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dbstract, Three racently acquired eastern Medi-
terranéan corgs containing Late Quaternary sed-
iments display a marked faunal contrast between
the Holocéne and older sapropels. It is suggested
that the absence of neogloboguadrinids in the
Holocene sapropel and their abundance in older
sapropels reflect differences in lTood availability
related to the extent of development of a deep
chlarophyvll maximum laver {DCM) and the intensity
of "new” primary production associated with this
laver, The depth of such a layer, which consists af
phyvtoplankton with a characteristic laxonomic
composition, is determined by the vertical hydro-
dynamical structure, During deposition of the older
sapropels, the pyenocline was apparently positioned
well above the base of the euphotic layer, a
zituation that favors a pronounced DOM and an
associated relatively high rate of new production,
Shallowing of the pycnocling implies a relatively
low density of the Mediterranean Intermadiate
Water (MIWY On the ather hand, during deposition
of the Haolocene sapropel the pyvenocling had ap-
parently vanished due to termination of MIW
formation.

[ INTRODUCTION

In the eastern Mediterranean, sapropels were
first found in cores collected during the 1947-1948
Swedish Deep Sea Expedition [Kullenberg, 1932].
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Their chronostratigraphic position was established
with the aid of oxvgen isotope stratigraphy. In
spite of the fact that Mediterranean sediments
display a larger variability in oxygen isotopic
valoes thian open ocean sediments, it appeared
possible to correlate Quaternary oxygen isolopic
records of the Mediterranean with those of the
apen ocean [amongst others Emiliani, 1853; Thunell
and Williams, 1983; Vergnaud-Grazzini et al,, 1977].
In general, sapropels were found to have develap-
ed during Quaternary warming phases, but also
{less [requently) during cool isotopic slages [c.8.,
Citz et al., 1977; Muoercdter and Kennett, 1984;
Thunell et al., 1983a; Thunell et al., 1984; Ver-
gnaud-Grazzind, 1985).

Olausson [1961] was the liest to link sapropel
formation to episodes of lowered surface water
salinities and subsequent stagnation of the deeper
waters, This hypothesis is supported by the excess
lowering of the oxygen isotopic signal at times of
sapropel development [Cita et al., §1977; Cita and
Grignani, 1982; Calvert, 1983; Mangini and Schlos-
ser, 1986 Thunell et al., 1984; Vergnaud-Grazzini
et al., 1977; Williams et al,, 19781

Major potential source arcas for a low-salinity
surface laver are the Black Sea Jamongst others
Buckley et al., 1982; Cita et al., 1977; Ryan, 1972;
Stanley and Blanpied, 1980; Williams et al,; 197§]
and the Nile river [amongst athers Adamson et al,,
1950 Rossignoel-Strick, 1985; Rossignol-Strick et
al,, 1982, Street and Grove, 1979]. However, the
Helocene sapropel appears to be younger than the
main phase of postglacial melting [Rossignol-Strick
et al,, 1982; Rossignol-5trick, 1985; Shaw and
Evans, 1984; Williams et al., 1978] but coincides
with extensive flooding of the Nile [Adamson et
al., [980; Rossipnol-Strick et al., 1982 Rossignol-
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Strick, 1985] and a warm humid “pluvial” in
tropical Africa [Street and Grove, 157%; Rognon,
1287].

A low-salinity surface layer in the eastern
Maditerranean may have caused a reversal of the
vertical circulation pattern from antiestoaring Lo
estuarine [Buckley and Johnson, 1988, Calvert,
1983; Muerdter and Kennett, 1984; Stanley et al,,
1475; Ten Haven, 1986 Thunell and Williams, 1589
Thunell et zl,, 1983a, 1984]. An estuarine circula-
tion acts as @ nutrienttrap, ensuring high nutrient
levels that may be conducive to increased organic
production. Enhanced organic production subse-
guently increases oxvgen consumption in desper
walers.

