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Sapropels, i.e. discrete, black and organic-rich layers sedimented in the Eastern 
basin in anoxie conditions, constitute record, over the past 500,000 years, of ele
ven particular interactions between marine circulation and biology during glacial 
as well as temperate climates. Considering climatic and dynamic aspects, we 
argue that this formation is preconditioned by the stoppage of dense water forma
tion in the Adriatic Sea, following sea-level and/or freshwater input changes. In 
this case, oxygenation of eastern deep water depends solely on the dense water 
formation in the South Aegean Sea, a process modified by episodic freshwater 
inputs. This scheme explains correlations between sapropel events and the strong 
African monsoons responsible for Nile river flooding over severa! thousand years 
(Rossignol-Strick, 1983). At the time of sapropel formation, Mediterranean gene
ral dynarnics and planktonic productivity were not drastically changed. The deci
phering of Mediterranean climatic records needs to take into account northern ice 
sheet changes (via sea-level, temperature and salinity in the adjacent Atlantic), as 
weil as tropical climatic oscillations (via increased freshwater inputs and sapropel 
events). 

OceanologicaActa, 1993.16, 2, 127-133. 

La formation des sapropèles en Méditerranée orientale : effets res
pectifs de la dynamique marine et du climat 

Les sapropèles du bassin oriental de la Méditerranée, boues noires riches en car
bone organique et sédimentées en conditions anoxiques, constituent onze couches 
individualisées dans le dépôt des derniers 500 000 ans, en période glaciaire 
comme en climat tempéré. Considérant la dynamique et la climatologie de la 
Méditerranée, le dépôt de sapropèle est rendu possible par 1 'arrêt de la formation 
d'eau dense en mer Adriatique, suivant un changement du niveau de la mer ou 
des apports d'eau douce. Dans ce cas, l'oxygénation des eaux profondes orien
tales n'est plus assurée que par la formation d'eau dense dans le sud de la mer 
Égée, un processus qui peut être altéré par une augmentation des précipitations et 
des débits des fleuves. Ce schéma peut expliquer les corrélations entre les sapro
pèles et les moussons africaines responsables de fortes crues du Nil sur quelques 
milliers d'années (Rossignol-Strick, 1983). Lors des sapropèles, ni la dynamique 
de la Méditerranée ni sa productivité biologique ne sont fortement changées. 
L'utilisation des enregistrements climatiques méditerranéens nécessite de prendre 
en compte les évolutions des couvertures glaciaires de l'hémisphère nord (via le 
niveau de la mer, la température et la salinité dans 1 'Atlantique) ainsi que les 
oscillations climatiques tropicales (dont les sapropèles constituent un indice de 
fortes précipitations). 

Oceanologica Acta, 1993. 16, 2, 127-133. 
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INTRODUCTION 

Sapropels were first discovered in the Eastern 
Mediterranean in core samples of the 194 7-1948 Swedish 
Deep-Sea Expedition (Kullenberg, 1952). Since the 1960s, 
many studies have addressed sorne of the sapropelic hori
zons as relating to marine dynamics, biology and sedimen
tation, and to climatic variations. Despite the weil defmed 
paleochronology of sapropelic layers in the Ionian and 
Levantine basins, contradictions have appeared in hypo
theses concerning the paleocirculation (more or Jess stag
nant deep water, reversai of currents across the Sicily and 
Gibraltar straits, freshening of surface water ... ), the occur
rence of enhanced planktonic production and the climatic 
changes (precipitation, temperature ... ) at the time of sapro
pel formation. Up to now, the lack of a hierarchy in the 
various proposed driving forces for sapropel formation has 
prevented most of the findings from being used in global 
change studies. 

