further 2'Pb during descent through the
ocean water column, where 2'°Pb is present from
decay of ??°Ra. 21°Pb has a half-life of 22 years so its
activity in sediments decays to 1% of its initial value
in ~130 years. At a sediment accumulation rate of 3
cm ky!, which is typical for the deep eastern
Mediterranean (van Sandtvoort et al., 1996),
21Pb, ... Would therefore only be found in the
uppermost 3-4 mm of the sediments in the absence
of bioturbation. As a consequence of bioturbation,
however, #°Pb_ . is mixed down to greater depths
in oxic sediments by organisms foraging and feed-
ing.

This paper reports the thickness of the *'°Pb,, .,
SML as a function of the bioturbation at several
deep eastern Mediterranean sites. These data are the
framework for qualitative observations of direct and
indirect evidence of macrobenthic activity in twen-
ty-one box-cores and one dredge sample from oxic
environments in different geological settings. A
comparison is made with the intense macrobenthic
activity based on chemosynthesis known to occur in
the region of cold seep-associated mud volcanoes,
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and with the higher productivity that characterised
the eastern Mediterranean during the glacial
Pleistocene.

METHODS

The samples available for 21°Pb,_ . analysis were
from box core sub-cores (Fig. 1; Table 1) that had
been sliced at 0.5 or 1 cm resolution for geochemi-
cal purposes. Powdered samples of ~1 g were
leached with hot 6 N HCI with a calibrated **Po
tracer added. The Po isotopes were then plated on
Ag planchettes by the method of Flynn (1968) for
proxy determination of 2!°Pb via 2'°Po by alpha spec-
trometry based on the known added activity of ?**Po.

Formally, the specific activity (disintegrations
per minute per gram, dpm g') of 21%Pb_ . is the
amount in excess of radioactive secular equilibrium
with its radioactive parent ??°Ra, i.e.
219Pb,, ..., specific activity = (measured *'°Pb specif-

ic activity) - (measured ?*°Ra specific activity)

A simpler procedure is to assess **°Ra specific
activity from the 2'°Pb profile itself, by assuming
that 21%Pb, . will only be present near the sediment
surface, and that lower near-constant values of 2!°Pb
at depth will correspond to detrital 2?Ra levels. This
approximation is well suited to the leaching method
used here to release >'°Pb without attempting to
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FiG. 1. — Map of the eastern Mediterranean Sea with the positions of the cores (see also Table 1) and location of the Cleft area (CA) and
Olimpi Diapiric area (OD). Water depth contours are at 1000 m intervals.
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TABLE 1. — Details of the 13 cores studied for surface layer mixing by the 2°Pb

method.

excess

Core Latitude N Longitude E~ Water depth ~ 2'%Pb,___ 219Pb,, .. Exponential Exponential Db  Surface mixed
(m) inventory flux best-fit A, best-fit layer depth
(dpm cm?) (dpm cm?y') (dpmg')  exponent  (cm?y') (cm)
BC7 33°39'23" 32°40° 02" 893 6.30 0.20 13.88 -1.386 0.014 33
UM42 34° 57" 14" 17° 51” 45" 1375 12.57 0.40 17.10 -0.779 0.048 59
SL29 33°23'21" 32°30° 11" 1587 13.25 0.42 22.23 -1.126 0.022 4.1
SL9 34° 17’ 10" 31°31° 22" 2302 19.29 0.61 12.16 -0.512 0.114 9.0
BC19 33°47° 51" 28° 36’ 30" 2750 13.78 0.43 48.03 -2.171 0.005 2.1
SL114 35°17° 14" 21° 24’ 31" 3390 18.46 0.58 62.29 -2.340 0.005 2.0
SL73 39° 39’ 40" 24° 30’ 39" 339 16.41 0.52 - - - -
KG17 35°51° 21" 22°20° 07" 4617 24.63 0.78 59.89 -1.475 0.012 3.1
KG20 34°25° 20" 26° 05” 56" 2412 16.44 0.52 14.01 -0.746 0.053 6.2
KG21 33° 36’ 13" 28° 34’ 13" 2967 13.1 0.41 63.71 -2.595 0.004 1.8
KG23 32° 40’ 50" 30° 35” 44" 1907 19.2 0.60 30.61 -1.127 0.022 4.1
KG37 33°19° 58" 33°24° 45" 1822 39.35 1.24 45.64 -0.826 0.043 5.6
KG39 34°02° 07" 32° 37’ 34" 2548 25.24 0.80 47.51 -1.191 0.020 39

dissolve the sediments to ensure release of all 2'°Pb
and ?*°Ra.