This madel of circulation reversal implies that
stagnation is not @ prerequisite for the formation
af anoxic sediments [cf. Thunell and Williams,
1989}, In fact, De Lange and Ten Haven [1983]
suggested that enhanced productivity exerted a
major influence on the formation of eastern Medi-
terranean sapropels. They based their conclusions
on wariations of the organic carbon content in
anoxic sediments underlying the brine-filled "Tyro
Basin”™ south of Crete. Higher carbon concenira-
tions, indicating an increased flux of orgamic
matter, appeared to coincide with periods of
sapropel formation in other parts of the eastern
Mediterranean,

According to Ross and Kennett [1984], a circula-
tion reversal cannot explain the changes in benthic
foraminiTeral associations in cores Trom the Strait
ol Sicily. They concluded that the present anti-
estuarine regime was not reversed, but merely
weakened, Yergnaud-Grazzini e al. [1988] sug-
gested that majoer influxes of low-salinity Atlantic
warer into the eastern Meditercanean surface
layer occurred during both terminations la and Ib,
causing & decrease in the aeriation of the water
column. They stated that this aeriation Further
deteriorated during termination Ib, due 1o an
additional amount of low-salinity riverine or Black
Sea overflow waters that invaded the eastern
Mediterranean, leading to stagnation of the deep
egstern Mediterranean walers,

Furthermore, the circulation reversal hypothesis
i¢ not in accordance with the conclusions of Zahn
and ‘Sarnthein [1987]. These authors stated that, at
Gibraltar, deep Mediterranean outflow occurred
continuously during the lase 140,000 years, although
it was severely reduced at times of sapropel
formation in the eastern basin, Zahn and Sarnt-
hein's [1947] conclusions agree with the findings
of Abrantes [1988], who recorded a decreasing
upwelling intensity in the Alboran Sea betwesn
[4.000 and 10,000 vears B.P., which she puyplainedd
by the decrease in outflow af deeper Mediter-
ranean waters over the Gibraltar sill ar that time,

The circulation reversa] hvpothesis would imply
increasing nutrient concentrations and primary
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production. An altermative mechanism is proposed
by enhanced runcfl which, itself, may provide
sulficiently large nutrient influxes [Calvert, 1583
De Lange and Ten Haven, 1983 Rossignol-Strick et
al., 1982: Ten Haven, 1986] At the same Lime,
increased runof T would dilute surf@ce watars,
leading 10 a more sluggish (but not necessarily
ceased) circulation of the intermediate (Mediter-
rancan Intermediate Water (MW} see the nzxt
sections) and desper waters, In this scenirio,
anhanced productivity, in combination with fowered
axvgen supply to the deeper parts of the basin,
enables the formation of sapropels. 1t is this
combination that we regard a5 most likely to have
caused the shifts in prodoctivity and in oxvgena-
tion of deeper waters as discussed in this paper.

In this paper, a new contribution to the dis-
cussion on the causes of sepropel farmation 15
presented. We introduce an aspect that has not
been investipated before: [luctuations of the rate
af “new” primary production in a deep chlorophyil
maximem {(DOM) as related to variations in the
depth of the boundary between surface water and
Mediterranean Intermediate Water (MIW), These
[luctuations are inferred from striking and consis-
tent frequency variations in the plankiome
faraminiferal group of neogloboquadrinids Found in
the sediment.

2, MATERIALS AND METHODS

Three grovity cores were taken south of Crete
in May 1987 with the Dutch research vessel Trra.
These cores (T87/2/1306G, 306 m water depth;
TR7/2/20G, 707 m; and TET/2/270G, 607 m) were
sampled at close intervals (Fipure 2} The
geographic positions of the cores are shown in
Figure |, and the lithology and sample positions
are shawn in Figure 2. The samples have been
investipated For theie planktonic foraminiferal
cantents, which resulted in respectively 71, 7E,
and 39 elaborated samples per core, respeclively,

The samples were sieved with mesh widths of
595, 130, and 63 microns. The fractipns between
150 and 595 microns were split inte aliguots con-
taining ahout 200 planktonic Foraminifera. These
foraminifers liave been sorted and quantified as a
peccentage of the 1otal in the aliguat

