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Abstract

High-resolution benthic foraminiferal and geochemical investigations were carried out across sapropels S5 and S6
from two sediment cores in the Levantine Sea to evaluate the impact of climatic and environmental changes on
benthic ecosystems during times of sapropel formation. The faunal successions indicate that eutrophication and/or
oxygen reduction started several thousand years prior to the onset of sapropel formation, suggesting an early response
of the bathyal ecosystems to climatic changes. Severest oxygen depletions appear in the early phases of sapropel
formation. The initial reduction of deep-water ventilation is caused by a warming and fresh water-induced
stratification of Eastern Mediterranean surface waters. During the late phase of S5 formation improved oxygenation is
restricted to middle bathyal ecosystems, indicating that at least some formation of subsurface water took place.
During S6 formation oxygen depletions and eutrophication were less severe and more variable than during S5
formation. Estimated oxygen contents were low dysoxic at middle bathyal to anoxic at lower bathyal depths during
the early phase of S6 formation but never dropped to anoxic values in its late phase. The high benthic ecosystem
variability during S6 formation suggests that water column stratification at deep-water formation sites was in a very
unstable mode and susceptible to minor temperature fluctuations at a millennial time-scale.
5 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

A major issue of paleoclimate research in the
Mediterranean region addresses the processes in-
volved in the formation of Neogene sapropels (re-
views in Rohling and Hilgen, 1991; Rohling,
1994; Cramp and O’Sullivan, 1999; Emeis et al.,
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2000). Sapropel formation is closely associated
with changes in humidity related to precessional
forcing of the African monsoon system (Rossig-
nol-Strick, 1983). However, the debate over the
mechanisms that led to the formation of late Qua-
ternary sapropels still remains unresolved. On the
one hand, anoxia is proposed as dominant mech-
anism preserving organic carbon in the sediment
(Rossignol-Strick et al., 1982; Thunell and Wil-
liams, 1989; Be¤thoux, 1993; Tang and Stott,
1993). On the other hand, an increase in produc-
tivity and corresponding organic matter £uxes is
discussed as dominant mechanism (Castradori,
1993; Sancetta, 1994). To address this problem,
it is essential to reconstruct the long- and short-
term climatic, oceanographic, and ecological
processes involved. This is necessary in order to
characterize glacial and interglacial boundary
conditions prevailing during the formation of
the di¡erent sapropels (Schmiedl et al., 1998;
Weldeab et al., in press) and to determine the se-
quence of environmental changes prior, during
and after sapropel formation in great detail (Jo-
rissen, 1999).
Recent studies indicate that in addition to orbi-

tal forcing, abrupt climatic shifts had a strong
impact on the late Quaternary eastern Mediterra-
nean circulation and freshwater run-o¡ (Schilman
et al., 2001; Rohling et al., 2002; Casford et al.,
2003). In the Aegean Sea, the Holocene record of
surface water temperatures exhibits marked £uc-
tuations on a millennial time-scale. These £uctua-
tions were attributed to northerly outbreaks of
cold air that are also suggested to have triggered
the interruption of Holocene sapropel S1 forma-
tion (Rohling et al., 1997; Rohling et al., 2002).
Short-term climate variability may also have been
responsible for recently observed shifting of deep-
water formation sites from the Adriatic to the
Aegean Sea (Roether et al., 1996; Theocharis et
al., 1999). These results demonstrate that eastern
Mediterranean oceanography reacts very sensi-
tively to abrupt climatic changes. Similar £uctua-
tions may have occurred throughout the Pleisto-
cene, controlling the characteristics of the
di¡erent sapropels.
Benthic foraminifera are particularly suitable to

characterize the processes linking deep-sea ecosys-

tems to the surface ocean (via productivity and
deep-water formation) and, consequently, to the
atmospheric circulation (e.g. via wind stress, tem-
perature). In the recent well-ventilated Mediterra-
nean Sea the distribution pattern of benthic fora-
minifera accurately re£ects the trend of decreasing
food availability with increasing water depth and
from the western to the eastern basins (De Rijk et
al., 1999). The lower bathyal and abyssal ecosys-
tems can be presently regarded as food-limited
environments exhibiting oligotrophic and well-
oxygenated conditions (Pickard and Emery,
1990; Antoine et al., 1995). These ecosystems
are inhabited by unusually low-diversity faunas
mainly consisting of several miliolid and primitive
arenaceous species (Cita and Zocchi, 1978; Mul-
lineaux and Lohmann, 1981). In contrast, the
high-diversity upper bathyal and shelf faunas in-
clude a number of shallow to deep infaunal spe-
cies indicating mesotrophic to eutrophic condi-
tions (e.g., Jorissen et al., 1992, 1995; Schmiedl
et al., 2000). A number of studies showed that
deep-sea benthic foraminifera from late Quater-
nary sediment cores of the eastern Mediterranean
Sea record drastic changes in the ventilation of
deep water masses associated with the formation
of sapropel layers (e.g., Mullineaux and Loh-
mann, 1981; Nolet and Corliss, 1990). During
times of sapropel formation, benthic foraminiferal
numbers and diversities are always very low, with
a dominance of deep infaunal taxa, or even the
total fauna disappears, re£ecting a strong oxygen
de¢ciency at the bottom. Until now, only few
high-resolution faunal data sets exist that allow
a more detailed study of temporal and spatial
patterns of benthic ecosystem variability during
sapropel formation (Rohling et al., 1997; Joris-
sen, 1999).
In this study we present the distribution pattern

of benthic foraminifera across sapropels S5 and S6
from two cores of the eastern Mediterranean Sea.
Our main target is to describe the impact of short-
term climatic and environmental changes on dif-
ferent deep-sea ecosystems. The core intervals
have been selected in order to characterize benthic
ecosystem variability during sapropel formation
under di¡erent climatic boundary conditions (in-
terglacial versus glacial). The two sites were se-
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lected such as to record spatial and bathymetric
di¡erences in the response of benthic faunas to
the sequence of environmental changes during
sapropel formation.

2. Material and methods

Gravity core M40-4/67SL and piston core Geo-
Tu«KL51 were collected in February 1998 during
Meteor cruise M40/4 from the lower bathyal
northwestern Levantine Basin, southeast of Crete
at 34‡48.8PN, 27‡17.8PE, 2158 m water depth. Pis-
ton core GeoTu«KL83 was collected in April 1999
during Meteor cruise M44/3 from the middle
bathyal southeastern Levantine Basin, o¡ Israel,
32‡36.9PN, 34‡08.9PE, 1433 m water depth (Fig.
1). Both core sites are presently bathed by highly
oxygenated eastern Mediterranean deep water.
Immediately after opening of the cores, sedi-

ment lightness and color was determined with a
Minolta color spectrophotometer. The identi¢ca-
tion of sapropel intervals S5 and S6 was based on
the graphic correlation of the N18O curves with the
standard record of Martinson et al. (1987) and

lithology (Weldeab et al., 2002). Since the S6 in-
terval was not recovered in core M40-4/67SL it
was investigated from longer core GeoTu«KL51
that was taken at the same site extending down
into marine stable oxygen isotope stage (MIS) 7.
For faunal investigations the targeted sapropels
were sampled at 2 cm spacing on average, sedi-
ment intervals below and above at 2^10 cm spac-
ing. Samples are 1 cm in diameter and sample
depths refer to midpoints of samples. Sediment
samples were dried, weighed and washed through
a 63-Wm screen. Subsequently, the coarse fraction
was dry sieved at 125 and 250 Wm. The analysis of
the benthic foraminiferal fauna was carried out
on the size fraction s 125 Wm and, for selected
samples, also on the size fraction 63^125 Wm. On
average 250 and 150 individuals (ind.) have been
counted in the coarse and ¢ne fractions, respec-
tively. All counts were corrected for splits and
foraminiferal numbers were referred to the dry
weight of the sediment. Diversities H(S) were de-
termined following the Shannon^Wiener informa-
tion equation (Buzas and Gibson, 1969). Tables
with census data are available at the PANGAEA
data base (www.pangaea.de).

