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Abstract

In this paper. it is propesad that the formution of esstern Mediterranean sapropels occurred in an anti-estuaring
type of circulation, which was to some degree weakened relative Lo the present in response to reduction of the eastern
Mediterrangan excess of evaporation over fteshwater mput. This reduction of excess evaporation would have been
impesed by intensifications of (1) the Indian Ocean summer (5W ) monsoon, influsncing the easiern Mediterrancan
via increased Nile discharge, and (2) the system of Mediterrancan depressions {an element of the westerly Atlantic
system) chusing inereased precipitation and decreased evaporation. Both the Indian Ocein summer monsoon, and the
westerly Atlaniic systerm, would be intensified in response io the occurrence of distinet minima in the cycle of
PrECEEE0T.

It is demonstrated that reduced excess evaporation, whether or nol coinciding with global phases of deglaciation,
would lead o reduction of surface water salinities in the easiern Mediterranean, causing “isolation” of previously
Tormed high salinity (cooler) deep water. Thus, mixing was severely reduced, possibly even rastricted to eddy diffusion,
with only occasional convective events that, becavse of the existing density pradient, hardly ever would reach the
deepest parls of the basine The consequently diminished oxyzen advection down froma few hundred meters in the
water column, favoured preservation of the sinking organic matter. This would, however; suffice only to enable
the formation of sapropels with low organic carbon contents. The high organic carbon confents observed In various
sapropels are argued to reflect superimposed increases of export production.

The described scenario accounts for previously reported (1) increases of organic carbon content with increasing
depth of deposition within individual sapropels, and (2) asymmetrical sequences of sapropel deposition, characterized
by pradual build-up and rather abrupt ending. It is, furthermore, in agreemient with (3) isotopic and faunal
reconstructions of the history of exchange transports:through both the Strait of Sicily, and the Strait of Gibraltar,
and (4) faunal and floral reflections of the presence or absence of a distinet Deep Chlorophyll Maximum with its
associated increases in export production, indicating the presence or absence of a shallow pyenocline within the
euphotic layer. Moreover, the described scenario (5) 15-in noe way conflicuing with the reports of sapropels i the
western Mediterrancan, and (6) scems to be endorsed by occasionally intercalated intervals suggestive of somewhat
improved oxygenation, amidst anoxic (benthic desert) levels, a situation that has been observed in a few Quoaternary
and Pliocene sapropeals,
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1. Introduction

1.1, Eastern Mediterranean sapropels

In this paper, 1 review previous studies and
introduce a new concept regarding the formation
of sapropels in the eastern Mediterranean,
Sapropels have been found in  sedimentary
sequences from the entire eastern Mediterranean.,
They are often well laminated, relatively dark
brownish to black coloured, organic carbon-rich
sediments, which contain more than average
amounts of pyrite and benthic fauna indicative of
low bottom water oxygen conditions (sometimes
benthic fauna is completely absent) and notably
high concentrations of elements like S and Ba.
Sapropel occurrences and characteristics have been
described and interpreted 1o terms of processes of
formation and (syn-/postdepositional ) alterations
by numerous scientists; from a wide variety of
disciplines (among many others, Kullenberg, 1952;
Olausson, 1961; Van Straaten, 1966, 1972; Stanley
et al., 1975; Cita et al., 1977; Vergnaud-Grazzini
et al.,, 1977; Thunell et al., [977; Stanley, 1978;
Stanley and Maldonado, 1979; Mullineaux and
Lohmann, 1981; Blechschmidt et al,, 1982; Buckley
et al., 1982; Cita and Grignani, 1982; Rossignol-
Strick et al., 1982 Calvert, 1983: Thunell and
Williams, 1983; Jenkins and Williams, 1984: Ross
and Kennett, [984: Shaw and FEwvans, 1984
Vergnaud-Grazzimi, 1985; Mangini and Schlosser,
1986: Ganssen and Troeelstra, 1987; Buckley and
Johnson, 1988; Cramp et al., 1988; De Lange et al..
1989; Rohling and Gieskes, 1989; Nolet and
Corliss, 1990; Murat, 1991; Pruysers et al., 1991,
1993 Van Os et al.,, 1991, 1994 Fontugne and
Calvert, 1992: Perissoratis and Piper, 1992;
Castradori, 1993; Rohling et al.,, 1993a,b). This
study concentrates on sapropel formation in its
relation to climate induced changes in hydrography
and associated surface water productivity.

1.2_ Present-day hydrography

The Mediterranean Sea is a marginal basin that
is separated from the adjacent North Atlantic
Ocean by the narrow Strait of Gibraltar which
contains a 284 m deep sill (Bryden and Kinder,

1991). A topographically more complex sill-
structure in the Strait of Sicily, which has an
estimated average depth of 330 m ( Wiist, 1961),
but which may actually be as deep as 365 and 430
m in the two major channels (Garzoli and
Maillard, 1979), separdtes the western and eastern
Mediterranean subbasins. The ¢xchange of water-
masses through both straits is characterized by
eastward surfice flow and westward subsurface
flow. This pattern of exchange results from net
buoyancy loss in the basins on the eusterly side of
the sills, Sorface water flowing in through the
Strait of Gibraltar is traceable through the Strait
of Sicily into the eastern Mediterranean, although
its salinity increases steadily towards the east
{ Wast, 1961; Malanoite-Rizzoli and Hecht, 1988;
Malanotte-Rizzoli and Bergamasco. 1989),

Mear Cyprus. in the castern end of the eastern
Mediterranean, surface water sinks to form
Levantine Intermediate Water (LIW), which is
the major constitbent of the Mediterranean
Intermediate Water (MIW) found throughout
the eastern and wesiern basins (Wilst, 19a1:
Malanotte-Rizzoli and Hecht, 1988; Malanotte-
Rizzoli and Bergamasco, 1989 ). There is no equiv-
alent formation of intermediate water m the
western: Mediterranegan, The high salimity MIW
accounts for a large part of the subsurface outflow
across both the Sicihan sill and the sill at Gibraltar.
In the eastern Mediterranean, MIW 15 found
between about 150 and 600 m waterdepth (Wiist,
1960, 1961). The distinct halocline at about 150
m, which marks the transition between MIW and
surface waters (Fig. 1}, resides well below the
euphotic layer (down to about 120 m). This situa-
tion inhibits substantial upward mixing of nutri-
ents from the MIW into the euphotic layer, so
that the MIW-surface water transition is associated
with a nutricling between somewhat more nutrient-
rich MIW and strongly depleted surface waters in
most of today’s eastern Mediterransan ( McGill,
1961; Miller et al,, 1970).

The above descobed vertical differentiation is
complicated in the summer months, when the
sa-called “surface waters™ overlying the permanent
(halo-)pyenocline are subdivided by a very steep
thermocline. In the Levantine basin near Crete
and Rhodos [Fig: 2, after Wilst ( 1960)], for exam-
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Fig, 1. Typical silinity profiles for the western (dots) and
gastern (filled aquares) Meditermanean. Note the sharg decrease
in sgfinity wround 150 m, murking the top of Mediterronzsin
Imtermediate Water (wfter Robling and Bryden., 1997

ple, the very warm and also highly saline summer
mixed layer above about 30 m is then separated
from cooler waters below. These cooler waters
below the summer thermochine still show the [ per-
manent) halocline, separating relatively low salin-
ity waters centered around 75 m [rom the high
salimity intermediate water below about 150 m.
The eastern dnd western Mediterrangan basins
both have their own source of deep water, which
settles below the MIW (resulting salinity profles
are shown in Fig: 1), Eastern Mediterranean Deep
Water (EMDW ) 15 formed in the Adriatic Sea
On the large north Adnate shelfl surface waters
of relatively low salinity (result ol Po river dis-

L

charge) are subject to cold and dry northeasterly
“Bora” winds in the winter season. As a result
cold water with 2 somewhat increased salinicy
fiows wowards the deep south Adriatic Basin. The
salinity of this waiermass, however, remainsg lower
than that of the MIW which penstraies the south
Adriatic Basin across the Otranto sill betwesn
roughly 200 and 300 m, As the cold and relatively
low saline watermass entering from the northern
Adriate maxes with MIW, which has a higher
temperature and salinity, densification results: in
the [ormation of a water mass (EMDW) which.
although of o somewhat lower salinity, is cooler
and of higher density than MIW, As a conse-
quencs, EMDW settles below MIW, Gilling even
the deepest parts of the eastern Mediterranean
basin (Pollak, 1951 Wikst, 1961: Tchernia, [980:
Malanotte-Rizzoli and Hecht, 1988; Artegiani
et al., 198%: POEM group, [952),

Western Mediterranean Deep Water (WMDW
is formed m late winter in the northern sector of
the western Mediterranean (so-called "MEDOCT-
irea), alter a preconditioning phase during which
the surface water densily is increased by intense
cpaling and evaporation related to the northerly
“Whistral” winds. As the density contrast between
the surface water and the warm, high salinity MTW
is elimingted, deep conveclive mixing of surfacs
walers and MIW results in the formation of
Western Mediterranean Deep Water ((Wilst, 1961;
MEDOC group, 1970; Stommel. 1972; Leaman
and Schott, 1991 ),

EMDW and WMDW are effecuvely separated
by the Sicilian sill. and WMDW is effectively
separated from the Atlantic Ocean by the sill at
Giibraltar. Al present, strong net buoyancy loss
from the basins, and resultant deep convective
mixing i the Adriatic Basin and the “MEDOC”
area; cause well oxygenated conditions down to
the deepest parts of the eastern and western
Mediterrunean. Béthoux et al. (1990) estimaled
the flushing times of the western and eastern basins
at 20 and 30 years; respectively. On the basis of
chiorofiuoromethane bodget calculations, how-
ever, Schlitzer et al, (1991) argued that the renewal
time for the entire deep sastern Mediterranean
(= 1500 m) should be more like B0 vears.
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Fag. 2. Distribution of temperature and salimty in the upper 2530 m near Crete, Note the very pronounced sensonal therme-halocline
at sbout 50 m depth, #nd the decper (permenent) helocline around 125 m marking the top of MPW (sfter Wiks, 1960).

1.3. Timing and nature of past variations

Over the past 4 decades, a vast number of
sediment cores has been recovered {rom the west-
ern and especially the eastern Mediterranean, most
containing late Pleistocene sedimentary sequences.
The most striking feature. superimposed on the
elacial-interglacial cycles with a peniod of about
100,000 vears, is the occurrence of ofien
very distinct sapropels throughout the eastern
Mediterranean. Sapropelic sediments are known
from sediments as old as the Miocene (a.0. Cita
and Grignani, 1982; Thunell et al., 1984: Howell
et al., 1988: Hilgen, 1991). Although no equally
well developed record of sapropels has been found
in the western Mediterranean, the convincing dis-
covery of sapropels in cores from the Tyrrhenian
Sea (ODP Leg 107) demonstrated that sapropel
formation was not restricted to the eastern
Mediterransan { Thunel]l et al., 1990; Emeis et al..
1991). Earlier, Stanley- (1978) reported radiocar-

bon dittes of darker (olive-grey) layers containing
pyritized burrows in cores from wvarious basins in
the western Mediterranean, evidencing remionally
important reducing conditions. Stanley arpued that
these layers were formed at the same time as
eastern Mediterranean sapropels, A few late
Chuaternary sapropels have been found in cores
from the southern Balearic Basm (western
Mediterranean), with radiocarbon ages very sim-
ilar to those of eastern Medilerranean sapropels
(Canals Artiguas, 1980),

The tming of sapropel deposition is thought to
be astronomically controlled by minima in the
cycle of precession, which ocour about every 21,004
years (Rossignol-Strick et al, [982; Rossipnol-
Strick, 1985 Prell and Kutzbach, 1987: Hilgen,
1591}, The precession cycle reached its most recent
minimum about 11,500 calendar years ago | Hilgen.
1991}, corresponding to about 10,000 yr B.P.
(). According to modern AMS YC dates, with-
out correction for reservoir -age, the youngest
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(Holocene) saprepel 5, formed between about
8300 and 6300 yr B.P. (Jorissen et al., 1993 ), which
is in reasonable agreement with previous datings
{Stanley and Maldonado, 1979; Vergnaud-
Grazzini, 1985; Lander Rasmussen, 1991; Troelstra
et al., 1991: Perissoratis and Piper, 1992), High
resolution studies, however. suppesied that the
processes leading to the formation of 5, were
mmitiated much earlier, namely at about 12,000 yr
B.P. (Howell and Thunell, 19923, 12,700 yr B.P.
(Rohling et al . 1993a). or even before 13 800 vr
B.P. (Troelstra &t al., 1851},

Tang and Stott (1993) showed that depletions
in the 6'*0 values of the planktic foraminifer
(Flobigerinoides ruber (which thrives in the upper
25 m of the water column) started well before the
formation of sapropel 5;. These authors did not
perform AMS C datings, but tentatively esti-
mated an age of 13,000 yr B.P. for the early
depletions in the §%0 record of G. ruber, They
furthermore found that it was not until (again
estimated) 11.000 yr B.P, that a larpe change in
surface waler salinity occurred. Tang and Stott
(1993) show the base of §5; mear 20 cm in their
core TR171-27, and found early %0 depletion at
about 26 to 28 cm. A large change of surface water
salinity was noted at about 24 cm (11,000 yr B.P,
according to Tang and Stott), Considering the
aforementioned dates of Jorissen et al. (1993) for
the base and top of §,, found at about 20 and
14 cm, #nd assuming that the top ol core
TR171-27 corresponds roughly to 0 vr B.P,
the average sedimentation rate would be
between some 2.2 to 2.4 ¢m kyr ', which would
be a rather typical rate for the Levantine basin.
Applying the higher estimate (24cm kyr ') to
the interval below §,, the early 6'°0 depletion has
an extrapolated age arpund 10,800-11,600, raiher
than 13000 yr B.P. as proposed by Tang and
Stott. The larze change in surface water salinity
noted at 24 cm would then be dated at about
10,000 vr B.P., rather than 11000 yr BF, MNote
that | assumed an ape of roughly 0 yr B.P, for the
core-top and 8300 yr B.P. for the base of 5. In
case TRI171-27 would be characterized by incom-
plete recovery of the core-top, or if a reservoir-age
of several hundreds of vears would be incorporated
in the calculations. the average sedimentation rate

would be somewhat higher and the extrapolated
ages. therefore, would tend to become younger,
imcreasing the offset with the dates proposed by
Tang and Stotr (1993,