The dynamics of the semi-enclosed Mediterranean Sea is 
linked to heat, water and salt budgets, i. e. to exchanges 
with the Atlantic Ocean and the atmosphere. Heat advection 
from the Atlantic corresponds to a gain of7 W m-2 which is 
added to solar radiation of 195 W m-2 absorbed by the sea. 
A constant mean annual temperature in the Mediterranean 
is maintained through the transfer to the atmosphere of 
those heat gains, which occurs by net infrared radiation (69 
W m-2) and the loss of sensible (13 W m-2) and latent heat 
flux (120 W m-2). The latter corresponds to a Joss of evapo
rated water of 1.55 rn a-1, which ranges between 1.60 and 
1.40 rn a-1 in the eastern and western basins respectively. 
The greater evaporation in the eastern basin corresponds to 
a greater insolation of the most southerly part. These evapo
ration !osses are rouch higher than the estimated freshwater 
gain P from precipitation and river runoff of 0.60 rn a-1 
(Bethoux, 1979). The water budget deficits (E-P = 0.95, 
1.02 and 0.8 rn a-1 for the Mediterranean and the eastern 
and western basins respectively) lead to concentration-basin 
dynamics, characterized by the formation of dense water 
and by surperposed and reversed flows over the Gibraltar 
and Sicily sills. Even if the mid-Holocene climate was war
mer and more humid, these present data and processes may 
refer to an almost optimal climatic age. During a glacial 
maximum, solar radiation was reduced by about 1 % and 
water temperature by 5°C, while humidity and cloudiness 
also decreased. As a result, net infrared radiation increased 
by about 5 % and water loss by evaporation decreased to 
about 1.25 rn a-1 for the entire Mediterranean (Bethoux, 
1984). On the watershed, palynological studies concur asto 
the arid climate and vegetation during glacial ages 
(Cheddadi et al., 1991; Rossignol-Strick and Planchais, 
1989). Precipitation and river runoff were certainly lower 
than the present day freshwater gain. Consequently, in a 
glacial period as well as in present Mediterranean condi
tions, evaporation !osses linked to heat budget remained 
rouch greater than the freshwater gain, and the water bud
get probably remained more or less constant. According to 
this hypothesis, the mean freshwater input decreased to 
about 0.30 rn a-1 and indeed indicates an arid climate trend, 
as it corresponds to about half of the present input. During 

the last glacial age (18 Ka BP), the global ocean salinity 
increase was about 1 (corresponding to the global disap
pearance of about 100-120 rn of freshwater) and 
Mediterranean surface salinities calculated from oxygen 
isotope records were 2. 7 and 1.2 higher than present 
values, in the eastern and western basins respectively 
(Thunnel and Williams, 1989), which again demonstrates 
concentration-basin dynamics. Analysis of benthic forami
nifers in Atlantic sediment cores effectively indicates a 
continuous advection of nutrient-depleted Mediterranean 
outflow during the last 140 Ka BP (Zahn et al., 1987). 
Consequently, reversai of flows over the Gibraltar sill and 
the associated hypothesis of nutrient-trap dynamics (e. g. 
Sarmiento et al., 1988) cannat be retained to explain sapro
pel formation in the Eastern Mediterranean, either during 
glacial maximum or during a climatic optimum. 
Furthermore, sapropel formation by exclusively plankton 
production would require a four- to fivefold increase of the 
present new production (Bethoux, 1989; Mangini and 
Schlosser, 1986) i. e. an inconceivable change in the 
nu trient budget of the eastern basin. 

SEA-LEVEL AND DEEP-WATER FORMATION 
CONSTRAINTS 

Mediterranean sea-level variations follow changes in the 
. Atlantic linked to global growth or the melting of ice-caps 
and glaciers. With a lowering of the sea level by 120 rn 
(glacial age), the northern part of the Adriatic Sea and 
most of the Gulf of Qabes would emerge, as well as sorne 
20 % of the Aegean Sea (Figure). The Black Sea, the Sea 
of Marmara and the Gulf of Corinth would be transformed 
into freshwater spillways. The whole eastern basin would 
be reduced by 3 x 1011 m2 (about 19 %) and the resulting 
western basin by 0.5 x 1011 m2 (about 6 %). Lowering of 
the sea leve! reduces the sea area involved in evaporation 
processes, extends the watershed and has significant 
effects on strait dynamics and deep-water formation in the 
eastern basin. 
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Strait dynamics 