Fig. 1. Bathymetric map of the easternmost Mediterranean Sea with locations of investigated core sites M40-4/67SL and Geo-
Tu«KL51 in the western and GeoTu«KL83 in the eastern Levantine Basin.
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The stable isotope data were taken from Wel-
deab et al. (2002) except those from sapropel S5 of
GeoTu«KL83 that have been investigated within
this study. For stable isotope measurements be-
tween 15 and 20 tests of the planktic foraminifer
Globigerinoides ruber were picked from the size
fraction s 250 Wm. All tests were cleaned ultra-
sonically prior to analysis. The isotope measure-
ments were performed at the Leibniz-Laboratory
for Radiometric Dating and Isotope Research,
Kiel, Germany (H. Erlenkeuser). External repro-
ducibility for stable oxygen isotopes was
6 0.03x. Primary productivity estimates are
based on the distribution of ‘biogenic’ barium
and are taken from Weldeab et al. (in press).
According to the age models of Weldeab et al.

(2002) and the sapropel boundary ages compiled
by Emeis et al. (in press) the investigated sedi-
ments cover the following time intervals. From
core M40-4/67SL the section between 341 and
473 cm was sampled representing a time interval
of approximately 130^115 kyr (average sedimen-
tation rate is 8.8 cm kyr31 ; estimated sedimenta-
tion rate for sapropel S5 is 18.6 cm kyr31). From
core GeoTu«KL51 the section between 460 and
589 cm was investigated representing a time inter-
val of approximately 188^138 kyr (average sedi-
mentation rate is 2.6 cm kyr31 ; estimated sedi-
mentation rate for sapropel S6 is 6.7 cm kyr31).
From core GeoTu«KL83 the sections of 350^500
cm and 540^640 cm were investigated represent-
ing time intervals of approximately 115^136 kyr
(average sedimentation rate of 7.1 cm kyr31) and
141^180 kyr (average sedimentation rate of 2.6 cm
kyr31), respectively. In core GeoTu«KL83 the esti-
mated sedimentation rate for sapropel S5 is
5.4 cm kyr31 and for sapropel S6 is 8.8 cm
kyr31.

3. Results

3.1. Benthic foraminiferal fauna across sapropel S5

of core M40-4/67SL, northwestern Levantine Sea

In core M40-4/67SL the boundary between
MIS 6 and 5 is located at approximately 465 cm
core depth, according to the stable isotope signal.

The 94-cm-thick laminated sapropel S5 exhibits
sharp lower and upper boundaries as indicated
by the lightness curve. The sapropelic sediment
is rich in siliceous microfossils, mainly diatoms.
The benthic foraminiferal faunal pattern across
the sapropel is shown in Figs. 2 and 3.

3.1.1. Pre-sapropel fauna
In the s 125-Wm fraction (coarse fraction)

benthic foraminiferal numbers (BFN) are 21 ind.
g31 on average. Approximately 10 cm below S5,
values start to decrease but show a maximum in
the sample just below the lower sapropel bound-
ary. Pre-sapropel diversities are rather high in the
coarse fraction with H(S) values around 3.1. The
pre-sapropel fauna is dominated by di¡erent mil-
iolid taxa (Miliolinella subrotunda, Pyrgo murrhi-
na, Pyrgo elongata, Quinqueloculina padana, Quin-
queloculina patagonica). Associated species include
Cassidulina laevigata, Gavelinopsis translucens,
and Oridorsalis umbonatus. The BFN decrease is
accompanied by a stepwise drop of these species
and by a rise of Globobulimina a⁄nis. In the sam-
ple just below the sapropel a high abundance of
Fursenkoina mexicana, Globobulimina a⁄nis and
Chilostomella oolina is observed. In the 63^125-
Wm fraction (¢ne fraction) pre-sapropel BFN val-
ues increase from 130 to 270 ind. g31 while diver-
sities show a slight decrease. The fauna of the ¢ne
fraction is dominated by Eponides pusillus and
Anomalinoides minimus. Their abundance is paral-
leling the BFN trend (Figs. 2, 3).

3.1.2. Sapropel fauna
Within sapropel S5 few benthic foraminifera are

present. The only signi¢cant occurrence is ob-
served between 422 and 425 cm depth dominated
by Articulina tubulosa in the coarse fraction and
by Anomalinoides minimus, Articulina tubulosa
and Eponides pusillus in the ¢ne fraction.

3.1.3. Post-sapropel fauna
Post-sapropel BFN values show a short maxi-

mum directly above S5 and then drop to average
values around 7 ind. g31 in the coarse fraction
and 100 ind. g31 in the ¢ne fraction. In the coarse
fraction, diversities are more variable and signi¢-
cantly lower when compared to pre-sapropel val-
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ues, increasing from approximately H(S) = 0.8 to
2.1. Diversities in the ¢ne fraction increase from
H(S) = 1.9 to 2.8. The fauna of the coarse fraction
is dominated by Fursenkoina mexicana in the sam-
ple directly on top of S5 and by Gyroidinoides
orbicularis and Articulina tubulosa in the interval
above. The general diversity increase is caused by
a gradual return of di¡erent miliolid species
(e.g., Miliolinella subrotunda). The post-sapropel
abundance of Anomalinoides minimus and Epo-
nides pusillus in the ¢ne fraction is considerably
lower when compared to pre-sapropel values
(Figs. 2, 3).

3.2. Benthic foraminiferal fauna across sapropel S5

of core GeoTu«KL83, southeastern Levantine Sea

In core GeoTu«KL83 the boundary between
MIS 6 and 5 is located at approximately 428 cm
core depth, according to the stable isotope signal.
The 27-cm-thick sapropel S5 exhibits sharp lower
and upper boundaries, but with lower lightness
contrasts in comparison with sapropel S5 of
M40-4/67SL. The sapropel displays a slight dark-
ening from the base to the top. The benthic fora-
miniferal faunal pattern across the sapropel is
shown in Figs. 4 and 5.

Fig. 2. Sediment lightness, planktic stable oxygen isotope signal, primary productivity estimates based on ‘biogenic’ barium,
benthic foraminiferal number, and foraminiferal diversity across sapropel S5 in core M40-4/67SL from the lower bathyal (2158 m
water depth) of the western Levantine Basin, southeast of Crete. Benthic foraminiferal results are given for size fractions 63^125
Wm and s 125 Wm, separately. Stable isotope data and paleoproductivity estimates are from Weldeab et al. (in press, 2002). The
stippled line indicates the boundary between MIS 6 and 5.
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Fig. 3. Abundance of selected benthic foraminiferal species across sapropel S5 in core M40-4/67SL from the lower bathyal (2158 m water depth) of the western
Levantine Basin, southeast of Crete. The stippled line indicates the boundary between MIS 6 and 5.
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3.2.1. Pre-sapropel fauna
In the glacial interval, between 500 and 428 cm

core depth, BFN values of the coarse fraction are
14 ind. g31 on average. Approximately 10 cm be-
low S5, values start to rise signi¢cantly and reach
a maximum of 280 ind. g31 in the sample just
below the lower sapropel boundary. Pre-sapropel
glacial diversities are H(S) = 1.8 on average with
signi¢cant £uctuations, diversities just below S5
are around H(S) = 2.3. The glacial fauna is dom-
inated by Hoeglundina elegans, Bolivina variabilis,
Miliolinella subrotunda, and Gyroidinoides orbicu-
laris. The BFN increase below S5 is accompanied

by a rise in the abundance of several species, in-
cluding Bolivina variabilis, Brizalina dilatata, Glo-
bobulimina a⁄nis, Cassidulina laevigata, and Hya-
linea balthica. The sample just below the sapropel
boundary is dominated by Fursenkoina mexicana
and Chilostomella oolina. Both BFN and diversity
trends of the ¢ne fraction are paralleling those of
the coarse fraction. The maximum BFN of 466
ind. g31 in the sample just below the sapropel is
mainly due to Eponides pusillus, with di¡erent bo-
livinids, Articulina tubulosa, Cassidulina laevigata
and Anomalinoides minimus as associated species
(Figs. 4, 5).