Detailed sedimentological descriptions indicate
that the depositional sequence of sapropels is
characterized by a gradual build-up, with an onset
well below the base of the actual sapropel, resulting
in the formation of so-called organic oozes, or
protosapropels (Stanley and Maldonado, 1979;
Anastasakis and Stanley, 1984; Murat and Got,
1987; D2 Lange et al., 1989; Murat, 1991}, On the
basis of chemical arguments, De Lange et al
(1989) reasoned that the sequence of gray-green
oxidized clays, via increasingly darker huoes of
green in the protosapropel, to the dark sreen/black
color of the sapropel. resulted from sradually
decreasing bottom water oxypen concentrations.
Changes in benthic fauna preceding the deposition
of & sapropel seem to indicate, at least in the case
of several sapropels in various study areas, reduced
deep water ventilation already before the depos-
ition ol the true sapropel (a.0., Van Straaten, 1972;
Cita and Podenzani, 1980; Mullineaux and
Lohmann, 1981; Vismara-Schilling, 1984; Jorissen
et al., 1993},

The base of the protosapropel below 5. as
determined from X-razy photographs, was dated
by Troelsta et al. (1991) at about 11,000 yr B.P.
(MC_.; ne=not corrected for reservoir age). On
the basis of color characteristics, however, those
authors considered this to be some boundary
within & more extensive protosapropel, which
would extend even further down, beyond the level
they dated at 13,800 yr B.P. Jorissen et al, (1993)
reporfed distinet numbers of benthic foraminifera
typical for low oxygen conditions already before
the: sapropel itself developed. A more detailed
appraisal of the benthic record m the well dated
Adrnatic Sea core ITNGE-9 showed that low-oxygen
conditions developed about 1000 years before the
formation of 8, (around 9300 v+ B.P, YC,.), while
severe dyvsoxia developed 200-300 years before the
onsel of 5,, namely around 8500-8600 yr B.P.
140 - (Rohling et al., submitted }, Note that from
the '*C,. datings, a reservoir age of about 400
years should be substracted at these mid-latitudes
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(Bard, I1988; Broecker et al, 1988; Bard et al.,
1990), giving *“C_ values.

The ending of sapropel [ormation has recently
been the focal point of vamous studics
Sedimentological arpuments led Murat and Got
{1987) to conclude that sapropel formation ended
abrupily. However, the sharp color change, which
Murat and Got (1987) considered to be the 1op
of the sapropel, may well be a relict redox froni
produced by downward progressing oxidation
(“burning down™) after the return of oxygenated
bottom waters (a.0.; De Lange et al, 1989
Pruysers et al., 1991, 19%3; Higgs et al., 1994).
This interpretation was more or less endorsed by
micropaleontological evidence, which showed that
associations tvpical for the sapropel continued in
some cases above the preseatly visible top (Lander
Rasmussen, 1991: Rohling et al., 1993a). Higgs
et al. (1994) proposed thal the onginal top of
sapropel 5, resided at the location of the youngest
of two Mn peaks they found above that sapropel
in an Ionian and &n eastern Levantine core, so
that sapropel formation would have continued
until about 5000 yr B.P. (age on the basis of
assumed 8600 yr B.P. for base of §; and constant
accumulation rate), but also suggested that this
mference ought to be tested by analyses of benthic
foraminiferal assoctations. In contrast to Higgs
et al. (1994), Pruysers et al. (1993) related the
original top of the sapropel to the older of the two
Mn peaks in their core 9G1 recovered southeast
of Crete. They explained the second (youngest)
Mn peak with a process of non-steady state forma-
tipn of double peaks in response to an increased
organic carbon accumulation hetween 1900 and
1350 vr BP. In a recent study, Rohling et al
{submitted ) did what Higgs et al, (1994) suggesied
to solve the problem, and presented results of high
resolution benthic foraminiferal countings across
8,. The analyses were performed on the well {AMS
140 dated core ING3-9 from the Adriatic Sea with
a sedimentation-rate of about 15cm kyr™
(Jorissen et al., 1993}, In short. the benthic fora-
miniferal record of Rehling et al, (submitted)
shows low-oxypen stress building vup since about
9300 vr B.P: (**C,.), some 1000 years before the
onset of 3y (8300 yr B.P, Y*C, ), and ending at the
very top of the lithological expression of 3, (6300

vt B.P. C,.). Therefore, the results contradict
the hypothesis of Higes et al, (1994) that sapropel
formation lasted until about 3000 yr B.P_| instead
showing that sapropel formation (revealed by low-
oxvgen stressed benthic faunas) ended around 6300
yr B.P., or 3900 yr B.P. when corrected for reser-
voir apge,

Today, with the precession cycle near 8 maxi-
mum, the deep eastern Mediterrancan is well
oxygenated, except for some small, brine-filled,
anoxic basins (De Lange and Ten Haven, 1983;
Jongsma et al, 1983; Scientific Staff Cruise
BANE4, 1985). Oxygenated conditions returned in
the deep eastern Mediterranean around 6500-6000
yr B.P. (**C,.) (Troelstra et al., 1991; Lander
Rasmussen, 1991: Jonssen et al., 1993). On the
basis of changes in the Admatic benthic foramini-
feral record, Jorissen et al, (1993) arpued that
modern conditions were at least achieved by about
40003500 yr B.P.

A minimum in the precéssion cycle, characleris-
tic of times of sapropel formation, implies stronger
mselation in Northern Hemisphere summer and
weaker insolation in Northern Hemisphere winter,
compared to the present. causing increased sea-
sonal and land-sea temperature contrasts on the
Northern Hemisphere ( Kutzbach, 1983: Kutzbach
and Guetter, 1986). As a consequence, monsoonal
cireulation would be intensified in summer, result-
ing in increased precipitation over castern equato-
rial Adtica, which; in turn, would cause increased
discharge of the Nile river into the eastern
Mediterranean. The importance of this chain of
events for the generation of anoxia in the
Mediterranean has  been  deseribed  first by
Rossienol-Strick et al. (1932}, and more elabo-
rately by Rossignol-Strck (1985).

Rohling and Hilgen (1991) reviewed recon-
structions of past climatic variations in the
Mediterranean  realm. They summarized  that,
at times of minima in the precession cycle, not
only monsoonal precipitation over eastern equa-
torial Africa had increased, but precipitation in
the MWorthern Borderlands of the Eastern
Mediterransan (NBEM ) as well (Shaw and Evans,
1984; Rossignel-Siricl, 1957; Cramp et al., 19588;
Wijmstra et al., 1990). The review emphasized that
increased precipitation in the NBEM can not be
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explained by intensification and areal expansion
of the Tndian Ocean summer monsoon into
the eastern Mediterranean. so that the influence
of monsconal intensification oo the castern
Mediterrancan hydrogtaphy ssems to have bezn
restricted (o that exerted by increpsed Mile dis-
charge, 1t was concluded that ingreased precipita-
tion in the NBEM, at times of minima in the
precession cvcle. most likely resulted from
ingreased activity of Mediterrunean depressions,
Today, Mediterranzan depressions develop over
the northern part of the western Mediterranean,
as a result of incursions of cold (polar origing air
into that region, in the wake of loreer Atluntic
depressions tracking eastwards north of the Alps
{ Trewartha, 1966; Boucher, 19751, At nimes of
sapropel formation. the westerly track of cyelones
{depression track) over the Atlantic Ocean would
have shiflted considerably northwards. up to about
TO-N (see also Kutzbach and Guetter, 1986), much
as it had a1 medieval times (Lamb, 1966, 1969,
1977: Flohn, 1981). As a consequence, a secondary
depression track could have developed neross the
Mediterranean { Lamb, 1966, 1969, 1977: Boucher,
1975). In addition, increassd northward hoat trans-
port in the North Atlantic, in response o seem-
mgly increased northwird advection of heat in the
South Atlantic and into the equatoral Atlantic at
times of minima in the precession cyele ( Melntyvre
et al.. 1989). would tend to increase the temper-
ature contrast across the Gulf Stream nnd North
Atlantic Drift. and the evaporation from warmer
waters. Combined, these increases could account
For increased Tormation of Atlantic depressions
with enhanced moisture transport towards the east.

14 Approaches to expluin sapropel formeation

Numerous studies have focused on explisining
the formution of eastern Mediterranean sapropels,
since their first discovery in cores callected during
the 19471948 Swedish Deep Ses Expedition
( Kullenberz, 1952). Olaussan (1961 ) reasoned
that development of stagnant deep water layers,
resulting 1 deep water anexia and consequeni
formation of sapropels, was indueced by massive
outfiow of relatvely [resh water from the Black
Sca, in response to establishment of o marnne

connsction beoween the easiern Mediterraneasn and
the Black Seu by post-glncis! sea-level nse. Recen)
AMS YC datings allow detailed comparison of
differences m the nming of events m the eastern
Medsterransan and the Black Sea Jorissen et ul.
(1993 dated the onset of supropel formation in
the ehisiern Mediterrangan at about 8300 vr B.P,
(HC, b e, 7900 pr B ("), Jones and Gagnon
(1963 dated the onset of the recent sdpropel
formation in the Black Sea ot aboul 7350 yr B.P.
(**C.). This onset would be 4 response 1o
re-establishiment of & marine connection (Sea level
at —34 m) with the Mediterrinean through the
Bosporus Straill that would have oceurred around
9300 yr BP0 of. Farbanks, 1990; Jones and
Gagnon, 1994, These fipures do not exclude a
possible tmportanee of Black Sea overflow in the
ease of §;. although it would remain to be
explained why— considering the "'C. ages— the
opening of the murine connection throush the
Bosporus Strase would have preceded sapropel
formation in the Black Sca by somc 2150 yeurs,
wnd in the eastern Mediterinean by only 1600
yeurs.

Regardinge sppropel formation in general, faomna)
and oxygen isotape studics showed that sapropels
formed not ooly durng Quaternary warming
phases. but also (less frequently) during cool enm-
sodes (a0, Cita et al, 1277 Verpnaud-Grazzini
et al, 1977: Citp and Gngnani, 1982; Thuncll
et b 1983 Thunell ot al. 1984: Muerdier and
Kennett, 1984:  Nergnuud-Girazzini, 1985,
MNevertheless, oxyeen isolope depletions in miny
sapropels sugeest that eastern Mediterranean sur-
fnce water salinities were relatively low (Cita et al,
1977 Verpnuud-Grrazzini et al., 1977 Williams
atcal, 1978: Thunell et al. 1987: Thunell and
Willinms, 19899 The studv of Tang and Stot
(1903 suggests that during the deposition of the
Holocene sapropel 3. the main depletion wis
located it the very surliee, while its effects were
still noticeable down to about 75 m depth. The
fact that sapropels have formed both during inter-
glacial and glacial mieivals at thimes of minima m
the precession cyele sugpests that the major distur-
bances in the freshwaier budgel inducmg the for-
mation ol maost sapropels were presumably nol
related to Black Sea overflow. Rather. these disiur-
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baneces should be ascribed to increased discharge
from the Nile [(Rossignol-Strick et al, [982;
Foossignol-Strick, 1985) and Eurasian tivers (Shaw
and Evans, 1984; Rossignol-Strick, 1987; Cramp
et al, 1988 Wijmstra et al., 1990), In addition,
increased activity of Mediterranean depressions
would have caused increased precipitation over,
and possibly decreased evaporation from, the easi-
ern Mediterranean surface waters,

De Lange and Ten Haven (1983) concluded that
organic production was substantially increased in
the eastern Mediterranean at times of sapropel
formation. Calvert (1983) reported high concen-
trations of Ba in Pleistocene sapropels, which he
interpreted as evidence of increased production
during their deposition. Yan Os et al. (1991), who
sampled several sapropels on millimeter seales,
argued that the “high Ba" argument for increased
production during sapropel formation may well be
correct, but also called for careful consideration
of Ba-relocation and precipitation processes during
diagenesis, before using the distribution of Ba m
sediments as a strict measure of (paleo)produc-
tivity. An evaluation of recent sapropel formation
in the Black Sea sugpgested that high productivity,
rather than bottom water anoxia, controls the
entichment of organic carbon in sediments, which
would imply a need for high productivity during
the deposition of eastern Mediterranean sapropels
(Pederson and Calvert, 1990). Boyle and Lea
(1989 concluded on the basis of Cd/Ca ratios 1n
the planktic foraminiferal species Globigerinoides
ruber, that near surface phosphate concentrations
were substanfially  higher in  the eastern
Mediterranean at times of sapropel deposition
than today. Van Os et al, (1994) presented a high-
resolution micropaleontological and geochemical
study across the first sapropel-containing carbon-
ate cyele in the Pliocene of Stcily, and inferred that
high production of siliccous organisms prevailed
during deposition of that sapropel. in spite of the
absence of opal in the sediment (dissolved). The
authors presented this conclusion following a sce-

nario that convincimgly uniles their wide range of

analyses with previous work on grain size and

clay-mineralogy {a.0., De Visser et al., 1989).
Since various studies of Late Quaternary sapro-

pels supgest a peneral increase in river discharge

(see above), riverine nutrient influxes are often
considered to be rather important for the develop-
ment of the increased production that caused
sapropel formation, even if the various authors
disagree on the importance of a concomitant
decrease in deep water ventilation (a.o0. Rossignol-
Strick et al., 1982; De Lange and Ten Haven, 1983:
Ten Haven. 1986; Boyle and Lea, 198%; Rohling
and Gieskes, 1989), Indications for increased river-
discharge were also listed by Rohling et al
(1993b), based on a high resolution study across
Upper Pliocene sapropel C2 from the Singa section
{southern Ttaly),