Assuming a constant bioturbation rate D, (cm?
y~!) in the SML, a constant sedimentation rate w (cm
y!) and constant dry sediment bulk density p (g
cm™), D, is evaluated by fitting the following equa-
tion to the 2'°Pb profiles using a least squares best fit
of 21°Pb specific activity (A) on depth (z):

excess

A=A, exp[((w - (0 + 4AD,)*%) / 2D,) z]

with boundary conditions A=A atz=0and A— 0
asz — o,

This solution assumes that the SML is greater
than the depth 2°Pb_ . . penetration, and is in
effect equal to infinity (e.g. DeMaster and
Cochran, 1982). This procedure gives sediment
mixing information on a ~100 y time scale, and
on this time scale the SML depth is evaluated as
the depth at which the best-fit A, value falls to
A,/100.
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(triangles) specific activities for seven cores collected on the “Sapropels and

Paleoceanography” programme. The activity level taken to represent detrital >°Ra and ?'°Pb is shown as the dashed line; this value was

subtracted from total 2'°Pb to obtain 2'°Pb,

excess®
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The exponential best fit of 2'°Pb

activity on depth is shown as the dashed curve.
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FIG. 3. — Total 21°Pb (filled circles) and inferred 2!°Pb,, . (triangles) specific activities for six cores collected on R.V. Meteor cruise 25/1. The
activity level taken to represent detrital >°Ra and 2'Pb is shown as the dashed line; this value was subtracted from total 2'°Pb to obtain
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RESULTS

The total 2'Pb specific activity data and the
exponential best fits for the deduced *°Pb,_ . data
for the cores analysed are presented as Figures 2 and
3. For most cores, the 21°Pb, . data conform satis-
factorily to an exponential. An exception is the shal-
lowest core studied (SL 73 from the Aegean Sea), in
which the sediments are completely mixed over 0-3
cm with mixing falling off between 3 and 4.5 cm,
and in this case the mixing is clearly layered and of
different intensity in different depth zones. In two
other cases (KG37, KG17) there are single data
points at depth that clearly exceed the exponential
trend from the remainder of the ?'°Pb, . data in the
core.

Most of the box-cores show an uppermost mixed
layer < 6 cm thick, probably related to bioturbation
by meiobenthic organisms (Fig. 4).

Out of the twenty-one box-cores collected in the
eastern Mediterranean during the Paleoflux cruises,
a living polychaete with an agglutinated tube was
observed in only one core from the Cleft area at
2835 m depth. One empty polychaete tube was
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FIG. 4. — Surface mixed layer depths as calculated from the 2'°Pb
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FIG. 5. — Steady state flux of 2'°Pb_ . deposited in each core as a

function of water depth. The range estimated for western
Mediterranean atmospheric deposition by Radakovitch et al. (1999)
is shaded.

observed at 20 cm depth in a core from 3498 m
depth, NW of the Urania anoxic basin (Basso and
Corselli, 1998). Bioturbation as evidenced by trace
fossils or mottled sediments in the cores seems to be
more prevalent about 10-20 cm below the top (his-
torical layer) of box-cores collected deeper than
2000 m.

In a few box-cores (UM94 cruise BC40, BC35,
BC15, BC29 and BC30) Chondrites-type trace fos-
sils were observed, either in association with the
sapropel layer S-1 (about 8000 yrs BP) or with the
Etna eruption tephra layer (2000 yrs BP). Several
slabs of a Pleistocene hardground, intensively bio-
turbated (Chondrites, Planolites and Paleophycus
cf. heberti (Pemberton and Frey, 1982), were col-
lected by dredging along the slope of Mound II, in
the Cleft area (Basso and Corselli, 1998).