As reported in Ryan (1972), Bradley (1938) and Kullenberg 
(1952) have considered the possible effect ofreduced sea
level on circulation and renewal of the eastern basin. In a 
concentration basin, heat, water, salt and energy budgets 
link deep outflow, strait geometry, water deficit and density 
difference between waters on either side of the sill (e. g. 
Arroi and Farmer, 1985; Assaf and Recht, 1974; Bryden 
and Stommel, 1984; Kullenberg, 1953; Whitehead et al., 
1974). The present Atlantic surface salinity (36.2), strait 
geometry and water deficit (7.5 x 104m3 s-1) permit the 
association of a Mediterranean deep outflow Vs = 1.6 Sv (1 
Sv= 106m3 s-1) with a density difference dcrt = 1.6 kg m-3 
between Mediterranean outflowing waters and Atlantic sub
surface water (Bethoux, 1979). Lowering of the sea level 
by 120 rn reduces the straits section, while Atlantic surface 
salinity increases by about 1 (Se= 37.2). The glacial water 



deficit, 6.4 x 10-2 Sv, permits calculation of a density diffe

rence dcrt reaching 2.2 kg m-3 and a Mediterranean deep 
outflow reduced to 1 Sv (Bethoux, 1984). 

At the strait of Sicily, the eastern deep outflow follows two 
distinct channels, with sill depths of 430 and 350 rn respec
tively, neither width nor depth being entirely occupied (the 
maximum depth of 300 rn observed for the outflow seems 
to be governed by the Gibraltar sill depth). The mean out
flow through the two channels amounted to 1.2 Sv as cal
culated from water deficit of the inner basin and from dO't 
data (about 0.2 kg m-3; Bethoux, 1979). Flux distribution 
between the Gibraltar and Sicily straits appears to be pro
portional to the water deficit of the inner basin, while the 
respective dcr1 are quite different and partly linked to water 
deficit differences between adjacent basins (about 1 rn a-1 
between the Mediterranean and the Atlantic, and only 0.22 
rn a-1 between the eastern and western basins). At the strait 
of Sicily, sea-1evel change does not constitute a strong 
constraint for the outflow section, as the outflow does not 
occupy the whole sill section, and direct calculation of flux 
change induced by sea-level variation is not possible. In a 
frrst approach, it may be emphasized that outflow distribu
tion between the Gibraltar and Sicily straits remains pro
portional to the water budgets of the inner basins. These 
amount to 6.4 x 10-2 Sv for the whole Mediterranean and 
to 4.4 x 10-2 Sv for the eastern basin, Vs through the Sicily 
strait being estimated at 0.7 Sv. If the outflow thickness Z 
is considered to be constrained by the change in water 
depth at Gibraltar, it varies from 220 to about 150 rn, when 
the surface water inflow is situated in the 0-50 rn layer (ins
tead of the present 0-80 rn). Vs outflow in the main chan
nel, about 2/3 of the total Vs, may be linked to dcr1 of about 
0.26 kg m-3 (the present value being 0.23 kg m-3). 

Deep water rising to sill depth is linked to the outflow cur
rent (Bryden and Stommel, 1982; Stommel et al., 1973) 

which may be written as being proportional to (dO't Z)0·5, 

with Z representing the thickness of the outflow (Bethoux, 

1984). Gibraltar cross-section and dcr1 give a mean outflow 
current of 2 rn s-1 in present as weil as glacial times, and 
this current maintains the outflow of deepest western 
waters. At the Sicily strait, during the glacial age, the resul
ting outflow current is comparable to the present one and 
prevents stagnation of the deep eastern waters. With a high 
freshwater deficit, it appears that lowering of the sea level 
and reduced strait flows from present to glacial states (and 
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Figure 

The Mediterranean Sea. Broken line gives the glacial 
coastline when sea level is lowered by 100-120 m 
(adapted from J. Thiede:, 1978). Stippled surfaces 
concern dense water formation areas: 1) in the Gulf of 
Lions and Ligurian Sea; 2) in the Adriatic Sea; 3) in 
the Levantine basin; 4) in the South Aegean Sea or 
CretanSea. 