Alternatively, a large number of studies pro-
posed @ potential reversal of the eastern
Mediterranean circulation, from anti-estuarine to
estuarine, in response to an alleged switch in the
eastern Mediterranean freshwater budget from
negative to positive (a.0., Stanley et al, 1975
stanley, 1978; Calvert, 1983; Thunell et al,, 1983,
1984; Muerdier and Kennett, 1984; Ten Haven,
1986; Buckley and Johnson, 1988; Thunell and
Williams, 1989; Howell and Thunell, 1992). Such
a reversed (estuaring) type of circulabion would
cause 4 “nuirient-trap” situation, and a possible
concomitant decrease in oxygen advection to
deeper water in the eastern Mediterranean, result-
ing in the deposition of saprapels. The most coher-
ent case for this reversed scenario, made by
Sarmiento et al. (1988) on the basis of a box
madel for phosphate distribution, will be discussed
extensively in Section 1.5

The depletion of %0 values found in most
sapropels (a.po., Cita et al, 1977; Vergndud-
Grazzini et al.,, 1977; Thunell and Williams, 1983:
Muerdter and Kennett, 1984; Thunell et al., 1984,
Vernaud-Grazzind, 1985; Thunell and ‘Williams,
198%; Tang and Stott, 1993) has frequently been
used to infer the presence of a4 “low-salinity cap™,
consisting of sea waler with lower salinities than
commonly found in the Mediterranean. In the
various theories, the formation of 2 “low-salinity
cap” would have led to highly stable stratification
with stagpant deep waters (Mausson, 1961; Cite
et al., 1977; Vergnaud-Grazzini et al, 1977; Cita
and Gngnani, 1982; Vergnaud-Grazzini, 1985), or
to a reversal of eirculation (see references in previ-
ous paragraph). Tang and Stott (1993) sugpgested
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that the intensity of surface water 4'°0 depletion
may have been highly variable on seasonal time
scales; to the point that it may at times have been
completely absent. They concluded that there is
no reason to assume that a “low-salinity cap” was
present without interruption. Rather, Tang and
Stott (1993) suggested that retums to relatively
normal salinity conditions' occurred seasonally
every vear or seasonally on an interannual basis.
Vergnaud-Grazzini et al, (1988) ascribed the iso-
tope depletions in the early Holocene sapropel 5,
to influx of relatively low salinity Atlantic water,
in addition 1o mereased tun-off or Black Sea
overflow,

1.3 Estwarine or anti-estuarine cirevlation during
saprape! formation? =

131 Nurrient distribution and bnplications for the
estuaTine scendrio

Using a phosphate based box model, Sarmisnto
et al. (1988 concluded that sapropel formation in
the eastern Mediterranean may be explained only
by dssuming an estuaring circulation, or an
extremely weak anfil-estvanne circulation. Their
key arsument for this conclusion was the [act that
phosphate export from the eastern into the western
basin should have remained very low, to account
for the absence of sapropels in the western
Mediterrancan, which they incorrectly inferred
from the literature. Rohling (1991b) commented
that limited phosphate export could be egually
well fulfilled in an anti-estuarine circulation that
was still distinet, although weakened relative to
the present, provided that the decrease of water
exchange across the sill resulted predominantly
from decreased contribution of EMDW ta the
subsurface outfiow (in response to decreased new
formation of EMDW ).

More sienificantly, however, the assumption of
limited phosphate export itself seems rather debat-
able. More phosphate may have been exported by
subsurface outflow of MIW across the Sicilian sill
than assumed by Sarmiento et al. { 1988}, without
enhancing production throughout the western
Mediterranean. This would have been possible if
the: nuotrients in the western basin remained
shielded from the euphotic layer by a relatively

deep pyenocline. In such a scemario, nutrient
enrichment 1 MIW would only boost western
Mediterranean production in ceriain specific areas
where MIW would reach the euphotic layer. This
seems to be confirmed by peak abundances of the
planktic foraminiferal genus Neogloboguadring in
the mterval corresponding roughly to S, in core
B578-12 from the northern Tyrrhenian Sea
{Jorissen et al, 1993), Also supporting that sce-
naro, Vergnaud-Grazeini et al. (1989) concluded
from stable isotope records on both sides of the
Strait of Gibraltar, that MIW was nutrient
enriched and eontained less oxygen at times of
sipropel formation in the eastern Mediterranean.
relative o the present.

The above discussed findings of sapropels
and -sapropel-like intervals in the western
Mediterranean appear to provide further counter-
evidence for the limited phosphate export assump-
tiom of Sarmiento et al. (1988). Apparently, more
phosphate was actually exported from the eastern
Mediterranean than assumed by those authors.
This, in turn, indicates that there is no need for a
severe constraint on exchange transporis through
the Strait of Sicily, as formulated by Sarmiento
et al, (1988). Therefore, sapropel [ormation may
have oceurred in an anti-cstuarine circulation, In
other wards, to induce the formation of sapropels,
less dramatic changes in the castern Mediterranean
freshwater budget would seem to be required than
those proposed by Sarmiento et al. (1988),

1320 Microfossily and implications for the anti-
EXTHArine soenario

Alternative to the circulation reversal hypothe-
sis, Rohling and Gieskes (1989) provided a
working model for sapropel formation in a
semi-gnclosed basin with 4 distinet anti-estuarine
circulation, albeit weakened in comparison to that
of today. The authors proposed a combination of
inereased production and decreased deep water
ventilation to explain the formation of sapropels
in a basin with anli-esiuarine circulation. On the
basis of the common abundance (Fig.3) of
Neogipboquadring in most late Quaternary sapro-
pels throughout the eastern Mediterranean basin
(see also Kullenberg, 1952 Cita et al, 1977
Thunell et al., 1977; Vorgnaud-Grazzind ct al.,
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Fig. 3. Downcore neogloboquadrnid percentages in two cores from the Northern Levantine basin, with stable oxygen isotope
siratigraphy for core TET/2/20 (after Bolling et al, 19%3a). Note the commonly high abendences in most sapropels except the
youngest (8,), This distribution pattern was found ta be typical lor the entire castern Mediterranean (for table of companison see
Rohling and Gieskes, 1389). Small numbers refer to AMS T datings.

1977}, and relying on studies on' the present-day
habitat of this group of planktic foraminifera
{ Fairbanks et al., 1982: Hemleben and Spindler,
1983: Thunell and Reynolds, 1984; Bé et al.. 1985;
Hemleben et al, 1989: Pujol and Vergnaud-
Grazzini, 1989: Reynolds and Thunell, 1989, it
was argued that a basin-wide Deep Chlorophyll
Maximum (DCK) had developed in response to
peneral shoaling of the castern Mediterranean
{ halo-) pycnocline (which separates the intermedi-
ate and surface waters) and the associated nuin-
cline, 1o'a depth within the euphotic layer (Fig. 4).

The development of a DCM, in which nutrient
recycling is far less efficient than in the oligotraphic
mixed layer, would provide an efflective means of
increasing export production and, thus, the flux of
organic maiter towards the sea floor, The hypothe-
sis of pyenocling shoaling al times of sapropel
formation was supporied by smdies of the iotal
planktic foraminiferal fauna (Rohling etal,, 1993a)
and of calcareous nannofossil records (Castradon,
1993}, while a stable isotope study using plank-
tonic foraminifera with different depth-habitats
suggested similar conditions duning the deposition




= Ralibag! Marime Goalogy T2

.
'\\_\."' -
o~

= bz 0f uphotic |ayer e

MIW

Py fo 28 1

.

Fig 4. Schematic representation of the infuence of depth vieranans of the boundary between MIW and surface waters relanve
to the hase of the cuphotic layer, on the development of a distmct Deep Chlorophyll Miximum (cf, Rohling and Gieskes, [984)
J=mized layer phytoplankton association; J=Deep Chloropliyll Maximum associstion; C=in sty sulotrophic consumplion
of nulrients which canses the nutrichine to remiin at the base of the euphobic kayer:

of sapropels 5; and, especially, 5, (Ganssen and
Troelstra, 1987).

Rohlingand Gieskes { 1989) also inferred pycno-
gline shoaling for full glacial times, also charac-
terized by abundant Neogloboguadiing Rohling
{ 1991a) caleulated thal glactal pyenocline shoaling
would be a very likely result of sea-level lowering,
while Rohling (1991b) showed that pyenocline
shoaling at times of sapropel deposition would be
primarily related to decreased excess evaporation
These conclusions were based on simple two-layer
models for arculation and hydrography m the
semi-enclosed Mediterranean (see next chapier)
The fact that glacial intervals are nol entirely
characterized by anoxic sedimentution indicates
that pycnocling shoaling only provides a meuns Lo
mcresse: export production, and not a unique
mechanism to  trigger sapropel {ormation.

Apparently, some additional factor is nceded Lo
cause sapropel formation, and this  additional
factor was not (sufficiently) operative throughout
the: glacial periods. [t was. suppesied that this
additional factor consists of reduction of the den-
sity of newly formed deep water, in responsc 1o
decreased buovancy loss.

There is one seemingly disturbing peculiarity,
namely the absence of Neoglobaguadring from the
early Holocene sapropel 8, . In contrast to sapropel
5., which is also positioned in the aftermath of a
major deglaciation (Termination IT), and which
containg abundant Neoglaboguadring, saprapel 5,
is completely barren of this group of planktic
foraminifera. with the excepton of a brief recur-
rence in 11 topmost part (Rohling and Gieskes,
1989: Rohling et al., 1993a; Jorissen et al., 1993).
The virtual absence of necgloboquadrinids in §,
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demonstrates that development of a DCM i5 not
a strict prerequisite for sapropel formation, but
only a convenienl way for increasing export pro-
duction. Note that the inferred stronger develop-
ment of export production at times of the
formation of 5; seems to be supported by much
higher preserved organic carbon contents in S,
relative to 5, (Cita and Grignani, 1982; Pruysers
et al., 1991; Fontugne and Calvert, 1992; Calvert
et al., 1992},

A recent study of caleareous nannofossil records,
especially that of Florisphaera prafunda, from four
cores along a NW-SE itransect in the eastern
Mediterranean (Castradori, 1993), provided strong
support for the scenario for sapropel formatien
praposed by Rohling and Gieskes. Moreover, this
study included sapropels S., S;, and Sg. and
Castrador (1993} argued that those sapropels also
bear evidence of distinet pycnocline shoaling, 1n
the cases of 5; and Sy, Castrador argues that
pyenocline shoaling would have been most
extreme, (Castradori furthermore concluded that
some influence of pyenocline shoaling is reflected
within 5, in the easternmost core of his transsct,
whereas no such influence was recorded in 8, more
towards the west. As a result, the pyenocline
position at times of the formation of §; could be
much better constrained than done by Rohling
and (Gieskes (1989}, bearing in mind that there is
a gentle average westward deepening of MIW
{ Wiist, 1961 }. Duning the formation of 5, , shoaling
of the pycnocline appeared to have been less
pronounced than during the formation of 55 to
S¢, so that only its shallowest (easternmost) part
reached a position within the euphotic layer,
whereas more westward the: pyenocline failed to
reach the base of the euphotic Tayer. The lack of
confirmation lor full glacial pyvenocline shoaling in
the record of Florispaera profunda (Castradori,
1983) possibly results from too low temperatures
for that species.

1 3.3 Summary of arguments agaist the cstuaring,
aned in faver of the anii-estuarine scenario

The popularity of the circulation reversal theory
tends to cenceal a couple of arguments pleading
againsl it

Firstly, the presence of sapropels in the western

Mediterranean would necessitate circulation rever-
sal in the entire Mediterranean. This 15, however,
very unlikely in view of recent reconstructions of
the intensity of subsurface Mediterranean QOutflow
through the Strait of Gibraltar during the past
140,000 years. These reconstructions suggest that
subsurface outflow continued, although weakened
at times of sapropel [ormation {Zahn et al, 1987:
Vergnaud-Grazzini et al, 1989), In the anti-
estuarine scenario for sapropel formation, on the
contrary, the presence of western Mediterranean
saprapsls is not surprising. Not only in the eastern,
but also in the western basin would deep water
formation be affected by changes in the salinities
of surface and intermediate waters. Nutrients con-
tained by MIW could equaly well boost western
Mediterranean production, if “transported”™ nto
the cuphotic layer. Actually. the anti-estuarine
scenario would be rather debatableif no sapropels,
or other indications of increased production, were
found in the western Mediterranean.

Secondly, changes in not only intensity, but also
in nutrient content and oxygenation of MIW and
Mediterranean Quiflow Water (Zahn et al., 1987;
Vergnaud-Grazzini et al., 1989), contradict with a
circulation reversal and strongly support the anti-
estuarine scenario. Morsover, Ross and Kennett
(1984) arpued that low-oxygen intermediate water
flowed from the eastern into the western
Mediterranean, at times of eastern Mediterranean
sapropel formation. Their conclusions were based
on a benthic foraminiferal study of cores from the
Strait of Sicily, and suggest that a more or less
present-day type of circulation prevailed.