Fig. 4. Sediment lightness, planktic stable oxygen isotope signal, primary productivity estimates based on ‘biogenic’ barium,
benthic foraminiferal number, and benthic foraminiferal diversity across sapropel S5 in core GeoTu«KL83 from the middle bathy-
al (1433 m water depth) of the eastern Levantine Basin, o¡ Israel. Benthic foraminiferal results are given for size fractions 63^
125 Wm and s 125 Wm, separately. Paleoproductivity estimates are from Weldeab et al. (in press). The stippled line indicates the
boundary between MIS 6 and 5.
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Fig. 5. Abundance of selected benthic foraminiferal species across sapropel S5 in core GeoTu«KL83 from the middle bathyal (1433 m water depth) of the eastern
Levantine Basin, o¡ Israel. The stippled line indicates the boundary between MIS 6 and 5.
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3.2.2. Sapropel fauna
In the lower part of sapropel S5 benthic fora-

minifera are very rare or absent in both size frac-
tions. From the middle part of the sapropel up-
wards BFN values and faunal diversities show a
stepwise increase. This repopulation starts in the
¢ne fraction with the appearance of Articulina
tubulosa, Eponides pusillus and Anomalinoides
minimus. In the coarse fraction the repopulation
starts with Hyalinea balthica, Globobulimina a⁄-
nis, Chilostomella oolina, Fursenkoina mexicana,
and Articulina tubulosa in low abundance. These
species become abundant in the uppermost part of
the sapropel where they occur together with Boli-
vina variabilis, Brizalina dilatata, Gyroidinoides or-
bicularis, Cassidulina laevigata and Hoeglundina
elegans.

3.2.3. Post-sapropel fauna
Post-sapropel BFN values display a rapid drop

from 190 ind. g31 at the upper sapropel boundary
to average values of 15 ind. g31 above. In the ¢ne
fraction a similar trend is visible, however, with a
density maximum of 469 ind. g31 occurring 2 cm
above that of the coarse fraction. Mean post-sap-
ropel diversities are similar to pre-sapropel values
with H(S) around 2.0 in both size fractions. The
numbers of Bolivina variabilis, Brizalina dilatata,
Articulina tubulosa, and Gyroidinoides orbicularis
(coarse fraction) and Eponides pusillus and Ano-
malinoides minimus (¢ne fraction) exhibit a drastic
decrease within the ¢rst 15 cm above the sapropel.
Above this interval the fauna resembles the glacial
pre-sapropel fauna, however, with higher abun-
dance of Articulina tubulosa and Miliolinella sub-
rotunda and lower abundance of Bolivina variabi-
lis and Hoeglundina elegans (Figs. 4, 5).

3.3. Benthic foraminiferal fauna across sapropel S6

of core GeoTu«KL51, northwestern Levantine Sea

Sapropel S6 of GeoTu«KL51 consists of two
parts (S6 subunits 1 and 2, each 17 cm thick),
separated by a 6-cm-thick dispersed ash layer.
The sapropel exhibits sharp lower and upper
boundaries, and signi¢cant color £uctuations
throughout. Thin reoxygenation layers are ob-
vious at 542 and 566 cm core depth. In the sedi-

ment section above S6 another ash layer is present
between 507 and 510 cm. The benthic foraminif-
eral faunal pattern across the sapropel interval is
shown in Figs. 6 and 7.

3.3.1. Pre-sapropel fauna
Within approximately 10 cm below the sapro-

pel, BFN values of the coarse fraction rise signi¢-
cantly from 13 to 153 ind. g31. In the ¢ne fraction
1730 ind. g31 are present in the sample directly
below the sapropel boundary. Pre-sapropel diver-
sities are around H(S) = 2.5 in the coarse fraction
and 1.7 in the ¢ne fraction. The pre-sapropel fau-
na is dominated by Eggerella bradyi, Cassidulina
laevigata and Gyroidinoides neosoldanii. Important
associated species include Melonis barleeanum, Ci-
bicidoides pachydermus, Miliolinella subrotunda
and Globobulimina a⁄nis. The ¢ne fraction is
dominated by Anomalinoides minimus and Epo-
nides pusillus.

3.3.2. Sapropel fauna
In the lower part of S6 subunit 1 benthic fora-

minifera are almost absent in both size fractions.
From the upper part of S6 subunit 1 upwards
benthic foraminifera are present throughout the
rest of the sapropel. BFN values signi¢cantly £uc-
tuate in both size fractions with elevated values
below and above the ash layer and a maximum of
418 ind. g31 just below the reoxygenation layer of
S6 subunit 2. In the ¢ne fraction diversities are
H(S) = 1.8 on average. In the lower part of the
sapropel these moderately high diversities are
caused by the occurrence of di¡erent shallow
water species (e.g., Nonion depressulum, Rosalina
bradyi, Rosalina £oridensis). Diversities of the
coarse fraction are between H(S) = 0 and 1 in
the lowermost part of the sapropel, rising signi¢-
cantly to H(S) = 2.7 in the upper part of S6 sub-
unit 1, and £uctuate around H(S) = 1.6 in subunit
2 of the sapropel. The ¢rst step of repopulation
starts in the upper part of S6 subunit 1 and ex-
tends into the lower part of subunit 2. It is char-
acterized by a dominance of Eponides pusillus and
Anomalinoides minimus in the ¢ne fraction and
Cassidulina laevigata, Bolivina variabilis and Bri-
zalina dilatata in the coarse fraction. The BFN
maximum at 544 cm core depth mainly consists
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of Gyroidinoides neosoldanii, Bulimina exilis, and
Globobulimina a⁄nis. The uppermost part of S6
subunit 2 is dominated by Eggerella bradyi and
Bulimina striata mexicana.

3.3.3. Post-sapropel fauna
Post-sapropel BFN values of the coarse frac-

tion vary between 16 and 59 ind. g31. Decreasing
values in the ¢rst 25 cm above the sapropel are
followed by a broad high between 500 and 470 cm
core depth. Post-sapropel diversities of the coarse
fraction are similar to pre-sapropel values with an

average of H(S) = 2.6, excluding the low value of
the upper ash layer. The coarse fraction of the
post-sapropel fauna is dominated by Bulimina
striata mexicana. Associated species include Mili-
olinella subrotunda, Pyrgoella sphaera and Quin-
queloculina padana (mainly in the lower post-sap-
ropel interval), and Triloculina tricarinata and
Cassidulina laevigata (mainly in the upper post-
sapropel interval). For the ¢ne fraction only one
data point is present from the upper ash layer at
508 cm with a dominance of Eponides pusillus and
Cassidulina laevigata (Figs. 6, 7).

Fig. 6. Sediment lightness, planktic stable oxygen isotope signal, primary productivity estimates based on ‘biogenic’ barium,
benthic foraminiferal number, and benthic foraminiferal diversity across sapropel S6 in core GeoTu«KL51 from the lower bathyal
(2158 m water depth) of the western Levantine Basin, southeast of Crete. Benthic foraminiferal results are given for size fractions
63^125 Wm and s 125 Wm, separately. Stable isotope data and paleoproductivity estimates are from Weldeab et al. (2002, in
press).
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Fig. 7. Abundance of selected benthic foraminiferal species across sapropel S6 in core GeoTu«KL51 from the lower bathyal (2158 m water depth) of the western
Levantine Basin, southeast of Crete.
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3.4. Benthic foraminiferal fauna across sapropel S6

of core GeoTu«KL83, southeastern Levantine Sea

Sapropel S6 of GeoTu«KL83 consists of a 23-
cm-thick lower (S6 subunit 1) and 16-cm-thick
upper part (S6 subunit 2) separated by a 14-cm-
thick reoxygenation layer. Within subunit 1 two
light layers are observed, each 1 cm thick. Subunit
2 is subdivided into two parts by a slightly lighter
4-cm-thick interval. The lower part of subunit 2
contains several very thin sandy layers. The sap-
ropel intervals exhibit sharp lower and upper
boundaries, with weak lightness contrasts between
sapropel and pre- and post-sapropel sediments.