3. TIME-STRATIGRAFHIC FRAMEWORK

The raupgh time-stratigraphic framework is
provided by plotting cumulative frequencies of the
species Glabigerinaides ruber, Glohigerinella si-
phentifera Globigerinoides jenclius. Glaboiurhorota-
eer rubescons. Crbiding wilversa. Globigering
divitata Ginkigorineides ieilohus and Hasiigerinag
pefagica (Figure 3.3, This plog 15 considered to ap-
proximate the surface water temperature pattern
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Fig. |. Location map of cores TE7/2/13G, T87/2/200, and TR1/2/27G.

through time. It has Been correlated to a Medi-
terranean oxygen isotopic profile [Vergnaud-
Grazzint et al., 1977; Yergnand-Grazzini, 19853] For
azgessing the chronology of the sapropel sequence
(Figure 3.).

The non-Holocene sapropels [rom the three
cores presented in this study are correlated with
the 53, 84, and §; succession (Figure 3}, which 15
gznarally accepted to have developed in the
interglacial oxygen isotopic slage 5 [Cits et al.,
F977; Muerdter and Kennett, 1984; Rossignal-5trick,
1985; Thunell et al,, 1984; Vergnaud-Grazzini er al.,
1977; Vergnaud-Grazzini, 1985]. Therefore, these
sapropels will in the following discussion be re-
ferred to as the satope-3 (1-3) sapropels. The cold
mtervil between the Holocene (1-1) and 1-3 parts
of the cores will be referred to as 1-2, 1-3, and I-
4 glagal, The eodd interval below the -5 parts is
called the 1-6 glacial {Figure 33,

4, RESULTS AND DISCUSSION

4.1, Downeare Distribution
of Neogloboguadrinids

Neogloboquadrinids have been counted as one
category including two morphotypes: Neaglohao-
guadring duterirei and dextrally coiled Meoglobe-
quadrita packydersma. Both tvpes are considered to
represent ecophenotypes within a cline, with A
duterired being the warm-water end-member and
singstrally coiled N. pechydernia the cold-water
end-member [amongst others Srinivasan and Ken-
nett, 1976; Van Leeuwen, 1989], Dextrally coiled
N, pachvderma {cf. P-D-intergrade morphotypes)
[Kipp, 1976] is considered to occupy an inter-
mediate position. Although N, durertrei and N,
pachyderma are not considered dif ferent species,
we refrain from a strict approach and label them
in italics as if they were,

lad
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Fig. 2. Lithology and sample positions of cores T&7/2/13G, T87/2/270, and T87/2/200.
The distinction between sapropel and sapropelitiz i= made purely visually.

The frequency distributions of neoglobogquadrinids Sinistrally coiled N. pachyderma appeared to be
show a marked difference between the 5y and the nearly absent in all three cores. The neoglobo-
other sapropels in the three investigated cores. gquadrinids in the -5 parts of the cores were
The 5, is nearly devoid of neogloboquadrinids, predominantly WV, dutertrai types (especially in 5g),
whereas the other sapropels contain peak abun- whereas dextrally coiled N. pachyvderma-1ypes
dances of this group (Figure 4}, A similar dif - dominate the glacial associations.

ference has been repocted by Thunell @1 al [1977)]. The shundznce of N, dutertref Types in most
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Fig, 4. Downcore frequency distribution of necgloboquadrinids in cores TE7/2/13G, TR/ 227G
and T87/2/20C. Sapropel (stippled) and sapropelitic (hatched) distributions are shown,

late Quaternary sapropels was [irst noted by
Kullenberg [1952] and laier confirmed by others
{Fipure 5).

4.2, Recent Distribution of
Neogloboguadrinids and FPossible Relation
o the Deep Chlorophyll Maxinum

Meogloboguadrinids are rare to absent in oligo-
trophic waters such as the open ocean's cenftral
water masses [amongst others Bé and Hamlin,
1967; Kipp, 1976; Tolderlund and Bé, 1571; Schott.
1966], the eastern Mediterranzan [Cifelli, 1574;
Thunell, 1978], and the Guif of Agaba [Almogi-
Labin, [984]. On the ather hand, they are well
represented in eutrophic waters [amongst others Bé
et al., 1985 Kipp. 1976, Tolderlund and Be, 1971;
Schott, 1966].