Thirdly, to discriminate on the basis of 6'%0
values whether or not circulation reversal occurred,
#'*0 values in sapropels should be documented
versus time-equivalent values for MIW (using deep
living foramunifera) and/or time-equivalent valoes
for surface water in the western Mediterranean,
Only a [ew studies in this direction have been
presented (for instance Jenking and Williams, 1984,
Thunell and Williams, 1989). Since 5'*0 depletions
observed Lo date have been used in the literature
to underscore both the reversed and the anti-
estuarine scenario, it séems that the traditional
approach is not sufficiently conclusive 1o discrimi-
nate between thess two options. A promising new
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development concerns the analyses of the isotopic
composition of planktic foraminiferal species with
different depth-habitats from individual samples.
to reconstruct vertical gpradients in the eastern
Mediterranean (Ganssen and Troelstra, 1987).
Following this approach, Tang and Stott (1993)
concluded that their results are in no way sugges-
tive of a permanent low-salinity “cap™ during
sapropel formation, but rather point to season-
bound returns to relatively normal surface water
salinities. Even more complicating, some studies
supeest that not all sapropels contain depletions
in 8%0 (Cita and Grignani, 1982; Jenkins and
Williams, 1984: Emers et al., 1991). In a prelimi-
nary study, Van Os and Rohling ( 1993) calculated
that an interrelated combination of (1) weakened
anti-estuarme circulation with both (2) reduced
evaporation and (3) increased precipitation, can
provide the nccessary boundary conditions 1o
explain even the largest of Late Quaternary deple-
tions (—2,5%a in 5:).

Fourthly, the apparent asymmetry in the deposi-
tonal seqguence of sapropels, as discussed in
Section 1.3, has not yet been sufficiently addressed
in the existing models [or sapropel [ormation.
Asymmetry séems hard to explain with a circula-
tion reversal scemario, whereas it is implicitly
related to the anti-estuarine scenario, as T will
demonstrate in this paper. A similar argnument
holds Tor the observed increase of preserved
organic carbon contents with increasing depth
of deposition, within _ individual  sapropels
{ Anastasakis and Stanley, 1984; Anastasakis, 1988;
Murat, 1991).

1.6, Towards a comprehensive model

In the present paper, T use a simple and schemat-
ical graphic presentation to demonstrate how
essentially asymmetrical sapropel sequences may
be explained in a basin with anti-estuarine circula-
tion. It is discussed how deglaciation (sea-level
rise+elabal surface water salinity decrease) in
combination with penipdically decreased excess
evaporation, or periodically decreased excess cvip-
oration by itself, would result in development of
stable stratification, isolating deep water layers
from the wertical ecirculation. Then, a simple

parameterization of eddy (turbulent) diffusion is
used to break down this stable stratification with
time, until the stability 15 redoced sufficiently to
enable the return of convective mixing throughout
the water column,

The results describe the development and disrup-
tion of stable stratification with time. First, such
a description is made for the interval spanning the
past 18,000 vears. containing the early Holocene
sapropel 8;. That scenario serves as the example
for interaction between deglaciation and changing
excess evaporation, Then, a hypothetical case of a
foll placial sapropel is discussed. in a seepario
foreed exclusively by reduced excess evaporation.

Both scenarios show a distinetly asymmetrical
sequence for oxyzen advection to bottom waters;
even in the second seenario, which 15 forced by a
completely: syvmmetrical disturbance in  excess
evaporation.

2. Method
2.1, Concept

Since faunal and floral evidence points towards
some basin-wide process of eutrophication in the
eastern Mediterranean during the formation of
most sapropels u#nd also  during  Tull-glacial
intervals, Rohling and Gieskes (1982) and
Castradon (1993) proposed a basin-wide mecha-
nism- that would bring nutrients to the euphotic
faver. Direct local input from, for example, rivers
would not explain the vast geographical extent of
the observed eutrophication. Mereover, the eutro-
phication should be cansed by a sufficiently persis-
tent long-term process, fo account for the wvast
time-spans during which its influence has been
continuously recorded [the oligotrophic conditions
characterizing the basin al present are the excep-
tion rather than the rule, considering the record
of the past 150,000 years (Fig, 3)]. The proposed
mechanism of pyenocline shoaling fulfils these
requirements. Note that the pyenocling discussed
in these studies, and the related two-layered models
{Rohling, 1991ab},. refers 1o the permanent
{ halo-)pyvenocline between the mtermediate and
surface waters. The studies were not meant to




i4 E.J). Rehling/Marine Geology 122 ( 1092) j-28

address or model the complexitics of the seasonal
mixed layes, for which accurate estimates of ( pref-
erably monthly) values of wind-stress and temper-
ature would be required, both of which are
extremely difficult to assess from the geological
record. Instead, the emphasis was on the long-
term average stale. That long-term averapge state
was argued to be expressed by the depth of the
permanent (halo-)pyvenocline, In other words, the
thermal Auctuations associated with the summer—
winter alternations and resulting in the develop-
ment and disappearance of a seasonal thermocline
(Fig. 2} are ignored initially, These fluctuations,
however, have besn discussed at a later stape, after
the long-lerm response of the basin had been
assessed. This discussion of seasonal vanability
was one of the main problems addressed by
Rohling et al. (1993a), using planktic foraminiferal
records from the Adnatic and Levantine Basins.
On the basis of mass and salt conservation
statements ind a simple parametenzation of buoy-
ancy loss by net evaporation, Robhling (1991a)
developed a model to determine the depth of the
eastern Mediterranean pycnocline between surface
and intermediate waters during glacial times with
a sea-level lowering of 100 m, relative to the
present. In this model, the freshwater budget of
the eastern Mediterranean was considered {o have
remained equal to its present-day value, despite
fossil evidenee of possibly inereased aridity around
the Mediterranean at glacial times (Ropnon and
Williams, 1977; Sarnthein, 1978; Street and Grove,
1979; Guiot, 1987; Magantz and Goodfriend,
1987; Wijmstra et al.. 1990; Cheddadi et al., 1991).
In 2 study complementary to the former, Rohling
(1991b) focused on variations in the eastern
Mediterrancan pyenocline depth that would result
from changes in the basin’s freshwater budget,
assuming that sea level remained constant, The
models are two-layered, with upper layer {surface)
water lowing in through the Sirait of Sicily, and
deeper layer (intermediate) water fowing out of
the basin through that strait. Surface laver water
is transformed into deeper layer water by a genéral
loss of buoyancy, related to thi excess of evapori-
tion over {reshwater input, The effects of ignoring
thermal changes were considered afterwards.
Rohling and Beyden (1994) combined the two

earlier models, using a hydraulic control model
for exchange through the Strait of Gibraltar
{ Bryden and Kinder, 1991) to determing to what
extent sea-level variation would influence the
volume of surface water flow into the eastern
Mediterranean, Sea-level variations for the past
18,000 years were used as described by Fairbanks
(1989). The resulting model (summarnized in Fig. 5)
relates sea-level fuctuations and changes in the
freshwater budget to the depth of the pycnocline
in the eastern Mediterranean., The model was
applied to estimate the conditions characterizing
the basin at 9600 yr B.P. At that time, the abrupt
disappearance of Neoglobogquadring from the
planktic foraminiferal record suggests that the
eastern Mediterranean pycnocline crossed the base
af the cuphotic layer, sinking from a shallow
glacial position to a deeper Holocene position
below the base of the euphotic layer. It was
calculated that excess evaporation was in the order
of 20% higher than at the present. Unfortunately,
the authors overlooked the fact that they were
comparing the dating of an event in **C,_ vears
(cf. Jorissen et al., 1993 with a sea-level eurve
plotted versus **C_ years ( Fairbanks, 1989), After
correction for a reservoir age of 400 vears, the
proper age for companson of the disappearance
of Nevgloboguadrina with the sea-level curve is
9200 yr B.P. instead of 9600 yr B.P., corresponding
to & sea-level position of about —40 m instead of
—50 m. Thus, the calculated excess evaporation
should be only 5% higher than present, instead of
204 (see Table 1},

In the present paper, the same method (Fig. 5)
15 applied to more time-slices for which the
(approximate) depth of the pycnocling can be
constrained, between the Last Glacial Maximum
{LGM) and Present. [ fearrange the cquations to
splve  for the salimity of Mediterranean
Tntermediate Water (Syyw ). Sinee the high salinity
MIW is a major component of the Eastern
Mediterranean Deep Water formed in the Adriatic
Basin, Syyw strongly determines the salinity of
EMDW (Seupw)

On the basis of Wist's (1961) description of
Mediterranean water masses. Mangini and
Schiosser (1986} argued that a 0.2%. lowering of
Seapw would suffice to lower its density such that
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Rehling and Bryden [1994] model for the eastern Meditorranean.

Two-layered. Inflow of surface layer water and outflow of deeper laver water, through

Strait of Sieily.

Net buoyancy loss (B) propertional Le the avernpe thickness of upper layer (M) and to

density contrast between deeper and upper layers (Ap_. )i B = Hap ..

AS, was substituted for Ap, . and X for B. AS,_ is salinity difference between deeper and
upper layers (i.e., intermediate and surface water), and X is excess of evaporation over

freshwatarinput,
Ipnoring of temperature effects introduces estimated error of only = 5%.

Mass and galt budgets in basin are maintained by exchange through Strait of Sicily.
Variation in exchange related to sea Jevel variation expressed by parameter @ (constrained
using model of Bryden and Kinder, 1981). & responds guasi-linearly by about 4.4 x 10°

per meter sea level change (at present, & = 1, and o decreases with sea level lowering).
Parameter ¥ describes past excess evaporation relative to the present value ¥ = (XA™),
5. is salinity of upper layer inflow through Strait of Sicily.

Then {(simplified after Rohling and Bryden, 1994);

S

gas® L

VT

AN

wir

and

Y =[11.75¢ - 212350 - 0.016HS, Yf

\ )

Fig. 5. Summary of the Rolling and Bryden (1994) model for the influence of sea-level change and veriations in the freshwater
budget on the depth of MIW in the eastern Mediterransan,
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it would overfiow the desp water masses in the
Ioman and Levantine Basins formed in the
Adriatic before the salinity lowering, In other
words, a reduction of Syw would result in the
formation of EMDW with a density lower than
that of the previously formed EMDW. Such a
situation would be conducive of poor desp water
ventilation. The EMDW formed prior to the reduc-
tion of salinity will in the [ollowing be referred to
as Old Deep Water (ODW: Fig. 6). Only during
severe winters or distinct dry spells might newly
formed EMDW acquire sulficiently high densities
to mix with the ODW mass. Moreover, the highest
density bottom waters in the deepest parts of the
ODW mass would be the least likely to be replaced
by newly formed EMDW. In this scenario, the
newly formed deep water would settle above, or

within the upper parts of the ODW miass, so that
it would be more properly referred to as Eastern
Mediterranean deep Intermediate Water ( EMdIW:
Fig. 6). This might explain the reporied increase
in preserved organic carbon contents within indivi-
dual sapropels, with increasing depth of deposition
{ Anastasakis and Stanley, 1984; Anastasakis, 1988
Murat, 1991), which could, however, also be
explained in terms of diffusive oxygen supply from
above to the deep sea that would be rather insuffi-
vient to compensate for the total demand, but still
sufficient to show an influence on the preserved
organic curbon contents ( Béthoux, 1992),
Shielded from deep convective overturn, the
deep layers (consisting of ODW ) would only loose
their characteristics gradually, through vertical
eddy (turbulent) diffusion. Eddy diffusion cocffi-

EMDW

density ranking

low —————— hich

Fig. 6. Schematic presentation of the vertical circulation m the eastern Mediterranean at present (upper) and ar times of sapropel
formation (lower), Concept underlying the recanstruction is explaned in the text, a5 ore the abbresdations.




E.T. Rohling{ Marine Geolpgy 122.( 1994) J-25 17

cients in the present-day Mediterranean range
between 1 and 3 em® s (Mangini and Schlosser,
1986). Using 2 cm™ 5~ ! for the diffusion coefficient
(1), and 3000 m as a typical vertical scale for the
eastern Mediterranean (H). the time needed for
diffusion to erase the difference between character-
istics of the deep and intermediate waters by a
fuctor ¢ (to 100 = 1/e=37% of the original ) may
be calculated at roughly 1500 years (r=H"/D;
Mangini and Schlosser, 1986), provided that the
intermediate water charucteristics remained con-
stant afier the first disturbance. When the stability
of the water column would have decreased suffi-
ciently to permit deep convection again, botiom
water oxyzenation would improve rapidly, perhaps
even on time scales in the order of 530 to 80 years
{the present-day flushing time).

2.2, The past 18,000 years and sapropel 8,

The following reconstruction of the easisrn
Mediterranean stratification history of the past
18,000 vears focuses on the general trends. The
relatively short-term fluctuation associated with
the Younger Dryas event can only be roughly
estimated, because the different parameters needed
in the model are insufficiently constrained.

Using the equation for AS,;., the outflow—inflow
salimty difference (Fig: 5), the salinity of interme-
diate waler (Sypw) 15 the simply the sum of upper
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layer salinity (5,) and A8, (Syqw=5,+A5..).
The nen-dimensional coefficient @ needed for cal-
culation of AS,. is described in Fig. 5, as is 3,
which describes changes in the excess of evapora-
tion over [reshwater input. These coefficients indi-
cate wvariability relative to the present, and,
therefore, their present-day value is 1. To find a
value for S,gp. S, and 3 need to be determined,
in pddition to the parameter @, which Rohling
and Bryden caloulated using the sea-level curve for
the past 18,000 wyears described by Fairbanks
{1989). The sea-level curve, and the corresponding
values of @, are plotted in Fig, 7. and the values
at the “"key time-shices™ used in this study are listed
in Table 1. Estimates for 5, in different lime-slices
can be derived from oxygen 1sotope studies. These
values, and the references from which thev are
derived, are summarized in Table 1.