The benthic foraminiferal faunal pattern across
the sapropel interval is shown in Figs. 8 and 9.

3.4.1. Pre-sapropel fauna
BFN values are 40 and 270 individuals g31 on

average in the coarse and ¢ne fractions, respec-
tively. Approximately 10 cm below S6, values
start to decrease but show a maximum in the
sample just below the lower sapropel boundary.
Pre-sapropel diversities are around H(S) = 2.0 in
the coarse fraction and H(S) = 1.8 in the ¢ne frac-
tion with a general trend to lower values when
approaching the sapropel. The pre-sapropel fauna
of the coarse fraction is dominated by Brizalina

Fig. 8. Sediment lightness, planktic stable oxygen isotope signal, primary productivity estimates based on ‘biogenic’ barium,
benthic foraminiferal number, and benthic foraminiferal diversity across sapropel S6 in core GeoTu«KL83 from the middle bathy-
al (1433 m water depth) of the eastern Levantine Basin o¡ Israel. Benthic foraminiferal results are given for size fractions 63^125
Wm and s 125 Wm, separately. Stable isotope data and paleoproductivity estimates are from Weldeab et al. (2002, in press).
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Fig. 9. Abundance of selected benthic foraminiferal species across sapropel S6 in core GeoTu«KL83 from the middle bathyal (1433 m water depth) of the eastern
Levantine Basin o¡ Israel.
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dilatata, with signi¢cant amounts of Bulimina
marginata, Cibicidoides pachydermus, and Articu-
lina tubulosa. The ¢ne fraction mainly comprises
Eponides pusillus and Anomalinoides minimus.

3.4.2. Sapropel fauna
In the lower and middle parts of S6 subunit 1,

BFN values are extremely low both in the coarse
and ¢ne fractions. At 613 cm sediment depth no
benthic foraminifera are present in the coarse
fraction, while in the ¢ne fraction foraminifera
are present throughout. Above this interval
BFN values are signi¢cantly higher and vary be-
tween 6 and 74 ind. g31 (mean of 33) in the coarse
fraction and, with a similar trend, between 80 and
1725 (mean of 516) ind. g31 in the ¢ne fraction. In
the lower part of S6 subunit 1 diversities of the
coarse fraction are below H(S) = 1. Above this
interval values exhibit a general increase through-
out the reoxygenation layer, reaching a maximum
of H(S) = 2.4 in the lowermost part of S6 subunit
2, followed again by lower values. In the ¢ne
fraction diversities £uctuate between H(S) = 0.9
and 2.4. While benthic foraminifera of the coarse
fraction are generally rare in the lower and middle
parts of S6 subunit 1, the fauna above is domi-
nated by Brizalina dilatata and Bulimina margina-
ta, with signi¢cant proportions of Globobulimina
a⁄nis and Hyalinea balthica. In the ¢ne fraction,
Eponides pusillus and Anomalinoides minimus are
present throughout the sapropel with high abun-
dance in the reoxygenation interval and S6 sub-
unit 2 (Figs. 8, 9).

3.4.3. Post-sapropel fauna
BFN values of the coarse fraction are around

35 ind. g31 in the ¢rst 20 cm above the sapropel,
followed by a rapid increase with a maximum of
537 ind. g31 in the topmost sample at 540 cm core
depth. A similar BFN trend is mirrored by the
¢ne fraction, reaching a maximum of 2930 ind.
g31 in the topmost sample. Post-sapropel diver-
sities of the coarse fraction show a steadily in-
crease from H(S) = 1.6 to 2.2. In the ¢ne fraction
post-sapropel diversities decrease from H(S) = 1.8
to 0.7 in the ¢rst 15 cm above the sapropel fol-
lowed again by an increase with a maximum of
H(S) = 2.6 in the topmost sample. The coarse

fraction of the post-sapropel fauna is dominated
by Brizalina dilatata, Bulimina marginata, with in-
creasing abundance of Cassidulina laevigata, Me-
lonis barleeanum, and Cibicidoides pachydermus,
and decreasing abundance of Globobulimina a⁄-
nis. In the ¢ne fraction Eponides pusillus and
Anomalinoides minimus exhibit a maximum be-
tween 5 and 10 cm above the sapropel.

4. Discussion

4.1. Ecological signi¢cance of the benthic
foraminiferal fauna across sapropels

4.1.1. Benthic foraminiferal number and diversity
In open ocean areas, the benthic foraminiferal

accumulation rate has been used as proxy for the
assessment of past organic matter £ux rates (e.g.,
Herguera and Berger, 1991). However, further
studies revealed that the applicability of this
proxy for quantitative interpretations is limited
in dysoxic areas (Naidu and Malmgren, 1995).
Across sapropel intervals of the eastern Mediter-
ranean Sea the BFN exhibits drastic £uctuations
attributed to severe changes in oxygen concentra-
tions and organic matter £uxes (Oggioni and Zan-
dini, 1987; Diester-Haass et al., 1998; Schmiedl et
al., 1998). Therefore, at times of sapropel deposi-
tion, elevated organic matter £uxes may not be
re£ected correctly by the BFN because of a sup-
pression of the benthic fauna by low dysoxic or
anoxic conditions.
Several studies have demonstrated that meio-

benthic species diversity is strongly dependent
on the stability of an ecosystem (e.g. Cronin and
Raymo, 1997; Gooday et al., 1998). Stable eco-
systems favor the development of complex and
highly diverse faunas, whereas in ecosystems
that exhibit severe environmental £uctuations di-
versities are generally low. Accordingly, pre-sap-
ropel faunas are highly diverse because they de-
veloped under oxic and oligo- to mesotrophic
conditions (Schmiedl et al., 1998). In contrast,
diversity at times of sapropel deposition is very
low or even the whole fauna disappears. The in-
crease of benthic foraminiferal diversity after re-
ventilation can be used to assess the severity of
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the preceding anoxia and the repopulation poten-
tial of distinct species at di¡erent sites and after
di¡erent sapropels. In the deep Ionian and Levan-
tine basins post-sapropel benthic foraminiferal di-
versities are often considerably lower when com-
pared to pre-sapropel values (Vismara Schilling,
1986; Nolet and Corliss, 1990; Schmiedl et al.,
1998). This observation suggests a low recovery
potential of faunas inhabiting the oligotrophic
deep-sea ecosystems (Schmiedl et al., 1998; De
Rijk et al., 1999).