La Mer Méditerranée. Le tireté représente la ligne de 
côte en période glaciaire pour un niveau de la mer abais
sé de 100 à 120 m (d'après Thiede, 1978). Les surfaces 
en pointillés correspondent aux zones de formation 
d'eaux denses : 1) dans le golfe du Lion et en Mer 
Ligure ; 2) dans l'Adriatique ; 3) dans le bassin levantin ; 
4) dans le sud de la Mer Égée ou Mer de Crête. 

conversely), do not constitute strong constraints in expiai
oing sapropel formation, which mainly occurred during 
periods of rather high sea-level. 

Dense-water formation 

In the Mediterranean, four areas of dense water formation 
are known (Figure): the northwestern basin (Medoc Group, 
1970), the Adriatic Sea, the Levantine basin and the Aegean 
Sea (Zore-Annanda, 1974; Miller, 1974). The eastern deep 
water originates in the mixing of Adriatic with Levantine 
dense waters and sorne dense water from the Cretan Sea, the 
southern part of the Aegean Sea. When flowing out over the 
Sicily sill, it constitutes the Levantine intermediate water of 
the western basin, which, after mixing with surface water, 
creates the deep western water and feeds the deep 
Mediterranean outflow across the Gibraltar straits. 
Upstream from the Sicily strait, the mean characteristics of 
eastern outflow are: T = 14.1 °C, S = 38.8. According to a 
nomogram ofT, S properties (El-Gindy and El-Din, 1986), 
this outflow corresponds to a mixing of 60 % Adriatic 
water, 30% Levantine water and 10% Cretan water. The 
characteristics of Adriatic dense water, the present main 
source of eastern deep water, are preconditioned in the shal
low northern part of the sea, where the continental climate 
(cold Bora wind) cools the surface layer and somewhat 
increases the salinity previously lowered by freshwater 
inputs. The second main component of the deep eastern 
water is the Levantine intermediate water, created in the 
open sea by autumn and winter cooling of the highly saline 
surface layer, which sinks slightly to become an interme
diate layer and moves westward towards the Otranto Strait 
and the lonian Sea (Zore-Annanda, 1974). Its initial salini
ty is the highest of the eastern basin and results from the 
evaporation process in the surface layer distant from coas
tai freshwater effects and isolated from vertical mixing by 
the density gradient of the seasonal thermocline. The third 
(and minor) component of eastern deep water is produced 
by dense-water formation occurring in the South Aegean 
Sea and joining the Levantine basin through the Kasos and 
Karpathos straits (Miller, 1974). 

The open-sea formation of Levantine dense waters is scar
cely affected by climatic changes, while in the Adriatic 
Sea, dense-water formation and deep-layer oxygenation 
depend on climatic driving forces such as continental pres-
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sure gradient, freshwater budget or sea-level changes. 
Toda y, the water balance of the Adriatic as a whole is nega
tive (rivers +precipitation- evaporation=- 0.13 rn a·l), 
but slightly positive in the shallow northern part (Bethoux, 
1980). A 11 % increase in freshwater input (wet trend) or a 
lowering of the sea level by 20 rn and a consequent reduc
tion of the sea area exposed to evaporation processes, 
would lead to a balanced water budget of the whole 
Adriatic Sea and stop the salinity effect on dense-water for
mation. A 100 rn lowering would dry up more than half of 
the sea and the resulting water budget would become posi
tive (1.1 rn a·1). With freshwater inputs being halved and 
evaporation reduced by 20%, which corresponds to a gla
cial age hypothesis, the resulting budget would be positive 
and equal to 0.13 rn a-1. These two factors, sea-level chan
ge and/or wet trend, may arrest dense-water formation in 
the Adriatic Sea. The Levantine water increasingly consti
tutes the main component of eastern deep outflow and oxy
genation of the deep eastern layer is realized by Cretan 
dense water, as hypothesized from oxygen isotopie records 
of planktonic foraminifera (Fontugne et al., 1989). 