N, duterirei appears most prolific in low-lati-
tudinal oceanic divergences, particularly in the

equatorial divergence [Cullen and Prell, 1984;
Jones, 1967 Kipp, 1976; Parker and Berger, 1971],
Therefore, a high abundance of N, dwlertrel has
ofen been attributed to wpwelling [Coulbourn et
al., |980: Duplessy et al., 1981; Kipp, 1976; Thunell
gt al., 1983b: Thunell and Revnolds, 1984; Thiede,
1973, Zhang, 1985). Coastal upwelling zones,
however, are usually dominated by . bulloides
rather than by neoploboguadrinids [of, Coulbourn et
al.. 1980 Cullen and Prell, 1984; Duplessy ¢t al,,
1981; Schoetl 1966, Van Lesuwen, 1989; Zhang,
19851,

This fzunal contrast between oceanic diver-
gences and coastal upwelling zones is thought to
be caused by differences in hyvdrodynamical con-
ditions. 1n zones of larpe-scale divergence, the
pyenocling (usually the thermocling) lies shallower
than in nondivergent and convergent regions due
to Ekman pumping [Bryan and Sarmiento, 1985
Pond and Pickard, 1983; Tolmazin. 1985 Wells,
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Fig. 5. Semiquantitative representation of neogloboquadrinid abundances for nine different

sepropels in 14 cores (based on literature data).

1286]). Coastal upwelling tends to create a water
miass that has rather uniform conditions which
may exfend throughout the upper 200 m [amaongst
others Dietrich et al., 1980; King, 1975; Tchernia,
19807.

In stratified regions 2 deep chlorophyll maximum
(DCM) develops when the pycnocline lies close (o
the base of the euphatic zone (the layer where
enough light for primary production penetrates),
The maximum depth to which the DOM Follows
the pyenocline is regulated by the minimum light
intensity necessary for the growth of phytoplank-
ton at depth [Fairbanks and Wiebe, 1980]. There-
fore, a distinct BCM is found only in areas where
the pycnocling js situated at depths above or near
the light compensation depth.

In areas where the pycnocline lies deeper than
the euphotic zone, the nutrichine is usually
positioned in close vicinity to the pycnocline
[Dorech et al., 1985, Goering €t al., 1970; Hay-
ward, 1987; Herbland et al., 1985; Hobson and
Lorenzen, 1972; Spencer, 1975; M. Gilmartin,
persenal communication, [%88). In areas where the
pyenacline lies well within the euphotic zone, DCM
development occurs at pycnocline depth and down
e the base of the euphotic zone, Due to CONSuUmp-
tion of nutrients by autotrophs, the nutricline is

found to le directly below the DCM in such a
setting [Hayward, 1987; Herbland et al., 1985
Kiefer et al., 1976; Lohrenz et al., 1988], In this
case, the nutricline is no longer closely associated
with the pyenocline. Where the pyvenocline is
shallow with respect to light and phytoplankion
biomass, "sutrophication” by upward mixing of pew
nutriznts into the euphotic zone fuels the
development and maintenance of a DCM layer
[Hayward, 1987; Klein and Steele, 1985], in which
new production may equal total primary production
|Gieskes and Koroay, |986; Jenking and Goldman,
19835].

Upward mixing of nutrients inte the euphotic
cone can be established by cross-isopyenal and
along-isopycnal mixing. Along-isopyenal mixing is
of a larger scale than that across isopycnals
[Hayward, 1987; Pond and Pickard, 1983], There-
Fore, it has to be considered as a major con-
tributor to the supply of nutrients into waters
above the nutricling if there are lateral nutrient
gradients along isopyenals [Havward, 1987 Lohrenz
et al,, 1988].