4.1.2. Benthic foraminiferal species
The life strategies of most benthic foraminiferal

species related to sapropels are well known from
di¡erent studies on the distribution pattern and
microhabitat of recent benthic foraminifera from
the Mediterranean (e.g., Mullineaux and Loh-
mann, 1981; Jorissen et al., 1992, 1995; De
Stigter et al., 1998; De Rijk et al., 1999; Schmiedl
et al., 2000) and other areas (e.g., Corliss, 1985;
Mackensen and Douglas, 1989; Corliss and
Emerson, 1990; Sen Gupta and Machain-Castillo,
1993; Gooday, 1994; Loubere, 1996). According
to this information and the summary of Jorissen
(Jorissen, 1999, and references therein) the domi-
nant taxa of this study can be classi¢ed into the
following groups.
(A) Taxa with a deep infaunal microhabitat,

especially resistant to very low oxygen conditions:
Globobulimina a⁄nis (and Globobulimina spp.),
Chilostomella oolina, Fursenkoina mexicana, and
Bulimina exilis. These taxa are common in low-
oxygen habitats or eutrophic continental margins
where they feed from degraded organic matter at
the dysoxic/anoxic boundary (e.g., Corliss, 1985;
Mackensen and Douglas, 1989; Schmiedl et al.,
2000). Within oxygen minimum zones they occur
together with di¡erent shallow infaunal taxa ac-
cording to the intensity of oxygen depletion (Sen
Gupta and Machain-Castillo, 1993). In the east-
ern Mediterranean Sea, Globobulimina a⁄nis, Chi-
lostomella oolina, and F. mexicana commonly oc-
cur in restricted intervals prior to and after
sapropel formation lacking any other species in
signi¢cant numbers. Although generally rare in
the eastern Mediterranean, a mass occurrence of
Bulimina exilis has been described from sapropel

S6 where this species appears together with the
other low-oxygen indicators (Vismara Schilling,
1986; Oggioni and Zandini, 1987; Schmiedl et
al., 1998; Jorissen, 1999).
(B) Taxa with a shallow to intermediate infau-

nal microhabitat, more opportunistic, but less re-
sistant for low oxygen conditions: Bolivina varia-
bilis, Bolivina pseudopunctata, Brizalina dilatata,
Bulimina marginata, Bulimina striata mexicana,
Cassidulina laevigata, Eggerella bradyi, Gavelinop-
sis translucens, Gyroidinoides neosoldanii, Hoeglun-
dina elegans, Hyalinea balthica, Melonis barleea-
num, Oridorsalis umbonatus. These taxa are
common in mesotrophic to eutrophic environ-
ments with moderate oxygen depletions in the
bottom and pore water (e.g., Lutze and Coul-
bourn, 1984; Sen Gupta and Machain-Castillo,
1993; Gooday, 1994; Rathburn and Corliss,
1994). In the Mediterranean Sea signi¢cant occur-
rences of these species are restricted to the deeper
shelf and upper bathyal areas (Jorissen et al.,
1992; Rohling et al., 1997; De Stigter et al.,
1998; De Rijk et al., 1999; Schmiedl et al., 2000).
(C) Taxa with an epifaunal to shallow infaunal

microhabitat, more or less opportunistic, adapted
to high oxygen conditions and oligo- to mesotro-
phic conditions: Cibicidoides pachydermus and
Gyroidinoides orbicularis. In the western Mediter-
ranean Sea, the distribution of Cibicidoides pachy-
dermus is associated with oligotrophic and well-
ventilated conditions. Elevated numbers are ob-
served at the oligo- to mesotrophic open slope
while at higher trophic levels its number decreased
in favor of infaunal taxa (Schmiedl et al., 2000).
The species Gyroidinoides orbicularis is one of the
few rotaliid species inhabiting the recent deep ba-
sin areas (De Rijk et al., 1999). It is obviously
adapted to very oligotrophic conditions although
it also occurs in signi¢cant numbers at higher tro-
phic levels of the bathyal continental slope
(Schmiedl et al., 2000). Our results show that
Gyroidinoides orbicularis co-occurs with Articulina
tubulosa across several pre- and postsapropel in-
tervals (e.g., Figs. 5, 7). This observation may
suggest an opportunistic life style of Gyroidinoides
orbicularis.
(D) Small, epifaunal, opportunistic taxa, sus-

pected to be phytodetritus feeders, indicative of
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a high trophic level in combination with su⁄-
ciently high oxygen concentrations: Eponides pu-
sillus and Anomalinoides minimus. The species
Eponides pussilus ( =Alabaminella weddellensis of
Gooday and Lambshead, 1989, p. 57, ¢gs. 1D^F,
3A^D; =Eponides tumidulus of Vismara Schil-
ling, 1986, ¢gs. 6, 7, and Oggioni and Zandini,
1987, ¢g. 6.9) has been described together with
Epistominella exigua from the deep Atlantic
Ocean where it is adapted to the seasonal forma-
tion of freshly produced phytodetritus in a highly
oxic environment (Gooday, 1993). In the bathyal
and abyssal eastern Mediterranean Eponides pusil-
lus co-occurs with Anomalinoides minimus and
Epistominella exigua. Their association with sap-
ropels suggests a high recolonization potential of
deep-sea areas following anoxic periods (Oggioni
and Zandini, 1987; Jorissen, 1999). Living speci-
mens of small benthic foraminifera, including
Anomalinoides minimus and Bolivina spp. have
been repeatedly found in net hauls in the Medi-
terranean Sea during di¡erent Meteor expeditions
(own observations). These observations suggest
that their dispersal may be controlled by release
and transport of embryonic juveniles or passive
suspension and transport of various growth stages
(Banner et al., 1985; Alve, 1999).
(E) Assorted miliolid taxa, epifaunal to deep

infaunal, indicative of oligotrophic to mesotro-
phic Mediterranean deep-sea environments: Arti-
culina tubulosa, Miliolinella subrotunda, Pyrgo
murrhina, Pyrgo elongata, Pyrgoella sphaera and
Quinqueloculina padana, Quinqueloculina patago-
nica, Triloculina tricarinata. These taxa inhabit
the recent well-ventilated lower bathyal and abys-
sal areas of the eastern Mediterranean Sea (Mul-
lineaux and Lohmann, 1981; De Rijk et al.,
1999). The close association of Articulina tubulosa
with sapropels suggests a highly opportunistic life
style (Jorissen, 1999). This species is probably able
to colonize the basin areas very quickly during
short oxygenation pulses under unstable environ-
mental conditions. Its low abundance in non-sap-
ropelic sediments suggests that it is repressed by
other species in a stable and highly diverse eco-
system (Schmiedl et al., 1998).
Our knowledge on the environmental signi¢-

cance of the benthic foraminiferal fauna as dis-

cussed above was used to assess the changes in
oxygenation during formation of sapropels S6
and S5 in the Levantine Basin. High proportions
of miliolid taxa (except those of the highly oppor-
tunistic Articulina tubulosa) and the preferentially
epifaunal species Cibicidoides pachydermus and
Gyroidinoides orbicularis together with high diver-
sities were interpreted to indicate well-ventilated
conditions. In contrast, high proportions of the
deep infaunal taxa Fursenkoina spp., Chilostomel-
la oolina, and Globobulimina spp. together with
low diversities were interpreted to indicate low
oxygen contents. To illustrate the changes in oxy-
gen contents we have developed the following for-
mula: (HO/(HO+LO)+Div)U0.5, with HO= rela-
tive abundance of high oxygen indicators
(Miliolids3Articulina tubulosa+Cibicidoides pa-
chydermus+Gyroidinoides orbicularis), LO= rela-
tive abundance of low oxygen indicators (Fursen-
koina spp., Chilostomella oolina, Globobulimina
spp.), and Div=normalized benthic foraminiferal
diversity. Diversities were normalized relative to
the maximum H(S) value of each sapropel inter-
val. The term was multiplied by 0.5 to distinguish
between anoxic (minimum value= 0) and oxic
(maximum value= 1) conditions. Although this
approach seems to yield rather reasonable results,
oxygenation may be overestimated in sapropel in-
tervals with extremely low benthic foraminiferal
numbers and underestimated in ash layers and
post-sapropel intervals where the fauna may be
in disequilibrium with environmental conditions.
The results are shown in Fig. 10.