With the hypothesis of Cretan deep water accounting for 
sorne 10 % of deep eastern water and therefore also of the 
outflow through the Sicily strait, its present formation 
amounts to 0.12 Sv. When deep-water formation is inhibi
ted in the Adriatic Sea, Cretan dense water would progres
sive! y fill the eastern basin up to about 300 rn depth and its 
oxygen content (about 235 x 10·6 mol kg-1 when it is for
med) would be used for the remineralization of organic 
matter settling from the surface layer. With a Redfield 
molar ratio C/Oz = 105/135 (Redfield et al., 1963), this 
yearly input of oxygen would allow remineralization of 7 
x 1011 mol C in the 300 m-bottom layer. Carbon flux rea
ching 300 rn depth corresponds to 14% of the surface pri
mary production of carbon (Suess, 1980), i.e. about 42% 
of the new production, assuming a ratio of 3:1 between 
primary and new production (Dugdale and Wilkerson, 
1988). Consequently, the surface new production may 
amount to 17 x 1011 mol C a·l or 12 g C m-2 a·l, a value 
previously estimated from nutrient and oxygen budgets 
(Bethoux, 1989). In a glacial trend, the formation of 
Cretan dense water may be reduced as weil as the flows 
through the straits, while its oxygen content will increase 
with decreasing water temperature. Despite the uncertain
ties concerning not only these respective changes but also 
the rate of vertical carbon flux and new production versus 
primary production ratio, it appears that Cretan dense
water formation alone can barely ensure oxygenation of 
most of the deep eastern water and prevent sapropel for
mation. This result agrees with most of the Mediterranean 
sedimentary history. If dense-water formation were stop
ped, oxygen content (about 190 x I0-6 mol kg-1 in deep 
water) and new production would not permit, under pre
sent conditions, sapropel formation deposit for about the 
next 500 years. In the case of reduced dense-water forma
tion and oxygenation barely ensured at a concentration as 
low as 60 x I0-6 mol kg-1, a cri teri on proposed by 
Rosenberg (1980) and marking a change in the benthic 
community, sapropel deposit may occur in about 150 
years. Consequently, sapropel formation may accompany 
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quasi-immediately the surface event: the arrivai of fresh
water stopping dense water formation. -

FRESHWATER INPUTS AND NILE FLOODING 

There are good time-correlations between sapropel occur
rences and African summer monsoons (Rossignol-Strick, 
1983; 1985), the obvious link being the Nile river flow, 
which at these times can increase about twofold its normal 
freshwater flow into the sea (Rossignol-Strick et al., 1982). 
Present Nile river flow ranges between 4 and 8 x 1010 m3 
a·1 (Wadie, 1984) and would constitute, without the High 
Dam, a 2.4-5 cm a·1 freshwater layer over the eastern 
basin. Consequently, Nile flooding cannot transfonn the 
eastern concentration-basin (water deficit of about 1 rn a·l) 
into a dilution one and its nutrient load cannot drastically 
alter the new production of the basin. Cascadings of 
brackish water enriched with nutrient from the Black Sea 
(when isolated from Mediterranean inflow) would not have 
any greater effect over a thousand years. 

The present inflow through the Sicily strait (equal to deep 
outflow + water deficit) corresponds to the yearly input of 
a 24 rn thick layer over the eastern basin. The Nile river in 
spate (or an equal freshwater input) would result in an 
additional salinity decrease of that surface layer dS = S 
dh/h = 0.08 and in a density decrease of 0.06 kg m-3. After 
sorne decades, density difference between eastern and wes
tern intermediate waters is reduced from 0.2 to about 0.14 
kg m·3. In a glacial trend, eastern inflow would be reduced 
and corresponds to a yearly input of about 16 rn, and an 
equal additional input of freshwater would result in a sali
nity decrease of 0.13 and in a density decrease of 0.10 kg 
m·3. In this case, the density difference between eastern 
and western intermediate waters would be just about hal
ved, outflow current would be reduced and pumping of 
deep water slowed down. This flood effect (from the Nile 
river, the Black Sea or the Po river) cannot explain a com
plete oxygen starvation in deep water. 