Gieskes and Kraay [1986] described the sieep
transition in the euphotic zone of the tropical
Adlantic Ocean lrom a shallow [mixed-layar)
phytoplankton assemblage to a deep assemblage
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characteristic of the DCM layer. The mixed-layer
phytoplankton assemblage of the open Atlantic is
dominated by prokaryota (mainly cvanobacteria)
and coceolithophorids. Primary production 15
coupled to rapid nutrient recycling within this
laver [(Gieskes and Kraay, 1986; Goering 2t al,,
1970; Jenkins and Goldman, 1985]. On the other
hand, the deep assemblage, near the base of the
euphotic zone, consists mainly of eukaryota (green
algae, coccolithophorids and chrysophyceae); il
thrives at depth due to the influx of new
nutrients into the lower euphotic zone {decribed
abpve), Entrapment of new nutrients by the cells
in the DOM was sugpested by Anderson [1969] and
Goering of al. [19%0]. Mew (or net) primary pro-
duction, derived from pulses of new nutrignts
from deeper water, 15 mainly restiricted to the
lower part of the euphotic zone [Jenkins and
Goldman, 1983]. Up to 20% of the total primary
production in the open tropical Atlantic was found
to be new production [Gieskes and Kraay, 1986],

Such a vertical structure of two distinct phyto-
plankton assemblages in the euphotic layer does
not only occur in the Atlantic Ocean but has also
been reported From eastern Indonesian waters
[Gieskes et al., 1988] and other parts of both the
open Pacific and Atlantic oceans [Furuya and Ma-
rumao, 1983: Glover et al., 1985, Murphy and
HMaugen, 1985; Venrick, 1982], In addition, dif-
ferences in size class structure between the deep
{mainly nannoplankton and picoplankton} and the
shallow (mainly picoplankton) assemblages have
been noted [Gieskes and Kraay, 1986; Herbland et
al., 19837, Similar differences have heen [ound in
the Adriatic Sea (M. Gilmartin, personal com-
munication, 1988).

Shoaling of the pyenoeline within the euphotic
zone enables extension of the DCM into shallower
waters with higher light intensities. This should
enhance primary production in the DCM, and thus
thée chlorophyll concentrations, since most produc-
tion at depth is new production (see the previous
section). This relation between shoaling of the
pyenoching and increasing chloraphyll concen-
trations in the DOCM is illustrated by Gieskes and
Kraay [1986, Figure 1] a shallower DCM containg
higher chlorophyll concentrations, In the "typical
tropical system” [Herbland et al., 1983; Herbland
and Vaoituriez, 1975], the subsurface primary
production and chlorophyll maxima coincide in
depth with the top of the nutricline, and integra-
ted primary production correlates with nuiricline
depth [Hayward, 1987]. The DCM in the Gulf of
Mexicn varies significantly with changes in pye-
nocline depth [Hobson and Lorenzen, 1972] Her-
bland et al, [1983] stated that the chlorophyll a
maximum Followed doming of the nutriclines in the
Guinea Dome with higher values.

in the Panama Basin, Fairbanks and Wiebe [1980]
and Fairbanks et al, [1982] demonstrated that
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peak abundances of several nonspinose planktonic
foraminiferal species, especially N. duterfrel, are
associated with the DCM. A similar relationship
between peak abundances of dextrally coiled W,
pachyderma and the DCM has been observed in
the Gulf of Alaska, where cvolonal circulation
inducas a shallow pyvcnocling position in winter
[Revaelds and Thuneli, 1986].

The nccurrence of high abundances of N, du-
teriref in areas with a distinct DOM supposedly 15
similar for the low-temperature variant M, pachy-
derma, This is sctually confirmed by the fact that
N. pachyderma blooms at North Atlantic high
latitudes in summer fe.g. Tolderlund and Be, 1971].
In summer only, 2 shallow pyvenocling (within the
euphotic layer) develops in these waters due 1o
heating and decreased storm activity, and this
creates favorable conditions for the development
of a distingt DCM.,