4.2. Benthic ecosystem variability during S5 and S6

deposition: evolution of bottom water oxygenation
and organic matter £uxes in the Levantine Basin

4.2.1. Oxygenation and productivity changes
during S5 deposition
Our estimates indicate that most sustained oxy-

gen depletions occurred during deposition of sap-
ropel S5 at the lower bathyal site of M40/4-67SL
southeast of Crete, followed by S5 at middle bath-
yal depth o¡ Israel. Sapropel S5 was formed be-
tween approximately 127 and 122 kyr BP (Emeis
et al., in press) within MIS 5.e under fully devel-
oped interglacial conditions. At that time the sea
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Fig. 10. Relative changes of benthic ecosystem oxygenation (thick line) across sapropels S5 and S6 from cores M40-4/67SL and GeoTu«KL51 of the lower bath-
yal western Levantine Basin and GeoTu«KL83 of the middle bathyal eastern Levantine Basin. Oxygen estimates are based on the ratio (HO/(HO+LO)+Div)U0.5,
with HO= relative abundance of high oxygen indicators (Miliolids3Articulina tubulosa+Cibicidoides pachydermus+Gyroidinoides orbicularis), LO= relative abun-
dance of low oxygen indicators (Fursenkoina spp., Chilostomella oolina, Globobulimina spp.), and Div= normalized benthic foraminiferal diversity (H(S) normal-
ized). Intervals where oxygen contents are likely to be overestimated due to very low benthic foraminiferal numbers are indicated by stippled line. The benthic
foraminiferal number of the size fraction s 125 Wm is given for comparison (thin line with dots).
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level was several meters higher than at present,
re£ecting reduced polar ice volume and higher
global temperatures (Chappell and Shackleton,
1986; Waelbroeck et al., 2002). Late Quaternary
benthic foraminiferal successions suggest that
wind-induced mixing was reduced during intergla-
cials resulting in lower surface water productivity
and organic matter £uxes compared to glacial in-
tervals (Schmiedl et al., 1998). Based on Uk

37 esti-
mates, Emeis et al. (1998, in press) showed that in
the eastern Mediterranean, sea surface tempera-
tures rise from below 15‡C in MIS 6 to more
than 20‡C at the top of S5. Pollen data indicate
a reduction of steppe plants and a rise of woody
taxa across the boundary of MIS 6 and MIS 5.e,
suggesting a drastic increase of humidity in the
eastern Mediterranean borderlands with onset of
interglacial conditions (Mommersteeg et al.,
1995). Based on geochemical investigations (alke-
nones, stable oxygen isotopes, Sr and Nd iso-
topes) the southern catchment (e.g., Nile river)
is proposed as major freshwater source (Emeis
et al., in press ; Weldeab et al., 2002).
In the record of M40-4/67SL the decrease of

BFN, drops in the abundance of di¡erent miliolid
taxa and the rise of low-oxygen indicators (Glo-
bobulimina a⁄nis) suggest a stepwise reduction of
oxygen concentrations starting approximately
3000 years before the onset of sapropel formation
(Figs. 2, 3). This time lead was estimated based on
a MIS 6 to 5 stage boundary age of 129.8 kyr
(Martinson et al., 1987) and a lower boundary
age of sapropel S5 of 127 kyr (Emeis et al., in
press). A similar stepwise disappearance pattern
of benthic foraminifera preceding S5 formation
has been observed in the abyssal Ionian Sea
(Wagner, 2000). The oxygen reduction was obvi-
ously not accompanied by a signi¢cant eutrophi-
cation at that time since the abundance of infau-
nal species remained low. The BFN rise in both of
the investigated size fractions just a few centi-
meters below the lower sapropel boundary shows
that signi¢cant eutrophication started rather late,
with only low pro¢t for non-opportunistic benthic
foraminiferal species that were already suppressed
by an early oxygen depletion. However, the in-
ferred stepwise decrease of oxygen content is not
mirrored by our oxygen index, suggesting a more

sudden drop at the beginning of sapropel deposi-
tion (Fig. 10). This discrepancy is due to the pre-
sapropel diversity pattern of the fauna. Diversities
of the coarse fraction remain unusually high until
the onset of sapropel formation, indicating that
oxygen supply and thus deep-water formation
was still present to some extent. At site Geo-
Tu«KL83 o¡ Israel the sequence of environmental
changes preceding S5 deposition shows striking
di¡erences when compared to that of the western
Levantine Basin. Here, the initial increase of or-
ganic matter £uxes started together with the ¢rst
drops of oxygen already at the boundary between
MIS 6 and 5 and is re£ected by a rise of BFN and
the abundance of di¡erent shallow and deep in-
faunal taxa (Brizalina dilatata, Bolivina variabilis,
Cassidulina laevigata, Hyalinea balthica, Globobu-
limina a⁄nis). A more drastic oxygen decrease is
marked by a drop in diversity and BFN and rise
of the low-oxygen indicator Fursenkoina mexicana
and appears with onset of sapropel deposition
(Figs. 4, 5). The comparison of stable isotope sig-
nals between the two investigated sites suggests
that at middle bathyal water depth sapropel de-
position and, thus, anoxia started considerably
later than at lower bathyal water depth (Figs. 2,
4).
At both sites the faunal results are generally in

accordance with barium records of Weldeab et al.
(in press), although it is not possible to test the
quantitative reliability of the geochemically de-
rived productivity estimates. The barium record
indicates a slight productivity increase already a
few centimeters below the onset of sapropel depo-
sition but extremely high values within the sapro-
pel (Figs. 2, 4). Emeis et al. (in press) reported
that a decrease of N

18Osurface water is already ob-
served several centimeters below the base of the
sapropel S5, which is interpreted as evidence for
an early freshwater runo¡ from the southern
catchment. This early input of fresh water togeth-
er with rising temperatures likely enhanced strat-
i¢cation at deep-water formation sites well before
the onset of sapropel deposition.
With the onset of S5 deposition the fauna at

both investigated sites disappeared since oxygen
contents have obviously been too low to support
benthic life. The lack of oxygen explains why eu-

PALAEO 2964 24-12-02

G. Schmiedl et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 190 (2003) 139^164156



trophication, suggested from the ‘biogenic’ ba-
rium record (Figs. 2, 4; Weldeab et al., in press),
is not mirrored by the fauna within the sapropel.
Between 422 and 425 cm core depth of M40-4/
67SL the presence of highly opportunistic taxa
(Articulina tubulosa, Eponides pusillus, and Ano-
malinoides minimus) indicates a short reoxygena-
tion event accompanied by rapid repopulation
and followed by a sudden drop in the planktic
N
18O signal (Figs. 2, 3). The rapidity of this reox-
ygenation event is supported by observations of
Jorissen (1999). He concluded that the main fac-
tor controlling the pre- and post-sapropel forami-
niferal successions is the time involved in the on-
set of anoxic conditions or reoxygenation of the
benthic ecosystem. A gradual change of oxygen-
ation is re£ected by the presence of less opportun-
istic low-oxygen indicators (e.g., Globobulimina,
Chilostomella, Fursenkoina) while rapid reoxyge-
nation favors the repopulation by highly oppor-
tunistic species (e.g., Anomalinoides, Eponides,
Epistominella). In the upper part of S5 of M40-
4/67SL, repeatedly, few poorly preserved forami-
niferal tests were observed in the fraction s 125
Wm, however, without contribution of opportun-
istic species in the ¢ne fraction (Figs. 2, 3, 10).
Therefore, we assume an allochthonous origin
for these tests. Within S5 of GeoTu«KL83 no re-
oxygenation event was recorded. This event was
probably missed due to discontinuous sampling
(2 cm spacing) and lower temporal resolution at
this site.
Repopulation events indicating temporary re-

oxygenation in association with an interruption
of sapropel deposition were reported from sapro-
pels S1 (Rohling et al., 1997; Sperling et al.,
2003), S6 (Oggioni and Zandini, 1987; Schmiedl
et al., 1998; Casford et al., 2003) and a Pliocene
sapropel (Rohling et al., 1993). The S1 reoxyge-
nation event has been attributed to rapid drops in
temperature leading to an onset of deep-water
formation and ventilation of the deep basins
(Rohling et al., 1997; De Rijk et al., 1999; Myers
and Rohling, 2000). Recent results indicate that
this cold spell is part of the millennial-scale cli-
mate variability of the northern hemisphere (Alley
et al., 1997; Bond et al., 1997; Rohling et al.,
2002). Similarly, the reoxygenation event ob-

served within S5 and the stepwise pre-sapropel
disappearance and post-sapropel repopulation
patterns may be explained as an expression of
abrupt climate £uctuations superimposed on the
orbital insolation signal. Short-term cooling fos-
tered the formation of dense oxygen-rich subsur-
face water, thus, passing on the atmospheric sig-
nal to the deep-sea ecosystems.
At the lower bathyal site of M40-4/67SL the sea