Coastal freshwater inputs amplify the general cyclonic cir
culation around the eastern basin and may concentrate 
freshwater in particular areas. According to the 
Mediterranean Sea atlas (Miller et al., 1970), the Aegean 
water influenced by the Black Sea outflow follows the west 
Aegean coast, joins the Ionian cyclonic circulation through 
the Antihytera and Kythera straits and influences South 
Adriatic surface salinity. Freshwater from the Nile river 
flow follows the eastemmost coast of the Levantine basin, 
joins the freshwater inputs from Lycian and Cilician Taurus 
mountains on the south-Turkish coast and influences surfa
ce salinity in the South Aegean Sea, i. e. in the Cretan 
dense-water formation area. Furthermore, during the sum
mer monsoon in Africa, the rainy season lasts longer 
during wet years (Rossignol-Strick, 1983) and consequent
ly the normal August-September flood from the Nile river 
may be extended by one or two months. Taking into 
account the transit time (about one to two months), fresh
water from the Nile flood may directely influence the 
South Aegean Sea in November and December, at the time 
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of preconditioning and formation of Cretan dense water. 
During Nile floods, the newly formed Cretan dense water 
may be less dense and spread out to lower depths, perhaps 

· between 300 and 800 rn, or to the Levantine intermediate 
layer depth (100-300 rn), thereby isolating the deeper layer 
from oxygen input and allowing sapropel deposition from 1 
000 rn downwards. 

Moreover, since the early 20th century, precipitations at 
Monaco (CSM, 1988) and over the northwestern basin 

· (from analysis of the French meteorological data) have 
been decreasing. Similarly, the precipitations have also 
decreased over North Africa as weil as between the 5°-
350N latitudes (Bradley et al., 1987). As a conclusion, 
Mediterranean precipitations wère uncoupled from the 
increasing trend over Europe and followed the decreasing 
trend of tropical precipitations. Thus, it may be assumed 
that during sapropel events, the African monsoon might 
have increased Mediterranean precipitations, perturbed the 
Adriatic freshwater budget and strengthened the Nile flood 
effect on Mediterranean hydrology. 

FORMATION OF St SAPROPEL, AN EXAMPLE 

The formation of the more recent and best known S 1 sa pro
pel may be re-examined according to our hypothesis. The 
Iast glacial maximum, occurring around 18-20 Ka BP, was 
followed by a slow deglaciation in an arid climate. In the 
Mediterranean area, the humid trend began at 12 Ka BP, 
reaching a maximum (summer precipitations) at 8 Ka and 
bas been decreasing until now (Cheddadi et al., 1991). S1 
sapropel occured at 9 Ka BP (Fontugne et al., 1993) simul
taneously over the whole Eastern basin, when the rising seà 
leve! was 40 rn below the present one (Fairbanks, 1989). 
This sapropel formation cannot be directly associated with 
freshwater discharge from the Black Sea, the maximum 
runoff of which occurred at about 13 Ka (Fontugne et al., 
1989,1993; Denton, 1981). But it coincided with a strong 
African monsoon (Rossignol-Strick, 1983) with effects on 
Nile discharge and probably on the entite Mediterranean 
precipitation and river runoff. These data are consistent 
with sea-level and water-budget driving forces. During 
deglaciation and the period of increasing humidity, Iow sea 
leve!, Po river and Black Sea runoffs prevented dense 
water formation in the Adriatic Sea. Oxygenation of deep 
water was ensured by the Cretan dense water until increa
sing river runoff from the Turkish coast and from the Nile 
river (effect of the strong African monsoon) prevented its 
formation. At around 7 Ka BP, probable decreasing mon
soon intensity allowed reoxygenation of deep water only 
by Cretan dense water. The progressive oxygenation of 
Adriatic sediments, which ended only at about 2 Ka BP 
(Fontugne et al., 1989), evidences the late revival of dense 
water formation in the Adriatic Sea, when the sea leve! was 
situated at about 5 rn below the present one (Fairbanks, 
1989), with freshwater inputs roughly greater than the pre
sent ones. Correlation between the monsoon index and 
each sapropel occurrence (Rossignol-Strick, 1983) shows 
that this scenario may apply to each of the eastern 
Mediterranean sapropels, which mainly occurred during 
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interglacial but also twice during glacial periods (S6, S8). 
The present strong formation of dense water in the Adriatic 
Sea probably constitutes an anomaly in the Mediterranean 
Quatemary history, as does the present high sea leve!. 