The relation between high abundances of neoglo-
boguadrinids and a shallow pyenocline/nutricline
{and therewith a high rate of new production in a
DCM) may be indicative of their preferential
grazing upon the deep phytwoplankton assemblage,
gither bacause of a preference for the species
typically found at depth, or due to a size pre-
ference (larger cells at depth; see above). Although
their preferred food may also be present in the
shallow phytoplankton assemblage, its higher den-
sity in the DCM will enable the existence of
sipnificant amounts of neogloboguadrinids, In fact,
nepgloboquadrinids are wirtually absent in areas
where the pycnocline/nutricline lies well below
the euphotic zone, In such areas, for example the
ocean’s ceniral water masses, there hardly 15 a
distinet DCM: in other words there is no deep
phytoplankton assemblage 1o support neogloba-
guadrinids,

Considering its present distribution pavern, we
find no reasons to believe in any direct relation
batween a high abundance of N. duterfrei and
lowered surface water salinities, as has been
suggested by Ryan [1972], Thunell [1978], Thunell
and Williams [1982, 1983], Vergnaud-Grazzim et al,
{19771, and Williams et al, [1978].

4.3, The DEM in the Eastern Mediterranean

Since a DCM was also reported in the Levantine
Bazin of the eastern Mediterranean [Berman at al,,
[%84a, b], we assume that in that oligotrophic
région, 2% well, two superimposed assembliages are
present (conform section 4.2,

The pyenocling in the eastern Mediterranean is
maintainsd by the salinity contrast between the
nutrient-depleted surface waters and the some-
what more nutrient-rich Meaditerransan Interme-
diate Water (MIW), as illustrated by property
distribution profites of McGill [1961] and Miller et
al. [1970). Therefore, the pycnocline and nutri-
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cline depths are closely related and are affected in
roughly the same way by changes in the MIW
depth, The pycnocline lies gt about 150 m depth in
the area south of Crete and even deeper in non-
divergent regions lurther west from the area
where MIW formation takes place [Wast, 1961
Miller et al., 1970]. Due o this desp pyenocline
pasition, compared to the depth of the euphotic
zone (about 120 m) in the eastern Mediterranean,
there is no distinet DM, This sitwation is sirailar
to that in oceanic central gyres where the nutri-
cline also lies deep with respect to light pensetra-
tion.

The water below the pycnocline in the sastern
Mediterranean Levantine Basin (the MIW} Is much
more depleted in nutrients than subpycnocline
waters in the Atlantie Ocean. Although both
regions do have a DCM, this nutrient limitation
causes primary production in the DCM 1o be
much lower in the Levantine Basin than in the
Atlantic Ocean. Average chlorophyll concentra-
tions in the Levantine Basin as reported by Berman
el al. [1984b] are | order of magnitude lower than
those in the tropical Atlantic [Gieskes and Kraay,
1986].

4.4, fmterpretation af the Dowrncore
Distreibution of Neogloboquadrinids

A marked difference exists between the sapropel
5,. which is nearly deveid of neagloboguadrinids,
and the older sapropels, which generally contain
high abunrdances of this group (Figures 4 and 5},
At times of deposition of the Sy, 5, and 5
sapropels, neagloboguadrinids were highly abundant,
indicating favorable growth conditions, presumably
{see section 4.2) due to high rates of primary
production in a distinet DOM.

As we have argued above, enbanced production
in a DCM can be realized by shallowing of the
pyenecline to a depth that Talls well within the
cuphotic layer. Therefore, the MIW to surface
water density contrast should be decreased. This
density contrast depends on climatic paramelees
such as evaporation rate and winter cooling, Singe
SIW spreads laterally from its source area, the
MIW to surface water density contrast would
decrease if prevailing dilution effects were rela-
tively higher near the area of MIW formation than
further away from it, Also, a ralative decrease of
surface temperature with increasing distance from
the MIW source area {i.e., an increased east 1o
west temperature gradient over the Mediterrangan)
would result in a decrease of the aforementioned
density contrast. As argued in the introduction,
we think that enhanced runoff triggered sapropel
formation by both diluting surface waters and in-
creasing nutrient concentrations, Since (1) the
effects of dilution decrease with increasing dis-
tance From the diluting freshwater source(s) and

W
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(2) modern MIW originates in the eastern Levan-
tine Basin, one could reason that the major
diluting source should have been the Mile river, It
remaing, however, 1o be proven that MIW always
originated at its present location, sinee it may as
well have been formed in other areas (e.8., paris
of the Aegean). We will further restrict ourselves
to interpreting the evolution of the vertical hydro-
dynamical structure through time, since the causa-
tive mechanisms still require much study.