£oor remained anoxic until post-S5 reventilation
is indicated by the return of the low-oxygen in-
dicator Fursenkoina mexicana and opportunis-
tic taxa (Gyroidinoides orbicularis, Anomalinoides
minimus, Eponides pusillus) (Fig. 3). In contrast, at
site GeoTu«KL83 the gradual return of deep and
shallow infaunal taxa demonstrates that in the
middle bathyal eastern Levantine Sea environ-
mental conditions considerably improved already
in the late phase of S5 formation (Figs. 4, 5). This
environmental pattern is consistent with climate
reconstruction based on southern European pol-
len data that indicate an early temperature max-
imum with a transition to colder climate halfway
through the sequence of the last interglacial max-
imum (Frogley et al., 1999; Rioual et al., 2001).
The gradual cooling may have favored the forma-
tion of dense water at intermediate- and deep-
water formation sites. Our faunal results suggest
that the density of newly formed subsurface water
masses was not high enough to reach the deep
basin areas but ventilated at least the middle
bathyal benthic ecosystems.
According to the discussion above, one of the

reasons that may explain the observed faunal dif-
ferences between M40-4/67SL and GeoTu«KL83 is
the di¡erent water depth at the investigated sites
(2158 m at M40-4/67SL versus 1433 m at Geo-
Tu«KL83). The e¡ect of water depth on sapropel
formation and benthic foraminiferal distribution
has been described in a number of papers (e.g.,
Maldonado and Stanley, 1976; Ross and Kennett,
1983; Cramp and O’Sullivan, 1999). According to
the model of Maldonado and Stanley (1976) the
depth interval between 1000 and 2000 m was
partly ventilated while the water mass below was
stagnant and anoxic. Consequently, some oxygen
may have been present during S5 formation at site
GeoTu«KL83. Our ¢ndings are corroborated by
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data sets on benthic foraminiferal successions
across lower bathyal and abyssal sapropels (sum-
mary in Jorissen, 1999). Unfortunately, no com-
parable information is available from the depth
interval between 1000 and 2000 m.
In addition to deep water ventilation, oxygen

concentrations at the sea £oor may have been
in£uenced by spatial di¡erences of organic matter
£uxes and resulting oxygen consumption rates
(Casford et al., 2003). This idea is supported by
geochemical investigations along a core transect
of the eastern Mediterranean Sea (Weldeab et
al., in press). This study revealed an east to west
productivity increase during S5 formation. High-
est paleoproductivity was estimated for the region
south of Crete. This ¢nding was attributed to
pycnocline shoaling probably associated with the
presence of a submesoscale cyclonic gyre system
south of Crete, similar to that of recent oceano-
graphic conditions (Pinardi and Masetti, 2000).
High availability of nutrients fostered opportun-
istic silicious plankton, resulting in high opal ac-
cumulation rates and elevated oxygen consump-
tion at the sea £oor south and southeast of Crete
(Thunell and Williams, 1982).
Jorissen (1999) argued that the end of S5 depo-

sition was accompanied by a rapid turnover of the
water column and quick reoxygenation of the
benthic environment. His conclusions were based
on abyssal faunal records and are supported by
¢ndings of Wagner (2000) from the abyssal Ionian
Basin. In contrast, our observations show that
post-S5 reoxygenation at shallower water depths
occurred more gradually, following the general
temperature development of the last interglacial
maximum (MIS 5.e) (see above). The post-sapro-
pel decrease of BFN at both sites mirrors the
drop of organic matter £uxes and the transition
to oligotrophic conditions. In core M40-4/67SL,
post-sapropel diversities are considerably lower
than pre-sapropel values. The contrast between
pre- and post-sapropel diversities has been previ-
ously described (Vismara Schilling, 1986; Nolet
and Corliss, 1990; Schmiedl et al., 1998) and
may be attributed to a low recovery potential of
the basin fauna under oligotrophic conditions fol-
lowing severe and sustained anoxia. While the re-
population strategies of the opportunistic taxa

(Articulina tubulosa, Gyroidinoides orbicularis,
Eponides pusillus, Anomalinoides minimus) allow
a fast return into the reoxygenated habitats, other
less opportunistic species (including most of the
miliolid taxa) return considerably delayed (several
thousand years) after the end of sapropel forma-
tion. A slow recovery of the deep-sea fauna after
severe anoxia and under the prevalence of oligo-
trophic conditions may also account for the recent
low-diversity eastern Mediterranean deep-water
faunas that likely have not yet recovered from
the S1 stagnation (Schmiedl et al., 1998; De
Rijk et al., 1999). At the middle bathyal Israelian
continental margin pre- and post-sapropel diver-
sities are very similar. At this site oxygen deple-
tions were less severe and reoxygenation started
considerably earlier than in the deeper western
Levantine Basin. The early return of the di¡erent
taxa resulted in a complete recovery of the fauna
already in the late stage of sapropel formation. It
was likely fostered by a close location of benthic
foraminiferal refuge areas during basin anoxia.

4.2.2. Oxygenation and productivity changes
during S6 deposition
At both investigated sites BFN and diversity

£uctuations, and the disappearance and repopula-
tion patterns of the di¡erent epifaunal, shallow
and deep infaunal species suggest that environ-
mental variability during S6 formation was
much higher than during S5 formation (Figs. 6^
10). Sapropel S6 was deposited between approxi-
mately 176 and 170 kyr BP (Emeis et al., in press)
during interstadial 6.e of the penultimate glacia-
tion. Sapropel S6 deposition followed an insola-
tion maximum of 537 W m32 that almost matches
the maximum preceding S5 (548 W m32) (Berger,
1978; Rossignol-Strick, 1985). Sapropel S6 is ac-
companied by a depletion of the planktic N

18O
signal of approximately 2.6^3x (Thunell et al.,
1983; Emeis et al., in press). At the same time
surface temperatures varied between 12 and
18‡C and were signi¢cantly lower than MIS 5.e
temperatures (Emeis et al., in press). The fresh-
water sources for the strong depletion at times of
glacial S6 formation are still under debate but
likely involve enhanced monsoonal rainfall in
the southern catchment (Rossignol-Strick, 1985;
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Masson et al., 2000; Emeis et al., in press ; Wel-
deab et al., 2002) rather than massive melt water
discharge from the northern catchment (Thunell
et al., 1983).
In both investigated cores, the non-sapropelic

benthic foraminiferal fauna is dominated by shal-
low infaunal and epifaunal taxa, suggesting that
trophic levels during glacials were higher than
during interglacials. The glacial increase of pro-
ductivity and corresponding organic matter £uxes
in the Mediterranean Sea is corroborated by sev-
eral micropaleontological and geochemical studies
(Abrantes, 1988; Caralp, 1988; Rohling and
Gieskes, 1989; Schmiedl et al., 1998; Weldeab et
al., 2003, in press). Rohling and Gieskes (1989)
attributed this productivity increase to a shoaling
of the pycnocline and nutricline into the euphotic
zone because of a relatively low density contrast
between surface and intermediate water. In addi-
tion, atmospheric circulation models indicate a
glacial intensi¢cation and southward shift of the
westerlies (e.g., Kutzbach and Guetter, 1986;
Lautenschlager and Herterich, 1990; Joussaume,
1993). High wind stress together with low winter
temperatures and increased salinity (Thunell et
al., 1987; Thunell and Williams, 1989; Rohling
and Gieskes, 1989; Emeis et al., in press) may
have favored vertical instability of the water col-
umn in the eastern Mediterranean Sea, even dur-
ing times of sapropel formation. As a conse-
quence of enhanced vertical mixing, more
nutrients from subsurface waters should have
reached the photic zone, resulting in higher pro-
ductivity rates (Schmiedl et al., 1998).
At the lower bathyal western Levantine Basin