SAPROPEL FORMATION OR THE INEFFICIENCY OF 
OXYGEN VERTICAL TRANSPORT BY EDDY DIFFU
SION 

When dense water formation is arrested, the vertical oxy
gen transport depends on the eddy diffusion and may be 
written as: 

dO:z/dt = Kz dO:z/dz 

The frrst term represents the oxygen flux tlrrough a horizon
tal surface (mol Oz m·Z s-1) and is equal to the product of 
the eddy diffusion coefficient Kz (mZ s-1) and the oxygen 
concentration gradient (mol Oz m-3 m·1). In stratified 

conditions, Kz = 0.25 e N-2, where N is the Brunt-Vaïsala 

frequency (s-1) ande the rate of dissipation of turbulent 
kinetic energy (m2 s-3). In the eastern basin, the density dif
ference between 300 and 1000 rn (or 2000 rn) is about 0.2 
kg m-3 and the N2 is equal to 2.7 x w-6. The corresponding 

evalue ranges between 0.5 and 1 x w-9 (e. g. McDougall, 
1988; Oakey,1988) and the resulting Kz amounts to 5-9 x 
w-s. When oxygen concentration decreases from about 190 
x w-6 mol kg-1 at 300 rn to 0 at 1000 rn (anoxie condition), 
the oxygen concentration gradient reaches a maximum 
value of 2. 7 x w-4 mol m-3 m-1. Oxygen vertical transport 
by eddy diffusion is calculated to be between 1.4 and 2.4 x 
w-s mol m-2 s-1. As previously shown, below 300 rn depth 
the oxygen requirement for mineralization of organic mat
ter originating from a new production of 12 g C m-2 a-1 

amounts to 0.5 mol 0 2 m·Z a·l or 1.6 x w-s mol m-2 s·l. 
Consequent! y, vertical eddy diffusion appears to be roughly 
sufficient to prevent anoxia with the present-day vertical 
density gradient. 

If dense water formation is stopped by a change in the 
water budget through the sea surface, the densities of sur
face and intermediate layers are lowered and the initial 
density gradient between the new intermediate layer and 
the old deep layer is increased. For a 10 % decrease in 
evaporation(- 0.16 rn a-1) and a 10% increase in precipi
tation (+ 0.06 rn a·1), the salinity of the surface layer 
(about 20 rn thick) would decrease by 0.35, and the resul
ting intermediate layer density would decrease by 0.27 kg 
m·3. The density gradient between 300 and 1000 rn would 
increase from 0.2 to 0.47 kg m·3. The resulting oxygen 
vertical transport through this density gradient would be 
0.6-1 x w-s mol m-2 s-1, which is lower than the required 
oxygen transport for remineralization of organic matter 
(1.6 x w-s mol m·2 s-1). Consequently, despite a rather 
low density gradient, the vertical transport of oxygen by 
eddy diffusion cannot serve as a substitute for deep-water 
formation in the oxygenation of the deep layer. 
Nevertheless, it may explain the increasing trend with 
depth of organic carbon content in S 1 sapropels, from 
about 1.5 % in core samples taken at 1 000 rn to 3 % in 
core samples taken at 3000 rn depth (Murat et al., 1990). 
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CONCLUSION 

The present formation and renewal of dense eastern water is 
mainly preconditioned in the Adriatic Sea, where processes 
are strongly constrained by the European climate (Zore
Armanda, 1974), by the local water budget (in relation with 
tropical precipitations) and by the sea level (northern ice 
sheet changes). A long response time of the deep eastern 
basin when deprived from Adriatic dense water and a rather 
lengthy duration of African summer monsoon events 
(Rossignol-Strick, 1983), influencing the formation of 
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