DISCUSSION

In absence of visible evidence of benthic activity
in the form of trace fossils, which is the general case
in the deep eastern Mediterranean, the thickness of
the SML caused by bioturbation as revealed by the
210Pb, .., profiles was adopted as a measure of bio-
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turbation (Fig. 4). For most of the cores studied, the
219Pb,, ess Ay/100 SML layer is < 6 cm, and for sev-
eral —particularly those from the deepest water
depths > 2500 m—it is 2-3 cm. Like the SML depth
(Fig. 4), the estimated bioturbation intensities (D))
are also higher at >0.015 cm? y!in cores from water
depths < 2700 m than in cores from > 2700 m,
where D, is <0.015 cm? y'! (Table 1). In comparison
with marine sediments elsewhere, both the SML
thickness and the D, values observed here (Tab. 1)
are low. From consideration of a large body of data
in which bioturbation was assessed by a variety of
methods in a wide range of sediments, Boudreau
(1994, 1998) has shown that the mean SML in
marine sediments is 9.8 + 4.5 cm (10 error).

Different combinations of factors have been
invoked to explain differences in the SML thickness
observed in the world’s oceans. On the Oman mar-
gin (400-1000 m), Smith et al. (2000) found a mean
SML thickness of 4.6 cm on a transect through the
oxygen minimum zone, which contrasted with well-
oxygenated waters of the Atlantic and Pacific
Oceans where the SML was twice as thick. Smith et
al. (1993) and Smith and Rabouille (2002) hypothe-
sised that bioturbation in the SML was driven by the
flux of organic matter to the sea floor, and that
recently-sedimented particles of high food value
were mixed by deposit feeders at higher rates than
older, food-poor particles. Trauth ez al. (1997) esti-
mated that the SML thickness increased by 2 cm for
every 1 gram of carbon m? y!' deposited on the sea
floor, from a 2 cm SML at 1 gC m? y!'to a 12 cm
SML at 6 gC m? y!. Similarly, Legeleux et al.
(1994) found that the intensity and SML depth of
bioturbation both decreased along an offshore
Atlantic transect chosen to underlie a range of sur-
face ocean productivities ranging from eutrophic to
oligotrophic. Only the most oligotrophic and deep-
est site on this transect provided ?'°Pb profiles simi-
lar to those seen here in the eastern Mediterranean.
The deposition flux to the seafloor at 4.4 km water
depth at this oligotrophic site was estimated as only
0.34 gC m? y! (Legeleux et al., 1996).

Subsurface maxima in ?'°Pb___ . in the SML, as
evident in cores SL9, KG17 and KG37, have also
been noted elsewhere, and have been ascribed to
local injection of surficial material at depth, for
example as infill of large burrows (e.g. Smith et al.,
1987; Soetaert et al., 1996; Thomson et al., 2000).
This local or impulse bioturbation contrasts with the
reworking by multiple small-scale events (termed
non-local mixing) that approximate diffusive mixing



and result in an exponential decrease in *°Pb
specific activity profiles with depth.

As stated above, the overall 2°Pb___ . flux to the
sediments from the water column comprises the
atmospheric input to the surface ocean and an addi-
tional increment scavenged from the water column
by settling particulate matter. The inventory in the
sediments is assessed as:

excess

1=3(A, p, Az)

where I is the sediment inventory (dpm cm)

A, is the °Pb,_ . activity in dpm g! for sample i

p. is the dry bulk density (g cm™; assumed con-
stant = 0.7 g cm)

Az, is the sample thickness (cm).

Assuming steady state supply and decay of
210pp to the sea floor, inventory and flux are

excess

related as:

J=Al
where J is the 2°Pb___. . flux (dpm cm?y') and A is
the decay constant of 2°Pb (y!).

Radakovitch et al. (1999) assessed various dif-
ferent measurements of the 2!°Pb,_ ... atmospheric
flux alone (mainly for the western Mediterranean
basin) and adopted a mean value of 0.59 + 0.06 dpm
cm?y!, although a lower value of 0.48 dpm cm? y~!
has also been measured (Sanchez-Cabeza et al.,
1999). The mean 2!Pb_, . flux to the sea floor for
all 13 cores studied here is 0.58 dpm cm?2 y!, which
agrees perfectly with Radakovitch’s estimate.
Nevertheless, with the exceptions of cores BC7 and
KG37, which appear off-trend, there is a loosely
defined trend in the data of an increase from 0.4 dpm
cm?y!'between core UM42 at 1.4 km water depth to
0.8 dpm cm?y! for core KG17 at 4.6 km (Fig. 5).
This is the expected pattern for an additional pro-
gressive uptake of ?'%Pb__. - from the *Ra in the
water column, and Figure 5 is interpreted to repre-
sent a somewhat lower atmospheric input flux for
the eastern basin than that determined by
Radakovitch et al. (1999), coupled with an addition-
al *'Pb_, . uptake from the water column (e.g.
Cochran et al., 1990; Thomson et al., 1993). To
model this situation satisfactorily would require par-
allel 2!°Pb and ?*Ra concentration data for the deep
Mediterranean water column, which do not appear
to be available. These would be expected to be quite
unlike open Atlantic ??°Ra and 2'°Pb water column
profiles, however, because the Mediterranean is a