The values used for the parameier 3 (Table 1)
need zome explanation. Rohlmg and Bryden
(1994 calculated that yueu (the value of y at 9600
yr B.P.)=1.2, which, a5 explained in the previous
section, should be changed to js.p,=1.05. After
the arid Last Glactal Maximum { LGM; 18,000 yr
B.P.), an overall increase in humidity seems to
have started in the circum-Medilerranean coun-
tries, although this trend may be quite complicated
on local scale (Adamson et al., 1980 Goodfriend
and Magantz, 1958; Pons and Reille, 1988;
Rossignol-Strick et al | 1992; review in Hastenrath,
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Fig. 7. The change of parameter @ (measure of the volume of mflow into eastern Mediterranean relative 1o the present) as celated
o the change in plobal sea level sincs the Last Glacal Maxmum determined by Fairbanks (1989) (afier Rohling and Bryden,
1994, Wote that both curves are plotted versus MG, years feorrected for a reservoir effect of 400 years {Fairbanks, 19897
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Values used for the different parameters in solving eq. 2, References from which 5, wus derived: (1) Thumell et &l {1987); (2)
Rolling end Bryden (1994}); (3} this study, and equal to present-day values; and (4) Wost ( 19611, Values of @ s dr.tr:rmi::r‘ul by
Rohling and Bryden (1994), see also Fig, 7. Values of y s discussed in this study (cf, Fig. 3). Also Bsted: the values calewlated for
Sypw USIngE eq. 1; the valugs for AS (= 8gw—5,); and the values for Sespw- The calculated values of Spypnw are mindmum valoes,
representing the salinity required to achisve an EMDW density equal or greater than MIW density, assuming thit the temperalure

difference between the two watermosses { EMDW-MIW | remained shout 1°C, gs it is at present ( POEM group, 19933
age age (B i & ¥ A S, Dy Py
corr. T (] {%a) (%o} (%)
LGM 18, K0 0.49 | 4050 1.25 4.4 449 446
Sal BP 9200 0.81 384 105 22 40.6 40,3
83041 BF e, (h.90 IG0M | 0OB5-1.05 Lo- 1.8 T6-37T8 | 3731-375
6300 BF 5K} 094 | 3600 [ 1.4 374 372
4000 BP BRI 1.00 a7z 1.0 1.7 8.9 386
Present 0 100 | 372 1.0 1.7 389 ERN

1985). Cheddadi et al, (1991 ) argued that humidity
did not increase, but that a peak of aridity ocourred
at Younger Dryas umes, preceded by a short,
somewhat more humid event between 13,000 and
LLOOO yr B.P. After the Younger Drvas, most
records agree that maximum humidity coincided
with the deposition of 5, (B300-6300 yr B.P. “C__,
i.e:, 7900-3900 yr B.P. "C.). Although the vegeta-
tional information still appears to be rather incon-
clusive, g 000 $2ems to have been at least equal
and presumably lareer than vq.4,. Since no guanti-
tative estimate of Yig.000 could be made (yet), T
use & hypothetical value of y5000=1.25. Futurc
research may prove this tantative estimate to be
too high, since LGM surface temperatures along
the northern edge of the castern Mediterranean
may have been lowered by as.-much as 7°C in
winter and 3°C in summer [ Wijmstra ctal., 1990},
A probably comparable lowering of sea surface
temperature (S5T) in the northern parts of the
basin would have caused a decrease in evaporation,
which would sugpest that j,4 gy may have been
quite similar to yeapp (=1.03). In that case. AS;.
would be about 4%, and Sy about 44,5,

instead of 4.4%0 and 44.9%., respectively ( Table 1),
Apparently, even major adjustment of 500
would not be of much consequence for the argu-
ment presented in this paper, besides causing a
miner adjustment in the amplitude of the varia-
tions between 18,000 and 9200 yr B.P. in Fig. 8a
and b.

When the deposition of 5, started at about 8300
yr B.P. C,. (7900 yr B.P. *C,), the reported
progressive increase in humidity since the LGM,
or more specifically since the Younger Dryas,
would imply that 5000 <Ve00. 18, Yagee=<1.05.
Furthermere, no indications of a distinet DCM are
found at the base of 5,. The pycnocline and associ-
ated nutricline probably resided below the bass of
the cuphotic layer. Rohling and Bryden (1994)
assumed that the depth of base of the euphotic
layer remained constant through time at its present
level (about 120 m). In that case, the absence of a
DCM at the onset of 5, formation suggests that
Hoopn =120 m. Using that value, with ®o,,,=0.90,
and S -gpp=230%0, it is found ' that  y.554>0.85
{(Fig. 5). Therelore, 0.85 < y-a00< 1.05 (Tabls 17,

In the very top of 8, dated about 6300 yr B.P.
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MC,. (5900 yr B.P. HC,), Neogloboguadrina shows
a briefl recurrence that probably reflects the devel-
opment of a distinct DCM (Jorissen et al., 1993:
Rohling =t al., 1993a), which would suggest that
Hegny =120 m: Using that value, with ,,,,=0.94,
and  Sjsepe=236%w, it is found that s, =07
{Table 1),

Around 4000 yr B.P. “C,, (3600 yr B.P. "C.),
modern  conditions  werz  achieved in  the
Mednerranean, suggesting j:.= 1.0, as il is at
present (Table 1},

The rate of change in surface water salinity of
the North Atlantic Ocean resulting from the addi-
tion of meltwater, is approximated according to the
rate of sea-level change during the past 18,000
vears, as portrayed in Fig. 7 after Fairbanks { 1989),
Between 18,000 and 13.000 vr B.P., a gradually
increasing trend of sea-level rise is suggested, with
a rapid seceleration to a 1000 year period of
maximum rise centéred around 12.000-12.500 yr
B.F. [Meltwater peak 1A: Fairbanks (19897
Decelerated sea-level vise is found between 11,500
and 11.000 yr B.P., followed by a second accelera-
tion centered at about 9500 yr B.P. [Meltwater
peak 1B; Fairbanks ( 1389)]. As explained before in
this section, the influence of decelerated sea-level
tise associated with the Younger Dryas cooling
event can only be tentatively estimated in the pre-
sented schematic reconstruction: Distinet decelera-
tiom of sea-level rise started at about 7000 yr B.P.,
with near modern conditions being reached at about
4000-3500 v B.P,

The influence of deglaciation (sea-level rise+
global reduction of surface water salinity), com-
bined with that of the above described local
Mediterranean  humidity history, would have
induced a trend in MIW salinity towards decreas-
ing values, in a gradually decreasing trend between
18,000 and about 13,000 yr B.P., after which time
Sypw started a very rapid decrease, which was
more or less interrupled at Younger Dryas times.
The eastern Mediterranean surface warter salimty
vitlues based on oxygen isotope studies ( Table 1)
suggest 4 rapid deerease in the rate of change in
MIW salinity at about 8200 yr B.P. Minimum
values were reached during deposition of 5, untii
about 5900 yr B.P. After that time, a rapid increase
followed, uniil near modern conditions were

reached at about 4000-3500 vr B.P, The MIW
salinity curve in Fig. 8a schematically represents
the discussed trends. The most obvious effect of
hunmdity changes in Fig, 84 is the excessive down-
ward bulge between 12,000 and 4000 vr B.P. This
bulge would not appear if only deglaciation effects
were considered, in which case the curve would
look more or less like a smoothed version of the
sea-level curve in Fig, 7.

Together with the above deseribed line for Sy,
the estimate of 1500 years needed for diffusion
(see Section 2.1) allows for a rather qualitative,
but illustrative, graphic presentation of the hydro-
graphic changes culminating in the formation of
S). As a first step, a line for Sgypw 15 drawn in
relation to that for Sy, as il Sgypw would always
adjust immediately Lo vanations in Sy (“EMDW
direct” in Fig. 6a). The minimum salinity of
EMDW (listed in Table 1} is derived from the
salinity of MIW by the requircment that the resul-
tant density of EMDW should be equal to, or
greater than, that of MIW (assuming that the
temperature of EMDYW was about 17°C lower than
that of MIW, as it 15 at present (POEM group,
1992,

As mentioned before, stable stratification tends
to develop when Sy decreases; as @ result of
which diffusion would be the only practical means
of change m EMDW characteristics; the process
of diffusion givés an cstimated time-lag of roughly
1500 years (see Section 2.1). Therefore, the Spypw
ling is shifted forward by [500 vears, for those
parts where Sy decreases ("EMDW lag 1500 ™
in Fig. 8a). Here. it should be mentioned that this
| 500 year time-lag is valid anly for conscrvative
properties (such as salinity). and that the lag will
be longer or shorter for substances thatl are pro-
duced/released or consumed internally within the
watermass, respeciively. When Sy increases or
remaing  constant with time, deep convective
mixing is favoured. and the basin tends to ventilate
on tme scales as short as 50 to 80 years (the
present-day turnover time). In those intervals, the
EMDW characteristics will change in rapid
respahse to changes in Sy, and the Sgypw line
1o be followed in Fig, 8a is that pamed “EMDW
direct”, Fig, 8b shows the resultant plot of Sygw
and Spypw during the past [5.000 years.
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Fig. B. (a), Schematical representation of changes in the salinity of MIW (solid ling) since the Last Glacial Maximum, as conistrained
by the black circles which represent catculated valies fisted in Tabie | and explained in the fext. The dotted line corresponds to the
mimimum selinity valees for EMDW determined o relation to the: MIW salinities {(method explained in caption Table 1), The
dushed lne indicates the EMDW . salinity ling with & Ipg of 1500 vears, determined on the basis of turbulent difusion over i typical
vertical seale of 3000 m (see text), snd therefore provides 8 messure for the chanpe of EMDW salinity with time:in the absance of
deep convection. (h) The resultant of Fig, Ba, with MTW and EMDW salimty since [8,000 yr B.P. EMDW salinity 15 taken
secording 1o the 1500 year lageed line of Fig %a in intervals where there is a decreasing trend with time in MW salinity, and
gocording to the “EMDW direct™ line of Fig Sa in intervals where MIW salinity is stable or increasing (soe further explination in
the text). Hatching indicates thé interval wiere poor deep water ventilation would be likely, and darker hatching is used in the
interval covered by 8. ‘As explained in the text, the closing of the two knesan the: Younpger Bryas (F.00) mierval would' be
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2.3, Sapropel formation independent af
deglaciation

In the above scenario, changes in S,y resulted
from ‘2 combination of deplaciation and vanation
of humidity. In the following scenario, only
changes in humidity will be used, by focusing on
sapropel formation at full glacial times, without
substantial changes in sea level (such as, for
instance, 5;). For this hypothetical scenario; por-
trayed in Fig. 8c. 1 use full glacial values of 5,
Surw s 2nd Sgypw that are comparable in maeni-
tude to values of the LGM, Then, a disturbance
of those values, which would have resulted from
humidity changes, 15 positioned symmetrically over
the sapropel. The magnitude of that disturbance
is chosen in agreement with the humidity-imposed
disturbance associated with S;. The duration of
formation of the hypothetical full glacial sapropel
is taken at 2000 years, similar to that of §,.
Subsequently, a line for Sgypw (TEMDW direct™)
is drawn in relation to Sy, in the same way as
discussed above. Then, & 1500 year lagoed line for
Seapw (EMDW lag 1500 ") is plotted,

As discussed above, the line “EMDW lag 1500
¥ 15 followed in the intervals where Siw
decreases, whereas the line “EMDW direct”™ is
followed where S, is constant or increasing.
Fig. 8d shows the resultant plot of Sy and Spypw
across the hypothetical full glacial sapropel.

3. Diiscussion

First, I emphasize that all datings mentioned in
this discussion are AMS Y datings, corrected for
a reservoir age of 400 years, or interpolated values
thereof. The original, not corrected, datinps and
the references from which these were obtlained
have been mentioned extensively in previous
seclions.

The above described graphic presentation

(Fig. 8a and b) demonstrates how the combined
influences of deglaciation (causing sea-level
rise+plobal reduction of surface water salinity)
and astronomically induced reductions in eastern
Mediterranean excess evaporation, cause the devel-
opment of a poorly ventilated deep water mass,
Since a more or less distinet pyenocling/nutricling
was persistently present in the basin (which
requires -advection), it may be concluded that
intermediate water formation remained active
during sapropel formation. Also, some process
similar to the modern deep water formation may
have existed. However, the shallow Upper Depih
Limit of anoxic sediments (< 500 m) suggests that
such a two or three-layer circulation in the basin
covered only a narrow depth-range. Therefore, a
possible water mass setiling below the intermediate
water of Levantine origin (MIW) should be
referred to as Eastern Mediterranean  deep
Intermedizte Water (EMdJIW), rather than as
Eastern Mediterranean Deep Water (Fig. 6). Sull
deeper, poorly ventilated ODW (=deep water
formed before the reduction of surface water salini-
lies) would gradually become dysoxic, to anoxic,
through mineralization of organic matier sinking
[rom the surface lavers. The ODW characteristics
would be gradually modified by eddy diffusion and
possibly occasional influxes of “extra dense”
EMdIW resulting from sustained periods of rela-
uvely cold and/or dry winters.

In Fig. 82 and b, a threshold value is reached
between -about 12,500 and 12,000 yr B.P, the
salinity of MIW becoming lower than that of
EMDW. After about that time, newly formed deep
water would not have been capable of displacing
that formed previously, thus causing the separation
of an ODW mass. As a result, poor ventilation,
and consequently rapid oxygen depletion, would
have charactenzed the ODW mass. With an
average oxygen conceniration below 15300 m depth
of 180 molm ™3, and an average deep waler oxyzen
utilisation rate in the eastern Mediterranean of (1.5

conducive 1o possible conveciion during periods of sustained winter cooling. The time scales of Fig: 83 and b are in MC, yoars,
corrected for @ reservoir aee of 400 vears. (c) Schematica) representation of salinity changes in MIW and EMDW ‘across-a
hypothetical glaciz! sapropel formed exclusively by a change in the freshwater budget thet 15 wssumed (ully symmetricel in lime, in
the absence of sea level chungs, Datails explained in the caption of (4) knd in the text {d) The resultant of Fig, fc. Detals explained

in the captien of (b) and'in the texl.
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mol m~* yr~! (Schiitzer et al., 1991), the oxygen
below 1500 m depth would be removed after only
about 360 years, provided that oxygen supply had
ceased entirely. The latter assumption is not cor-
rect, because of a supply of oxygen by eddy
diffusion, and probably also occasional convective
events. Moreover, anoxia were found as shallow
a5 300 m {or less), rather than being restricted to
depths below 1300 m, and convective events would
likely penetrate these upper reaches more fre-
quently than the greater depths. As a result, the
roughly calculated 360 years required to deplete
all oxypen should be viewed as a minimum esti-
miite, providing information only about the order
of magnitude of that period.