(GeoTu«KL51) the pre-sapropel BFN increase and
rise of the abundance of several epi- and infaunal
species indicate a strong increase of organic mat-
ter £uxes preceding the onset of sapropel forma-
tion. However, high diversity and abundance of
epifaunal taxa (Cibicidoides pachydermus), and
low abundance of low-oxygen indicators just be-
low the sapropel boundary prove that bottom
waters were still oxic at that time. With onset of
sapropel deposition the sudden BFN drop and
vanishing of the fauna indicates a rapid reduction
of deep-water ventilation (Figs. 6, 10). At the
middle bathyal Israelian continental margin (Geo-

Tu«KL83) the benthic foraminiferal fauna indi-
cates only minor eutrophication prior to sapropel
deposition, which is in agreement with the pro-
ductivity estimates of Weldeab et al. (in press)
(Figs. 8, 9). At the same time oxygen depletion
seems to have occurred in two steps (Fig. 10).
Within both investigated S6 sapropels BFN and

diversity lows indicate two phases of signi¢cant
oxygen reduction comprising an anoxic or low
dysoxic interval in the initial phase (S6 subunit
1) and a dysoxic interval in the late phase (S6
subunit 2) of sapropel formation. The two sapro-
pel subunits are separated by a sustained reoxyge-
nation interval which is mirrored by the presence
of a diverse fauna containing epifaunal and shal-
low infaunal taxa (Figs. 6^10). This asymmetric
pattern of deep-water oxygenation during S6 de-
position may be explained by the temperature de-
velopment at that time. Emeis et al. (in press)
showed that the onset of S6 deposition is associ-
ated with a rapid warming phase followed by an
immediate surface water cooling of approximately
2‡C. As a consequence, surface water strati¢ca-
tion was more stable during the initial warm
phase and became more unstable with decreasing
temperatures in the later phase. In this unstable
state, the water column strati¢cation at deep-
water formation sites was probably very suscepti-
ble to minor climate £uctuations at a millennial
time-scale, similar to those observed during the
Holocene (Schilman et al., 2001; Rohling et al.,
2002; Casford et al., this volume; Sperling et al.,
this volume) and during phases of oceanographic
instability before and after the period of S5 strat-
i¢cation (see above). This oceanographic sensitiv-
ity may explain the high variability of benthic fo-
raminiferal diversity and abundance, particularly
observed in the ¢ne fraction at site GeoTu«KL83
(Figs. 8, 9).
The occurrence of Eponides pusillus and Ano-

malinoides minimus in low numbers across S6 sub-
unit 1, lacking any other species in signi¢cant
numbers, suggests that middle bathyal deep-water
ventilation was not totally shut down at that time
but rather persisted at least on a decadal scale.
During the early phase of S6 deposition the small
opportunistic species may have been able to re-
peatedly colonize the middle bathyal deep-sea
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£oor even during short events of ventilation. An
allochthonous origin may also account for the
occurrence of foraminifera in the ¢ne fraction of
this sapropel interval. The potential in£uence of
downslope transport is also suggested by several
thin sandy layers in the lower part of S6 subunit 2.
However, since shallow water species do not con-
tribute to the ¢ne fraction at site GeoTu«KL83 in
signi¢cant numbers (on average less than 2% of
the total fauna), we assume an autochthonous
origin of Eponides pusillus and Anomalinoides mi-
nimus. In contrast, individuals of these opportun-
istic species are almost absent in the ¢ne fraction
of the lower part of S6 subunit 1 at site Geo-
Tu«KL51 and the few present benthic foraminifera
comprise di¡erent small allochthonous shallow-
water species (on average 15% of the total fauna).
An allochthonous origin of small epiphytic species
in sapropelic sediments was previously reported
by Vismara Schilling (1986) and Oggioni and
Zandini (1987), assuming transport by means of
vegetal phytoclasts. Our results suggest more sus-
tained anoxic conditions at lower bathyal depth
southeast of Crete during the early period of S6
deposition and the importance of reworking and
downslope transport in this region.
At site GeoTu«KL51 drops in foraminiferal

number and diversity are associated with two
ash layers, the V-1 ash layer separating S6 sub-
units 1 and 2, and the post-S6 W-3 ash layer (ac-
cording to Keller et al., 1978). Although an im-
mediate impact on the fauna is observed along
with both ash layers, no long-term in£uence is
suggested since the post-ash fauna resembles the
fauna prior to ash deposition (Figs. 6, 7). This
interpretation is supported by results of Hess et
al. (2001), who studied the repopulation pattern
after the Pinatuba ash fall of 1991. Their results
suggest a fast recovery of the fauna within several
years to decades after the deposition of the ash
layer.

5. Conclusions

(1) Sapropel S5 was deposited between approx-
imately 127 and 122 kyr BP during the warm and
humid period of MIS 5.e representing fully devel-

oped interglacial conditions. At lower bathyal
water depth of the western Levantine Basin, the
disappearance patterns of di¡erent miliolid and
deep infaunal taxa suggest a stepwise reduction
of deep-water ventilation starting approximately
3000 years before the onset of S5 deposition. At
this site, anoxic conditions prevailed throughout
S5 deposition except for a short reoxygenation
event that is accompanied by repopulation of a
few highly opportunistic species. Post-sapropel di-
versities are low and return only very gradually to
pre-sapropel values. This trend indicates that
under oligotrophic conditions the basin fauna re-
covers only very slowly following sustained anox-
ia.
(2) At middle bathyal water depth of the east-

ern Levantine Basin, oxygen depletion during S5
deposition was less severe and improved earlier
when compared to the deeper site. As a result,
pre- and post-sapropel diversities are very similar,
indicating a full recovery of the fauna shortly
after the end of sapropel deposition. Signi¢cant
eutrophication during sapropel S5 formation is
re£ected by pre- and late-sapropel maxima of
shallow and deep infaunal taxa. Middle bathyal
and shallower ecosystems were subject to a step-
wise reoxygenation preceding the more sudden
reoxygenation of the deeper basin ecosystems.
(3) Sapropel S6 was formed between approxi-

mately 176 and 170 kyr BP during MIS 6.e of the
penultimate glaciation. The general dominance of
shallow infaunal species in non-sapropelic sedi-
ments indicates mesotrophic glacial levels relative
to oligotrophic interglacial levels. Strong £uctua-
tions in benthic foraminiferal number, diversity,
and species composition suggests that organic
matter £uxes and oxygen depletion during S6 for-
mation have been less severe and more variable
when compared to S5 formation. Estimated oxy-
gen contents range from anoxic to suboxic at low-
er bathyal depths of the western Levantine Basin,
and from low dysoxic to oxic at middle bathyal
depth of the eastern Levantine Basin. At both
sites an asymmetric oxygen development is recon-
structed with strongest oxygen depletion in the
early phase of sapropel S6 deposition. This asym-
metric pattern of deep-water ventilation is caused
by an initial warming and subsequent cooling of
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surface waters during S6 formation as recon-
structed from alkenone data (Emeis et al., in
press).
(4) The high benthic ecosystem variability dur-

ing S6 formation and during the initial and late
phases of S5 formation suggests that deep-water
formation and organic matter £uxes were subject
to high-frequency changes superimposed on the
general pattern of solar insolation. We suppose
that deep-water formation and eutrophication
during these time intervals were very susceptible
to minor climate £uctuations at a millennial time-
scale. Similarly, the reoxygenation event observed
within S5 may be explained as an expression of
abrupt cooling comparable to that described from
the Holocene sapropel S1 (Rohling et al., 1997).
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