concentration basin in which the deep waters are
formed from regularly-replenished input Atlantic
surface water (Schmidt and Reyss, 1996).

The occurrence of living or dead macrobenthos
is very rare in the deep eastern Mediterranean,
despite the fact that some phyla are relatively well
diversified in shallow environments (Laubier and
Emig, 1993; Koutsoubas efr al., 2000; Sorbe and
Galil, 2002). In contrast with this “desert” on the
deep sea floor, much richer communities that are
sustained by chemosynthesis have been described
recently at cold-seep sites (Corselli and Basso,
1996; Aloisi et al., 2000; Salas and Woodside,
2002).

The Mediterranean Ridge is an accretionary
prism in the eastern Mediterranean Sea that is gen-
erated by the convergence of the African and
European plates. The related crustal deformation
drives the circulation of sulphidic and methane-rich
fluids that are expelled from the pressurised sedi-
ments (Camerlenghi et al., 1992; Cita et al., 1994;
Corselli et al., 1996) and mud volcanoes are formed
by intrusion of overpressured mud- and gas-charged
pore fluids that reach the sea floor (Brown, 1990).
Gas expands and rises up through the surface sedi-
ments, giving rise to the hydrocarbon gas emissions
that are termed cold seeps. On a worldwide basis,
cold seeps are located at depths ranging between
400 and 6000 m in different geological contexts, on
both passive and active continental margins.
Methane- or sulphide-rich fluids are the main source
of energy for chemoautotrophic bacteria, endosym-
bionts to many bivalves (Vesicomyidae, Mytilidae,
Solemyidae, Thyasiridae, Lucinidae), Pogonophora
worms and some sponges (Sibuet and Olu, 1998).

Cold seeps in the deep eastern Mediterranean
have been identified on the mud volcanoes of the
Olimpi area (south of Crete) and of the
Anaximander Mountains (south of Turkey) at water
depths greater than 1600 m. The associated cold-
seep fauna includes Lucinidae, Vesicomyidae, and
vestimentiferans of the genus Lamellibrachia.

The modern eastern Mediterranean deep sea
floor desert also appears to contrast with the
Pleistocene paleoenvironment. It was noted some
decades ago that the molluscan association recov-
ered at depths ranging from 2300 to 4210 m in the
Ionian Sea was extremely poor (Di Geronimo, 1974)
and only a few specimens of living Yoldiella philip-
piana (Nyst, 1845), Benthonella tenella (Jeffreys,
1869) and Benthomangelia macra (Watson, 1881)
could be separated from about 400 kg of dredged
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sediments. In contrast, the molluscan shell assem-
blages of the same samples were more diversified
(17 species), and probably much older (upper
Pleistocene), since the sedimentation rate in the
sampled area is very low.

The contrast between a poor present-day deep
association and a richer Pleistocene fossil record was
later observed also in other phyla, such as scleractini-
ans and serpulid polychaetes (Zibrowius, 1987;
Barrier et al., 1989). The explanation focused on a
pre-Holocene scenario with deep Mediterranean
waters colder than at present, allowing a deep Atlantic
fauna to colonise the Mediterranean and to be sus-
tained by a higher nutrient input (Zibrowius, 1981;
Taviani and Colantoni, 1984).