Assuming for the moment that ODW prevailed
below 500 m waterdepth, then diffusive oxveen
input (M) into those waters (i.e, into a column of
about 3000—300=2500 m height), with an eddy
diffusion coefficient of 2em? 7', and a surface
water oxygen concentration of 220 mol m™3,
amounts to about 355 mol O, m ™2 yr~! (M=
Dx Cx1fL; where D=2cm* 571, C=220 mol
m™?, r=seconds in a year, and L=23500 m). This
quantity contrasts sharply with the advective
supply of almost 4000 mol O, m—2 yr~' below
1500 m waterdepth effectuated by modern EMDW
formation in the Adriatic (cf. Schlitzer et al., 1991).
The supply of 535 mol O; m™ 57 into a water
column with a height of 2500 m accounts for a
supply of 555/2500=0.22 mol O; m 3 yr ', This
15 less than half the average oxypen utilisation rate
characteristic of the present-day deep eastern
Mediterransan, which is about 0.5 mol O, m® yr !
(Schlitzer et al., 1991). It is important here, to
emphasize that this oxyeen utilisation rate is a net
average based on the tolal oxygen supply to deep
water and the resultant deep water oxygen concen-
tration, However, even if the diffusive supply were
not already accounted for in the Schiitzer et al.
(1991} value, the diffusive supply of 0.22 mol O,

m ™ yr~ ! to the ODW mass would be much lower

than the utilisation rate of 0.5 mol O; m ™2 yr~ 1
In that case, all oxyren below 300 m would be
consumed by mmeralisation of organic matter
within 180/(0.53 —0.221=640 vears.

There is vet another complication. It may not
be ruled out that dysoxic conditions could be

maintained in large portions of the ODW mass,
while true anoxia developed only in a “blanket”
near the sediment-water interface. Such a hlanket
would result from mineralization of oreganic matter
that rapidly sank to the sea floor (eg. pellets).
Note, in this respect, that the oxygen utilisation
rate of Schlitzer et al. (1991) represents an average
value, and that a rather substantial part of the
actual utilisation may take place at the sediment—
water interface, Cramp et al. (1988) suggested that
such a blanket of anoxia prevailed during the
deposition of §; in the western Aegean Sea, while
Rohling et al. (1993b) found indications for such
a configuration during the deposition of Upper
Pliocene sapropel C2 in the Singa section (southern
Ttaly, northwest Tonian Basin),

Oceasional spells of drought and/or severe win-
ters would resull in the formation of EMdIW with
relatively increased densities, which might accord-
ingly penetrate and supply oxygen into the ODW
miss. Because of an increase of density with depth
within the ODW mass, such short-term flushing

~would likely be more frequent at shallower levels,

resulting in the observed increase of preserved
organic carbon contents with increasing depth,
Under favorable conditions, such as high sedi-
mentation rate and little bioturbation, the more
severe of these short-term flushing events may be
detectable as short-term interruptions of the sapro-
pel by intervals of sediments deposited under
(dys-)oxic conditions, which may be recognized in
benthic faunas (e.g., Jorissen et al., 1993; Rohling
et al., 1993b, ‘submitted)., Sapropels §; and S;
commonly contiain intercalations of grey muds
{e.z. Cita and Grignani, 1982; Thunell et al., 1983),
which might also be reflections of temporarily
improved oxygenation, but have nol vet heen
investigated as such. Note that in the context of a
reversed circulation scenario for the formation of
sapropels, such short-term fushing would be very
hard to explum,

If the above described rather severe (1.e. detect-
able) Nushing events indeed took place; then it
seems likely thar less severe and/or persistent (i.e.
hardly or not detectable) flushing events existed as
well. Tn that case, the period of tme in which the
OD'W mass would become oxvgen-depleted would
be lengthened by occasional advection. However,
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even 1If such ventilation events managed to douhle
or tnple that period (minimum duration =360
years: see above), severe environmenial stress
should show in fossil benthic communities within
about 1000 years after high stability develaped in
the water column. In the case portraved by Fig. 8a
and b, therefore, one would expect benthic fauna
to reflect low bottom water oxygen concentrations
around 11000 yr B.P. Tn reality. however, benthic
faunas reflecting increasingly stressed conditions
in the well dated Adriatic core IN68-9 (Jorissen
et al., 1993 ) appear only about 1000 years before
the formation of 5, atabout 8900 yr B.P. Influence
of severe dysoxia 15 found only 200-300 vesrs
before the onset of S, ( Rohling et al., submitted).
In other words, the model predicts low-oxyaen
stress around 11.000 yr B.P,, whereas the record
shows the onset of such conditions around 8900
yr B.I". This lag may well be related to the Younger
Diryas, as indicated in Fig. 8a and b, The pro-
gressive deterioration of deep water ventilation
and related lowering of the deep water oxygen
content, staring around 12,000 yr B.P., could have
bien “reset™ by the Younger Dryas, afler which a
new trend developed starting around 10,000 yr
B.P. This new trend resulted in detectable stress
on the benthic community after some 10 years
{namely around 8900 yr B.P.). ultmately causing
severe oxygen depletion around 81008200 yvr B.P.
and true anoxia marking the onset of the formution
af 3 at 7900 yr B.P.

Another major point of interest concerns the

roles of increased production and decreased
oxygen advection, relative to one another, As
mentioned before, a Deep Chlorephyll Maximum
{BYCM ) was apparently present during the depos-
ition of most sapropels, bult some (like, for
instanee, 8,) hardly contain evidence of a well-
developed DOCM. This demonsirates that the
increased export production associated with a
DCM is not a basic prerequisite for the formation
of sapropels. It would imply that sapropels could
develop as a result of severe reduction of deep
oxygen advection alone, with export production
riates equal to those of today. or only slightly
raised. However. in the absence of substantial
inereases in export production, only sapropels with
relatively low orpanic carbon contents may develop

(Calvert, 1983). Higher organic carbon contents
m eastern Mediterranean sapropels should. there-
tore, be considered to refiect 4 significant increase
inn export production, in addition to the effects of
severely reduced deep oxyeen advection. Organic
carbon contents of well over 10% have been
reported {among others; Calvert, 1983: Murat,
1997 ). Of course. one should compare the organic
carbon contents of the various sapropels only in
settings with approximately similar sedimentation
rates. Such a comparison in one single core,
MD-84641 ( Fontugne and Calvert, 1992), showed
that 5. contains the highest organic carbon
content, and &; the lowest, among the series of
sapropels 5, :_y, (8- is absent, as it nearly always
i5). In the scenario for sapropel formation
described in the present paper, sapropels with high
organic carbon contents should ideally contain
abundant Neogloboguadring. reflecting the pres-
ence of a distinet DCM  with consequently
inereased export production: Also the nannofossi
assemblage  should reflect  these conditions
(Castradori, 1993},

The crucial tole of reduced deep oxygen advec-
tion for the process of sapropel formation is per-
haps best illustrated by the [ull glacial intervals,
when a DCM secems to have been present without
disturbance of the normal oxvegenated environ-
ments in the deep sea. This may be explamed in
terms of the probable high density (high salinity
and refatively low temperature) of EMDW lormed
at glacial times, promoting ventilation down to
the greatest depths. The scenario for eastern
Mediterranean sapropel formation outlined in the
present paper is strongly supportive of that pro-
posed by Mangini and Schlosser ( 1986).

Emels et al. (1991) performed carbon—oxyeen
budeet caleulations for the Tyrrhenian Basin (west-
ern Mediterranean), and concluded that reduced
deep water ventilation, with consequently reduced
oxyveen advection, was the primary factor responsi-
ble for the farmation of sapropels in that basin as
well. The scenario for sapropel formation in the
eastern Mediterranean presented here may proba-
bly be transposed to provide a basic understanding
af the simultancous formation of sapropels in the
western Mediterranean, although true sapropels
seem Lo pccur much less frequently in that basin,
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and are also less well developed and preserved
than contemporary easiern Mediterranean sapro-
pels. The eastern basin may be more likely to
develop into the “sapropel-mode’ than the western
basin becanse of less effective desp water forma-
tion, which for the eastern basin occurs in a specific
marginal basin ( Adriatic Sea), whereas open-ocean
convective processas cause formation of decp water
in the western basin, Even at present, flushing is
2.5 to 4 times more rapid in the western basin
than in the eastern basin.

4. Conclusions

Review of previous studies on the mechanisms
of sapropel formation suggesis that an ant-
estuarine scenario for sapropel formation would
fit the accumulated evidence better than an estua-
rine {“reversed™) scenaro. The anti-estuarine cir-
culation would have been to some degree weakened
relative to the present, in response to reduction of
the excess of evaporation over {reshwater input.
This reduction seems to have been related ito
imereased intensity of the Indian Ocean summer
{8W) monsoon, influencing the eastern
Mediterranean via the Nile river, and to increased
activity of Mediterranean depressions; as an ele-
ment of the westerly Atlantic system. Both the
monspon and the westerlv Atlantic system would
have been intensified in response to the occurrence
of distinct minima in the eycle of precession.

In addition to 1ts implications for the magnitude
of variations in the freshwater budpet, which are
relatively moderate and therefore seem realistic,
the presented anti-gstuarine scenano also accounts
for (1) pycnocline depth variations, (2) asymmetric
sequences of sapropel deposition, (3) increasing
preserved organic carbon contents with increasing
depth of deposition, and (4) brief intervals of
improved oxygenation within sapropels. More-
over, the anti-estuaring circulation is endorsed by
the quoted findings of sapropels in the western
Mediterranean, and by isotopic and faunal recon-
structions of the exchange patterns through both
the Strait of Gibraltar and the Strait of Sicily.

A schemalic graphic representation is used 1o
demonstrate that poorly oxvgenated deep water

conditions, with development of anoxic conditions
especially near the sea floor, would have resulted
from “isolation™ of deep waters from actively
ventilating. surface and intermediate layers.
Consequently diminished oxygen advection down
from a few hundred meters in the water column
would have favoured preservation of sinking
organic matter, This could, however, have resulted
only in the formation of sapropels with very low
organic carbon contents, The high organic carbon
contents observed in various sapropels are argued
to reflect superimposed increases of export
production.

Acknowledgements

Thanks are due to H.L. Bryden, H. Chamley.
F.J. Jonssen, G.J De Lange, W.W. Hay,
F.I. Hilgen, 1.J. Middelburg, G, Postma, R.C.
Thunell, B. van Os, C. Vergnaud-Grazzini, D.F.
Williams, W.). Zachariasse, and K. Zonneveld for
stimulating discussions, remarks, sugeesiions, and
comments which helped in shaping the model, and
evaluating its consiraints, Part of the study was
funded by the Netherlands Organisation for
Scientific Rescarch (NWO) and performed at the
Department of Geology., Utrecht University, the
MNetherlands.

References

Adamson, DA, Gasse, F_, Street, F A pod Willams, M_AL,
1980, Late Quaternary history ol the MNile, Natore, 288:
50-55.

Anastasakis, G.C,, 1988, Uppermost limot of saprapel (-hc)
deposition n the Aegesn and Morth Levantine Seas. Im;
GG Anastusakis (Editor), Naticnal Centre for Marine
Research 1945-1965-1985. Nal, Cent Mar. Res. - Athens,
pp. 18-

Anasttsakis, GUC. and Stanley, DLI., 1984 Sapropels and
organic-rich varianis-in the Mediterranean: sequence devel-
opment end classificanon, In; DAY, Stow and DLW,
Piper ( Editors), Fine-graimed Sedimenss: Decp  Water
Processes and Facies. Blackwell, Oxford, pp. 447-310,

Artemani; AL Avezoling, Be and Salusti, E. 1989, On the-dense
water in the Adrintic Sen. Ceeanocl. Acta, 17! [51-161,

Bard, B, 1988, Correction of séeeleralor mass spectromelry




E.J. Rokiing!Marine (reglogy 123 (1994} 1-28 25

*C apes measured in planktonic foraminifera: paleoceano-
praphic implications. Paleoceanography, 3: 635-6435,

Bard, E., Hamekn, B, Fairbanks, R.G.and Zindler, A., 1990,
Calibration of the YC tmescale over the pest 30,000 years
using mass speclrometric T-Th ages from Barbados corals.
Nature, 345 A05-409.

Be, AW.H., Bishop, LK.B. Sverdiove, M.5. and Gardner,
WL, 1985, Standing stock, vertical distribution and fux of
plenkionic  foraminifera  in Papama  Basin, Mar
Micropaleontal., % 307-333,

Béthous, 1.P., 1979, Budgets of the Mediterrancan Sca. Their
dependance on the local climate and on characienstics of
the Atlontic waters. Clesgnol, Acta, 20 157-163,

Béthonx, ELP, (992 Mediterrancen sapropel formation,
dynamic and chimatic viewpoints. Oceanol. Acta, 16;
127-133.

Béthoux, JP., Gentili, B, Raunet, J. and Tailhes, D, 1990,
Warming trend in the western Mediterranean deep water,
Mature, 347; 660-662,

Blechschmidt, G., Cila, M1, Marzei, R. and Salvatorin, G.,
1982, Stratigraphy of the weswrn Mediterronean and
sauthern Calabpan ndges, eastern Mediterranean, -Mar,
Micropaleontol, 7; 101-134.

Boucher, K., 1973, Global Climate, English Univi Press,
London, 326 pp.