A decreased MIW density would undoubtedly
aflect the rate of formation of eastern Mediter-
ranean Deep Water (EMDW) [cf. Mangini and
Schlosser, 1986]). EMDW is formed in the Adriatic
Sea and possibly also in the Aegean Sea |Dietrich
et al,, 1980; King, 1975; Wist, 1361]. Tts lformation
ocotrs due to winter cooling and large-scale
comvection in areas where the MIW is brought
close to the surface by persistent divergence in
cyclonal circulations. High salinity (characteristic
of the MIW), in combination with lowered surface
water temperatures, generates water with densities
higher than those of the MIW. This water then
sinks to the deeper parts of the eastern Mediter-
ranean Basin [Districh et al., 1980; King, 1975
Wist, 1961]

We may therefore safely assume that a decreass
in the MIW density caused a decline in the rate
of EMDW produection, thereby contributing to the
preservation of organic material and thus to the
formation of sapropels. Although Mangini and
Schlosser [1986] showed that EMDW production in
the Adriatic Sea would cease following even very
small densily decreases, we stress that even a
diminution of EMDW production, combined with
enhanced production during deposition of the 1-5
sapropels, could be conducive to the development
of anoxic conditions {Figure &),

The newly collected caores south of Crete
indicate that the upper depth fimit of §,, 8, and
S5 i5 at least as shallow as 300 m {core TET/2/
i3G). Even in this shallow core, the sapropelic
sediments and near absence of benthic Toraminifera
(especially in Sg) seem to indicate that anoxic
canditions prevailed at depths as shallow as 300 m
and that the anexic and dysoxic influence proba-
bly reached still shallower waters.

According to our reconstruction, the upper
"imit" of the MIW was probably situated within
the euphotic layer (<120 m) during the formation
of Ss, 54, and Sg. In that case, the upper limit of
tha anoxic conditions (<300 m) may have coincided
with the top of the transitional water laver
between EMDW and MIW (Figure &), which at
present lies at about 600 m depth (Figure 6) [King,
1575 Wist, 19611 If this is true, the MIW resided
in a layer that was much thinner than at present;
it probably was produced in smaller volumes, which
mav have caused reduction of the EMDW produc-
tion as well as the lowered MIW densities did.
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During the deposition of §,, conditions seem to
have been wery unfavorable for the neoglobo-
nuadrinids, indicating absence of a deep chlora-
phyll maximum layer, This may, as we explained
above, have been caused by a despening of the
pyenocline far below the euphatic zone, or even
by complete degradation of the pycnocline {Figure
). The upper depth limit of §; lies at about 180
m, according to organic carbon messuréments in
several Aegean cores [Anastasakis, 1986], Anoxic
conditions thus prevailed below 180 m. This
probably implies a (nearly) complete shuidown of
MIW formation, causing a diminished oxvgen supply
at intermadiate depths up to about 180 m, and at
the same time 2 disintegration of the pyvenocline

and associated DCM. The shutdown of the MIW
production during deposition of 5, curtailed
EMDW production, thus allowing anoxic conditions
ta expand to even the deepest parts of the basin.

Recently, and in the Iate Holocene, neoglobo-

guadrinids are rare in the region of the Cretan
cores (Figure 4), as they generally are in the
eastern Mediterranean [Cifelli, 1974; Thunell,
Since neogloboguadrinids are alsa rare in the 1-3
non sapropelic intervals (Figure 4), we assume that
the hydrodynamic structure during deposition of
these intervals was much 1ike that of the present
day (Figure 6).

1978].