Due to the different hydrological and climatic
conditions, the chemical and biological environ-
ments in the eastern and western Mediterranean
basins were decoupled at least in some intervals
(Weldeab et al., 2003). The deep-sea record of the
eastern Mediterranean is characterised by the exis-
tence of numerous (several dozen) individual layers
of green to black-coloured pelagic sediments rich in
organic carbon, known as sapropels (Kidd et al.,
1978), which are one to several centimetres thick
and can be laminated. Sapropel deposition is con-
sidered to be a synchronous regional phenomenon.
The distribution of sapropels is correlated with max-
ima of the orbital insolation monsoon index, which
is a function of precessional insolation anomalies
(Rossignol-Strick, 1983; Hilgen, 1991). A more
intense summer monsoon would lead to more humid
conditions in tropical Africa and along the border-
lands of the eastern Mediterranean, with a conse-
quent increase in continental runoff. Schilman et al.
(2001) provided evidence of a strong correlation
between eastern Mediterranean productivity fluctua-
tions and Nile flood fluctuations, in turn driven by
the periodic monsoonal activity over the Nile head-
waters. The detailed mechanism for sapropel forma-
tion is still under debate, but there is a general con-
sensus that a combination of factors including
enhanced productivity and a low oxygen level in
deep waters allow a preferential preservation of
organic carbon in the sediments (Cita and Corselli,
1993; Emeis et al., 1996; Emeis and Sakamoto,
1998; Martinez-Ruiz et al., 2000). A tentative chain
of events culminating in sapropel deposition has
recently been proposed: an enhanced carbon burial
driven by increased rates of marine productivity pro-
duces a corresponding increase in oxygen consump-
tion in deep water and results in bottom anoxia.
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Since sapropel deposition in the deep eastern
Mediterranean is periodical and synchronous over
the entire basin, the hypothesis of an external forc-
ing (by precessional insolation variations and
enhanced terrestrial runoff) for the phenomenon is
conceivable (Emeis ef al., 1996).

Sapropels are not usually bioturbated, but where
bioturbation occurs it is from the top down. A rela-
tive abundance of trace fossils—mainly
Chondrites—across and above some sapropel
boundaries have been documented in ODP Leg 160
cores (Emeis et al., 1996). Chondrites producers are
organisms with an opportunistic behaviour, being
the first to make burrows after a sudden change in
the sedimentation rate and an increase in the oxygen
content of the pore waters (Savrda and Bottjer,
1986). Opportunistic ichnotaxa are usually identi-
fied in low diversity trace fossil associations and in
sediment deposited under extreme environmental
conditions (Ekdale, 1985; D’Alessandro er al.,
1986). Chondrites-type trace fossils boring the
sapropels of the deep eastern Mediterranean top
down are evidence of enhanced macrobenthic activ-
ity following the restoration of oxic conditions in
organic matter-enriched bottom sediments.

CONCLUSIONS

The Mediterranean, a semi-enclosed sea with rel-
atively shallow sills separating distinct sub-basins,
is characterised by an anti-estuarine circulation,
which creates a nutrient desert in its eastern basin.
As a consequence of nutrient limitation, the primary
production based on photosynthesis is insufficient to
sustain a well-structured macrobenthic community
in offshore areas of the eastern Mediterranean at a
depth > 2500 m. This conclusion, based on direct
observations and literature data, is supported by the
thin (< 6 cm) SMLs defined by *'°Pb,, . core pro-
files, which record the sediment mixing from bio-
logical activity. Moreover, given the rare occurrence
of macrobenthic fauna in the deep eastern
Mediterranean, the bioturbation inferred from the
thickness of the SML obtained from *'°Pb___ . pro-
files is likely to be due to meiobenthos rather than to
macrobenthic activity. An extremely scarce mac-
robenthos, which depends on photosynthesis-based
surface ocean primary production, is therefore the
general rule for the deep eastern Mediterranean.

As exceptions to this rule, two different contrast-
ing situations are highlighted.



The first is represented by the relatively rich,
chemosynthetically sustained cold-seep communi-
ties localised at sites of gas emission that are con-
trolled by active, regional geological processes.

The second relates to past environmental condi-
tions: fossil macrobenthic remains and trace fossils
recorded in a historical layer of box-cores are evi-
dence of a Pleistocene deep Mediterranean in which
the macrobenthic activity may have been more
intense than today. In particular, the deepest areas of
the more confined eastern basin had an amplified
response to climatic changes as recorded by the peri-
odical sapropel deposition. The restoration of oxic
deep-water conditions after the events of bottom
anoxia provided an exceptional organic carbon
resource, which locally sustained an active mac-
robenthic fauna.
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