Bovle, E.A. ond Lea, DWW, 1989, Cd &nd ‘Ba in planktonic
foraminifern from the eastern Meditermnean: evidence for
river outfiow and enriched nutrients during saprope! forma-
tion. Trauns. Am. Geophys. Union, 70: 1134,

Broecker, W.5,,; Andree, M., Banam, G., Wollli, W, Klas, M.,
Mix. A. and Oecchieer, H., |9BE. Companson: betwesn
rediocarbon ages oblamed on coexizting plankionic foramini-
fera. Patcoccanography, 3: 647-637.

Bryden, H.L. snd Kinder, T.H.. 1991, Steady two-laver
exchange through the Strait of Gibraltar, Deep-Sea Res., 38
S4d3-5403.

Buckley, H.A. and Johnson, LE., 1985, Lot Plestocens 1o
Pecent sediment deposition in the central and western
Mediterranean, Deep-Sea Res,, 35: 749766,

Buckley, H.A., Johnson, LR, Shackléton, NM.J. and Blow,
R.A, 19820 Late Glacisl to Becent sediment cores from the
castern Mediterrencan, Deep-Sea Res., 29 T38-766.

Calvert, 5,E:, 1983, Geochemisiry of Plestocene supropels and
associaled  sediments from the eastern  Mediterranean
Ceeanol. Acta, 62 255-267.

Calvert, S.E., Nielsen, B, and Fontugne, M.E.. 1997, Evidence
from nitropen isotope matios for enhanced productivity
during formation o sasiern  Mediterranean  sapropels.
Maoture, 3539: 223-27%

Cannls Artiguas, M,, 1980 Sedimentos y procesos en el margen
contimental Sur—Balear: control chimatico v oteanozmabico
sobre su distribucion ¥ evolucion: duraste & Cuaternano
Superior. Tesis Licenciatura, Faculdad Geol, Univ.
Barceloos, 210 pp.

Castradori, D., 1993, Calearcous nannofossils and the ongin
of eastern Mediterranean sapropels. Paleoccenography, 8:
450471

Chzddadi, R., Ressignol-Strck, M. and Fontugoe, M., 1991,
Eastern Mediterranean palaecclimutes from 26 to.§ kn BP
documented by pollen und Bsotopic enalysis of 4 core in the
anoxic Bannock Basin, Mar, Geal., 100: 53-66.

Cita, M.B.sind Grignani, D, 1982, Naure apd orgin of Late
Meopene Mediterranean sapropels, In: 5.0. Schilanger and
M.B. Cita (Editors), MNature and Origin of Cretaceous
Carbon-Rich Facies. Academic, San Dicgo, CA, pp- 165-196,

Cita, M.B. und Podenzeni, M.. 1980, Destructive efects of
cxyeen starvation and ash falls on benthic Gife: & pilot study,
Ouat. Res:, 13- 230-241,

Cita, M.B., Vergnawd-Grazzini, C., Robert, C.,; Chamley, H.,
Cinranfi, N, and d'Onofrio, 8., 1977. Palenclimatic record
of & fong deep sea core Trom the esstern Mediterransan.
Quat. Res., B: 205-235,

Cramp, A, Collins, M. and West, R.. 1988, Laie Pleistocene—
Holocene sedimentation in the WW Asgean Sea: a palaea-
climatic palscoccanographic reconstruction, Palacogeogr.,
Pakseoclimatol., Palasoecol., 68: 61-77.

D Eange. G.J. and Ten Haven, H.L., 1983, Recent sipropel
formation in the eastern Mediterranean. MNaters, 305
T97-T08.

De Lange, G.J., Middelborg, IJ. and Pruysers, P.A., 1980,
Discossion, Middle and Late Quaternary depositicnal
sequences . and cyeles in the eastern  Meditermanean
Sedimentology, 36: 150158,

De Visser, 1P, Ebbing, 1.H.),, Gudjonsson, L., Hilpen, F.J.,
Jomssen, F.l., Verkallen, PJIM. and Zevenboom, D, 989,
The orgin of thythmic bedding in the Pliccene Truhi
Formetion of Sicily, southern lumly. Palaeopeopr,
Falasoclimatol., Palaeoecol , 69; 45-65;

Emeis, K.C., Camerlenghi, A., McKense, 1A Rio, . and
Sprovieri, R., 1981, The ocourrence’ and -significance of
Pleistocene and Upper Phocens sapropels-in the Tyrrhenian
Sea. Mar, Geol., 100: 135182,

Farhanks, ®.Gi., 1980, A 17,0{00 vear glacin-eustatic sea level
recard: inflvence of glecinl melting rates on the Younger
Dirvas event and deep-oceab  circulation. Nature, 343
637642,

Frairbanks, R.G., 1990, The age and ongm of the “Younger
Drvas: Climate  Evani™ in Greenland  Toe  Cores
Paleoccanography, 3. 937948,

Fairbanks; B.G., Sverdlove, M., Free, R., Wiche, P.H. and
Be. AW H., 1982, Vertical distribution of Tiving planktonic
foraminifera from the Panama Basin. Nature, 208; 841-544,

Flahn, H., 1981, Scenaros of cold and warm periods of tha
past. In: HO. Flobn (Editor), Climatic Varations -aned
Varinhility: Facts and Theorics, NATO ASI Ser. C, Math,
Phys, Sci;, T2 G89-698,

Fontugne, M.E. and Calvert, 5.E,, 1992, Late Pleisiocens
varability of the organic carbon 1sotopic composition of
orgamc matter i the castern Mediterranean: monitor of
changes in organic carbon sources und atmospheric €O,
concentrations. Paleoceanography, 77 1-20,

Ganssen, Q. and Troelstea, S.R. 1987, Palecenwironmental
changes. from stable 1sotepes o plankoonic Toraminifera




i £ Rohlingf Marine Geology 122 (1904 [-2%

from egastern Medilemanean sapropels. Mar. Geel, 73
221-230.

Garzoli, 5, and Maillerd, C, 1979, Winter circulation in the
Sicily and Serdinis straits region, Deep-Sea Res., 264;
033954

Goodiriend, G.A. and Magaritz, M., [958, Paieogsols and late
Fleistocene rainfall fuctuations in the Negev Desert. Nature,
332 144146,

Guiot, I, 1987. Late Quaternary climatic change in Francs
estimated from multivanate pollen time series. Quat. Res.
28: 100-118:

Hastenruth, 5., 1985, Climate and Circulation of the Tropics.
Kluwer, Dordrecht.

Hemlebgn, Ch. and Spindler, M., 1983. Recent advances in
ressarch  on  living. planktonic  foraminifers, In: LE.
Meuienkamp  (Editer), Reconstruction of  Marine
Paleoznvirenments. Ulrecht  Micropaleantol.  Ball,, 30
141-171

Hemlebhen, Ch., Spindler, M. and Anderson, OR., 1989,
Modern Planktonic Foraminifera. Springer, New York,
363 pp.

Higgs, N.C., Thomson, L., Wilson, T.R.5. and Croudace, [.W.,
1594, Modification snd complete temoval of casiern
Mediterrancan  sapropels by postdepositional oxidation.
Geology, 22; 423420,

Hilgen, F.I., 1991, Astropomical cahibravon of Gauss to
Matuyama sapropels in the Mediterranean and implication
for the peomagnetic Polarity Time Scale. Earth Planet. Sci,
Lett., 104: 226-244,

Howell, MW, and Thunell, B.C., [992. Crpanic carbon
accumulation in Bannock Basin: evalvating the role of
productivity in the formation of castern Meditérmnean
sapropals. Mar: Geol, 103: 461471,

Howell, MW, Thunell, R.C., Tappa, E,, o, D and Sprovien,
B., I988. Late Meomene. laminated and opal-nich facies
from the Mediterransan repgion: geochemucal evidence for
mechanisms of formation. Pelasopeogr., Palaesclimatol .
Palaooecol,, 64: 265-286,

Jenkins, 1A, and Williams, D.FF., 1984 Nile water as & cause
of eastern Mediterranean saprope] formation: evidence for
and against. Mar. Micropaleoniol., 90 521534,

Jones, G.A. and Gagnon, A R, 1954 Radiosarbon chronology
ol Black Sea sediments. Deep-Sea ves., 41: 531-357,

Jongsma, D, Fortuin, AR., Huson, ‘W, Troclstra, 5.1,
Klaver, (G.T., Peters, J.M., Van Harten, I, De Lange, G.J.
and Ten Haven, L., 1983, Discovery of an anoxic basin
within the Strabo Trench, castern Mediterranean., Mature,
315 TUS=797.

Jomssen, FA., Aswah, Al Barzeti; A, Copotoadi, L, De
Visscher, LP., Hilgen, F.l., Rohling, E.L,, Van der Borg, K,
Vergnaud-Grazzim, €. and . Zecharissse, WA, 1993, Lot
Quaternary contral  Mediterranean  hiochronology, Mar.
Micropaleontol., 21: 168-189,

Kullenberg, B., 1952 On the sahnity of the weler contained in
marine sediments, Medd, Ocesnogr. Inst. Galebora, 213
[-38,

Kuigbach, FE., 1985 Modeling: of paleoclimmies. In: 5

Manabe (Editor), Issues in Atmospheric and Oceanic
Modefing, A; Climate Dhynamics. Adv. Geophys, 28
161-196

Kutzbach, J.E. and Guetter, PJ., 1986, The infuence of
changing orhital parameters and surface boundary conditions
an ehimate simulations for the pest 18,000 veirs. I Atmos,
Sci, 430 17261759,

Lamb, HH., 1966, The Changing Climate. Methuen,
London, 236 pp.

Lamb, H.H.. 1969, Climatic’ fluctuations. In: H.0O. Flohn
(Editor), Ceneral Climatclogy. (World  Survey  of
Climatology, 2.) Elsevier, Amsterdum_ pp. 173-249,

Lamb, ‘HH., 1977, Clhmate-- Present, Past and Future: 2,
Climate History and the Future. Methuen, London,

Lander Rasmussen, T., 1991, Benthonic and plankionic
foraminifers in relation (o the Early Holocene stagnation in
the Iomen Hasm, Central Mediterrunean. Boreas, 20:
357-37h

Leaman, KD, and Schote, FoA,, 1991, Hydrographic structure
of the convection regime in the Gulf of Lions: Winter 1987,
J. Phys. Ocednogpr. 21: 575508,

Magaritz, M. and Goodfnend, G.A., 1987, Movement of the
desert boundary m the Levant from the filest Pleistocene to
carly Holocene. In: W.H Berger and LD Labeyrie
{ Editors), Abrupt Climatic Chunge, NATO AS] Ser.
Math. Phys. Sci., 216: 173-183.

Malanotte-Rizzolt, P.-and Bersamasco, A, 1989, The circola-
tion of the eastern Mediterranean. Part 1. Oceanal, Acta,
122 335-351.

Malanotee-Rizzoli, P, and Hecht, A., 1988 Lacge-scale proper-
tiez of the easiern Mediterranean: a review, Oceanol, Acts,
113 323335,

Mangini, A, and Schlosser, P, 1986, The formation of eastern
Mediterranean sapropels. Mar. Geol., 720 115-124,

MeGil DAL, 1961 A preliminary study of the oxvgen and
phosphete distnbution m the Mediterrancan Sez. Deep-Sea
Res,, B: 239260,

Meclntyee, A., Ruddiman, W.F., Kiurlin, E. and Mix; A.C.,
1980 Surface waler response -of the equatorial Atlantic
Oicean to orbital forcing. Paleoceanagraphy, 4: 19-33,

MEDOC group, 1970, Observation of formation of deep water
in the Mediterranean Sex. Nature, 277: 10371040,

Miller, A.R., Tchernia, P., Chamock, H. and MeGill, DA
1970, Mediterranean Sea Atlas of Temperature, Salinity,
Oxygen: Profiles and Dats From Cruises of RV, Atlantis
and ROV, Chain, With Distabution of Nutrent Chemical
Properties. ALE. Maxwell et al, { Editors). Alpine, Brzintree,
M, 190 pp.

Muerdter, R and Kennerr, JP., 1984 Late Quaternary
planktonic foraminiferal biostratigraphy, Stradl of Saly,
Mediterranean Sea. Mar. Micropaleontaol., 8: 339-355,

Mullineaux, L 5. and Lohmann, G.P., 1981, Late Quaternsry
stagnations and recirculation of the eastern Mediterranean:
changes in the deep water recorded By fossil benthie
foraminifera. J. Foraminiferal Res, 11: 20-39,

Murmit, A., 199], Enregisteement ssdimentiire des palecenvi-




£ Rolfing/Murine Cealpgy [32 1 1904) 138 gt

ronnements guaternares on Mediterranes sientale. Ph.D.
Dissert. Univ, Perpignin, Frince, 280 pp.

Mural. A. and Got. H., 1987 Middle and Late Quaternary
depositional  sequences  dnd  cweles  in the  castern
Mediterranean. Sedimentoloey, 34: BRS-8909,

Mulet G, and Corliss, BH. 1980 Benthic forsmimifernl
evidenee for reduced deep-waiter circulation during sapropel
depozition in the custern Mediterranenn, Mar, Genl., 04:
T 1730,

Olavsson, E. 1961, Studies of decpesea cores. Rep, Swed.
Drep Bea Exped. 19471948, B: 35339,

Pedersen, T.F. and Calvert, 8B 1990, Anoxin vk, productivity:
what controls (he formation ol organic-carbon-rich sedimants
and sedimentary roeks™ AAPG Tll., 73: 454465

Ferissorulis, Coand Piper, DLW, 1992, Ase remonn] vamstion
wnd-shallowest ocgurrence of 8! sapropel in the northern
Aegean Sea. Geo-Mar, Leit., 12: 49-33,

POEM group, 1992, Geners! circulation of the enstemn
Mediterranean, Earih-Sci; Rey., 32 285300

Pollak, M.L., 1951, The sources of deep water of the eastern
Mediterranean Seq, Deep-5ea Res,, 100 128152,

Pong, A, and Relle, M, 1988 The Holocéne and Upper
Pleistocene pollen record from Padul (Grenada, Spain):-a
new study, Palasogeogr.. Palueoclimatol, Palneoecal., 6i:
243-263.