The glacial parts of the cores gencrally contain

intarmedizate ta very high frequencies of neoglobo-
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quadrinids. Because of this abundance, glacial
conditions can best be compared to conditions
during formation of the 1-3 sapropels. An impor-
tant difference is the fact that glacial sedimenta-
tion appears to have occurred in oxvgenated
waters. The similarity between the glacial condi-
tions and those during I-5 sapropal formation can
be refated to the Fact that the MIW 10 surface
water density contrast was of the same order of
magnitude during these periods. The absolute
densities may have differed considerably between
the glacials and the 1-3 sapropelic periods, Accor-
ding to Thunell et al. [ 19871, usinz a model deve-
loped by Bryden and Stommel [1984], salinities of
glacial Mediterranean water masses far excesded
those in interglacials {see also Thunell and Wil-
Liams [1959]).

Glacial primary production rates appear 1o have
ranged from moderate to as high as during the 1-5
sapropel Formation, This, and the Fact that snoxia
did not develop during Lhe entire glacial time span,
leads to the hypothesis that EMDW production
could take place more effectively during glacials
than in I-3, causing a higher axypen supply to
deeper parls of the basin (Figure &), Possibly, the
lower glacial temperatures and higher salinity of
the surface waters [Thunell et al., 1987) were the
cause of this more effective glacial EMDW forma-
tion.

Sapropels have been found in some zlacial
intervals in the eastern Mediterranean (5,, 5., S;
amongst others Cita et al. [1977], Muerdter and
Kennett [1984], Thunell et al, [19834. 1984] and
Vergnaud-Grazzini et al. [1977]). According to our
model, the occurrence of these sapropels can be
atiributed 10 {glacial} pericds of less efficient
EMDW production, The possibility of excess
primary production, however, cannot be ruled out,
especially for the §; sapropel which is known to
contain excessive amounts of neogloboquadrinids
tFipura 5).

3. CONCLUSIONS

A deep chlorophyll maximum layer is restricted
to the base of the euphatic zone of oligetrophiz
water and develops when the vertical density
structure is in support of the establishment of a
deep phytoplankion population, We suggest that
the Faunal contrast between the 5, and older
sapropels reflects differences in primary produc-
tion and feod availability during their depasition.
The new (i.c. net] primary production near the
base of the cuphotic zone in the deep chlorophyll
maximum layer [Gieskes and Kraay, 1986 Jenkins
and Goldman, 1985] supports neosloboquadrinids
that feed on the DCM-related phytoplankion
assemblage. Neogloboquadrinids should ba (almast)
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sbsent where a2 DCM i35 less pronounced or abssnt.
Saprepel formation requires net production and,
indeed, nearly all sapropels are gssociated with
neogloboguadrinid blooms which are related to the
high net primary production of the deep phyto-
plankton assemblage.

We have formulated the hypothesis that relates
variations in the abundance of neogloboquadrinids
t relative differences in the density and Forma-
tion inten sily of the MIW, This mechznism has
previously been mentioned as g possible nutrient
regulator [Muerdter and Kennett, 1984). The model
we present accounts for the relative depth of the
pvenocling between the MIW and the surface
wilers,

We propose that shoaling of the pyenocline iz
induced by relatively low surface water salinity in
the MIW source area due to increased river runoff
(during sapropel formation) and by passibly in-
creased east to west surface temparature gra-
dients (during glacials),

MIW production probably ceased when the §;
developed. Relative MIW densities and Formation
ratzs were "intermediate” during the I-5 sapropel
Formation and during glacial periods. They were
highest in 1-5 nonsapropelic intervals, as they are
in the present-day siteation (Figure &),

The Holocene sapropel 8; developed under
speeial conditions of absence of a deep chloro-
phyll maximum layer; there was no deep (DCM-
related) phytoplankton assemblage. Since the re-
maining shallow phytoplankton assemblage, being
recycled rapidly [of. Gieskes and Kraay, 1986; Jen-
king and Goldman, 1985], normally contributes only
minutely to net production, oxvgen advection due
to MIVW and EMDW flow must have been severly
reduced in order to allow formation of the §;
sapropel. This implies (nearly) total stagnation
down from the upper depth limit of Sy at 180 m,
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