Prell. WL, and Kutgbach, LE., 1987. Monsoon variabilicy
over the past 150,000 vears. I Geophys:Res:, 92: 841 8425

Pruysers, A, De Lange, G, and Middelbure. 7.1, 1991,
Geochemistry of eastern Mediterranean sediments; Primary
sediment composition and dingenetic dherations. Mar. Geol.,
Lol 137154,

Pruysers, WAL De Lange, G.I., Middelburg, 1J. and Hydes,
1. 1993, The diagenetic formation of metal-rich lavers in
sapropel-containing sediments in the eastern Mediterranenn.
Geoclim. Cosmochim. Acta, 577 527-536,

Pujol, C.and Vergruud-Grieani, O, 19892, Palusoceanography
of the lust deglacimtion in the Adborant Sea (wesicrn
Mediterranean). Stable isotpes and planktonic foraminiferal
records. Mar. Micropaleoniol., 15 153=]179.

Reynelds. LA. apd Thupel. RoC 1989, Seazonal succession
of plankiomc foraminifera; results: from g four-year time-
seres sediment lrap éxperiment in the northeast Pacific,
I Forammileral Res,, 19:253-267

Rognon, P.oand Williams; M.AJ, 1977, Late Quatcrnary
climatic changes in Australia and North Africa: a preliminary
interpretation. Pulacogeser,, Palicochmatol, Palacoecal,,
F1:285=-327,

Rohling., EJ., 19914, A simple two-liyered model for shoaling
of the easiern Meditermnesn pycnocline due o glacio-
custatic sz level fowering. Paleoceanography, 6: 537-541.

Rohfing, BT, 1931, Shoaling of the eastern Meditemumean
pyenocling due to veduction of excess evaporation: implica-
tions for supropel formation. Pultoceanography, 6747753,

Rohling; EJ. and Bryden, H.L. 1992, Man-induced salinity
and lemperature increases in western: Mediterranean Deep
Witer. 1. Geophys, Res, 97:11,191-=11,198,

Rohling, E.J.and Bryden, H.L., 1984, A method for cstimating
past changes o lhe eastern Meditsrmnean [reshwater budgen,

using reconstructions of sea level tnd hydrosraphy. Troc,
Eon. Med; Akud: Wel, 97: 201-217.

Rohling. E:A, snd Gieskes, WWE] 1989, Late Qunlemiiry
changes in Mediterransan Intermedinte Water density and
formation rite. Palencetnooraphy, 4 531—543,

Rohling, EJ. and Hifgen, F.1. 1991, The eastern Mediterranean
climate at tmes. of sipropel formation: a review, Geol,
Mifnbouw, 700 253-264,

Rohbing. EL. Jorisen, FJ. Vergnwud-Grezini, © and
Zachiarmasse. WL, 19934, Morthern Levantine wnd- Adnatic
planktonic [omminien, reconstruction of palecenviron:
ments| wradienis. Mar. Micropaleontol,, 21- 191214,

Raohling; EJ., Veranaud-Grazzni. C. and Zaalberg, R, 19930
Temporary repopulation by low-oxygen telenint benthic
toreminifern within an Upper Pliocéne sapropel: Evidence
for the role ‘of oxygen depletion in the formation of
sapropels; Mar, Micropaleontol., 22: 207-215.

Raohling, E.l.. Jorissen, FJ. and De Stigter, H.C., submitted.
200 year interruption of Holocene sapropel formation in the
eastern Mediterrangan, Mar, Micropaiecontol.

Ross, C.R. and Kennett, I P, 1984, Late Quaternary paleocean-
ography as reeorded by benthonic foraminilera fn Strai of
Sicily sediment sequences. Mar, Micropaleontol., 8: 315-337,

Rosspnol-Strick, M., 1985 Meditermanean Quaternary sapro-
pels, an mmediate regponse of the Aftcan monsoon o
varittions: of molation. Palacogeogr, Pailseochmalol.,
Pulieoecoli, 49 237-263,

Fozsipnol-5trick, M., 1987 Rainv periods and botlom water
stagnation initating brine pecumulation and metal concen-
tritionst 1. the Late Quaternary. Paledceanography, 2
333-360,

Rossignol-Swick, M., Nesterofl, ¥, Olive. P, and Vergnaud-
Cirazzini, C,, 1982, After the delupe; Medilermunean stagna:
non and sapropel Tormation. Mature; 293 105-110.

Rossipnal-Strick, M., Planchais, M., Paterne. M. and Duzer,
D, 1992, Vepstation dymamics and climate during the
deglociation in the Souwth Adriatic Basin [rom a marine
record. Quat. Sci Rev,, 11 415-423,

Sarnthein, M., 1978, Band déserts during placial maximum and
climatic optimum, Natore, 272 4346,

Sehlitzer, R., Roether: W, Ouser, -H., Junghans, M.,
Hausmann, M., Johannsen, H. and Michelato, A, 1991,
Chlorofiuoromethane and  oxygen  in the  castern
Meditermunean. Deep-Sen Res. 38 1531-1551.

Setentific Stall Cruse BANE4, 1985, Gypsum precipitation
from cold brines in an anoxic busin in the eastern
Mediterrancan, MNature, 314) 152154,

S!:n:wr'_1 H.F. and Evans, G- 1984 The nature, distnbotion and
origin of 4 sapropelic kiyer in sediments of the Cilicia Begim,
norikerstern Mediterranean, Mar, Geol , 617 =12

Swnley. DI 1878 lontan Ses zapropel distribution and
late: Qunicrnary  palieoceanography im0 the  eastern
Mediterruneen. Moture, 274; [49-152.

Stanley, DuE and Maldonade, A-, 1979, Levantine Sea-Nile
Cone lithostratigraphic evolution: quantitative anabysis and
cormelation with paleoclimatic and eustatic oscillations in the
Lrie Quatcrnary, Sediment: Geol,, 23: 3T-65.

Stanley, )., Maldovado, A and Stuckenrath, K., 1975, Stran




28 EJ. Rohling! Marine Geology 122 (1994) 128

af Sizily depositional rites and patierns, snd possible reversal
of cuwrrents in  the  Late Qualernary. Palazopoogr.,
Palacoclimatol., Palaeoscol., 18; 279-20] .

Stommil, H., 1972, Deep winler-1ime convection in the western
Mediterranean Sea. In: AL, Gordon (Editor), ‘Studies in
Phyvsical Oeeanography, 2: I07-218.

Street, AF and Grove, AT, 1979, Global maps of lake-level
fluctuztions since 30,000 YBP, Quat. Res.: 12, 83— 18,

Suess, E., 1980, Particulote orpanic carbon flux in the occans—
surface productivity and oxypen utilisation. Maturs, 288:
2R0-263,

Tang, CM. and Stott. LD, 1993, Seasongl salinity changes
during Mediterranean sapropel deposition 9000 years B.P.:
evidence from isotopic onalyses of mdiadeal planktonic
fomminifern. Paleoceanography, B: 473493,

Tehernia, P, 1980, Deseriptive Regmonsl Cesanography. In:
I.C. Swallow (Editor). (Pergamon Marne Ser., 35
Pergomon, Mew York, 253 pp.

Ten Haven, H.L., 1986, Drganic and inorganic. geochemical
aspecis of Mediterranean Iate Clusternory sapropels and
Messininn evaporitic depogits. Geol. Uliraiectina, 46, 206 pp.

Thuneill, R.C. and Reynolds, L.A:, 1984, Sedimentation of
plen¥tonic foraminifern: Seasonal changes in spectes fiux in
the Panema Besin, Micropalsoniology, 30; 243-262,

Thunell, R.C. and Williams, D.F., 1983. Paicotemperature
and palecsalinity history. of the easterm Mediterranesn
diring the late Quaternary. Palasopeopr., Paliecclimatol.,
Palaeoecol., 44; 23-39,

Thunell, R.C. and Williams, D.F., 1989, Glacial-Holocens
salinity changss in the Mediterranean Sen: hydrographic and
depositional effecis. Wature, 338: 493406,

Thunell, R.C., Williams, I.F, and Kennett, J.P., 1977, Lawe
Caternary paleochimatology, stratigraphy and - sapropel
history in casterm Mediterranesn deep-sea sediments, Mar,
Micropaleontol,, 2: 371-388,

Thunell, R.C., Williams, D.E. and Cits, M.B,, 1983, Glacial
anciia in the eastern Mediterranean, J. Foramimferal Res,
13: 283-200,

Thunall, B.C., Willinms, D.F, and Belyea, P.E., 1984 Anoxic
events in the Mediterranean Sea in relation 1o the svolution
ol lpte Weogene climates. Mar, Creol,, 59: 105134,

Thunell, R.C., Willinms, [XF, and Howell, M., 1987, Atlantic-
Mediterrsnean water exchanpe during the Inte Neogene
Faleoceanopraphy, 2 661-678,

Thunell, R.C,, Williams, .F., Tappa, E., Rio; 1. -and Raffi,
I., 1990, Pliocene-Pleistocene stable isotope record for ooean
drilling program site 533, Tyrrhenian Basin: implications for
the palepenvironmental history of the Mediterranean Sea.
Proc. ODP, S¢i. Results, pp. 387-399,

Trewariba, G.T., 1966, The Earth's Problem Climates
Methuen, London, 334 pp,

Troelsira, 5.R,, Ganssen, G.M., Vao der Borg, K. and [e
Jong, AFEM, 1991 A Late Qusternary stratigeaphic
framework for eastern Mediterranean sapropel 51 hased on
AMS ' dates and stable isotopes, Radiocarbon, 33: 15-21.

Van O, B.LH. and Rohling, EJ., 1993 Oxyvzen isotops
deplctions in castern Mediterranesn sapropels exclude estua-

rne crculaton, In: BJH. van Os (Edior), Primary and
diggenetic’ signals i Mediterranetn supropels snd Norih
Atlantic turbidites; Origin and fate of trace metals and
palaco-proxies. Geol, Ultrajecting, 109: 3-12.

Van 0%, B1H., Middelburg, 1.1, and De Lange, 7.1.. 1991,
Posgible dispenetic mobilization of barium in ‘sapropelic
sediment from the eastern Mediterranean. Mar, Geol,,
1 125=136.

Van O, BIH,, Lourens, L], Hilgen, F.I,, ¢ Langs, GJ.
nnd Beaufort, L., 1994, The formation of Pliocene sipropels
and carbonate cycles in the Mediterranean: diagenesis,
dilution, and productivity. Paleoceanography, %: 601-617.

Van Straaten, LML, 1966, Micro-malacological investiga-
tion of cores from the southesstern Adriatic Sea. Proc, Kon
Med, Akad. Sci., 69: 420445

Van Streaten, LML, 1972 Holocene stages of oxygen
depletion in deep waters of the Adnatic S=a. In: D). Stanley
(Editor), The Mediterrunean Sea. Dowden, Hutchingson
amd Ross, Strowdsburg, PA, pp, 631-643,

Vergnaud-Grazsini, C., 1985, Meditermanean late Cenozoic
stable sotope record: stratigraphic and paleoclimatic implice-
tions: In: 0.1, Stanley and F.C. Wezel (Editors), Geological
Evalution of the Mediterranean Basin, Springer, New York,
pp. 413451

Vergnawd-Oricesny, C. Ryan;, W.B.F, and Cita, M.B., 1977,
Suble solope fractionation, climatic chanpe and episodic
stagnation in the eastern Mediterranean during the late
Quaternary. Mar, Micropalzontol., 2;°353-370,

Yergnawd-Grazoni, C., Borsetti, A.M., Cati, F,, Colantons, P,
d"Onofrio, 8., Salitge, LF., Sartori, R. ond Tampien, R,
1988, Palaeocsanographic record of the jast deglaciation in
the Strait of Sicily, Mar, Micropaleontol., 13: 1-21,

Vergnuud-Grazsing, C., Caralp, M., Faugéres, ).-C., Gonthier,
E. Grousset, F, Pojol, C. and Saligge. J-F., 1985,
Mediterranean outfiow through the Strmut of Gibraltar since
18,000 years BP, Oceanol. Acta, 12; 305-324,

Vismare-Schilling, A 1984, Holocens stagnation event in the
eastern  Medilerninsan. Ewvidénce from desp-sea  benthic
forsminifern in the Calabran and western Mediierranean
Ridges. In: Benthos 'B3. 2Znd Int. Symp. Benthic
Foraminiféra. (Pau, Apnl 1983.) pp. 585596,

Wimstra, T.A., Young, R. and Witte, H.L.L.,, 1990. An
eviduation of the climatic conditions during the Eate
OQauternary in northern Greece by means of multiveriate
analvsis of palynological data and comparnson with recent
phytosotiologicel and climate data; Geol, Mimbouw, 6%
M3-751.

Williams, DLF,, Thunzll, B.C. and Kennett, 1L.P., 1975, Periodic
fresh-water flooding and  stagnation of the gastern
Mediterranean dunng the late Quaternary. Science, 201;
2532-254,

Wizst, G, 1960, Die tefenzickulation des Mittellandischen
Megeres in den Kerpschichien des Zwischen- und  des
Taefenwassers. Disch, Hydrope. Z,, 132 105-131.

Witst, (3,, 1961, On the vertical circulation of the Mediterranean
Sca. 1, Geophbys: Res,, 66; 3261-3271.

Zahn, B, Sanhein, M. und Erlenkevser, H., [987. Benthic
isotope cvidence for changes of the Mediterrenean outflow
during the late Quaternary. Paleoceanography, 2; 543-33%,




