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Abstract
We discuss the palaeoclimatic interpretation of unprecedented high-resolution micropalaeontological studies of shortterm (2 to 4 centuries) interruptions within early Holocene organic-rich layer (sapropel) S1 from the eastern Mediterranean.
Results for cores from the Adriatic and Aegean seas that contain ‘double’ S1 sapropels indicate that these interruptions,
which are centred roughly around 7000 years 14 Cnc BP, are genuine and related to climatic deterioration. This interpretation
is endorsed by a coeval dry event recorded in terrestrial records and indications of climatic deterioration affecting human
migration patterns and early societies in Egypt. The presence of sapropel interruptions in the two major source areas of
deep water for the entire eastern Mediterranean likely implies that similar intervals may be found throughout the basin,
provided that sedimentation rates and sampling resolutions allow the detection of events with a duration of only several
centuries. Moreover, our results show that the ‘sapropel mode’ of circulation comprises a delicate balance between reduced
ventilation and enhanced productivity, which is easily disturbed through surface water cooling triggering a short time of
improved deep water ventilation.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
Up to 80 intervals enriched in organic carbon (sapropels) have been found in the eastern
Mediterranean sedimentary sequence since the Early
Pliocene (Emeis et al., 1996). Processes invoked
to explain their formation range from deep water
stagnation to massively increased productivity, and
combinations of these extremes (see Rohling, 1994,
for overview). Interruptions within sapropels add
new information, concerning stability of the ‘saproŁ Corresponding author. Fax: C44 (1703) 593059; E-mail:
sder@mail.soc.soton.ac.uk

pel mode’ of circulation in the basin. Stanley et al.
(1978) suggested that sapropel interruptions might
be the result of dilution by high sediment input from
gravity flows. Rohling et al. (1993) documented an
interruption of roughly 900 year duration in Upper
Pliocene sapropel C2, as characterised by repopulation of low-oxygen tolerant benthic foraminiferal
species in between barren intervals reflecting persistently anoxic bottom water conditions. This repopulation was interpreted in terms of improved deep
water ventilation.
Interruptions within the youngest (early Holocene) sapropel S1 have been frequently documented in the past (e.g., Thunell et al., 1977; Cita
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et al., 1984; Vismara Schilling, 1984; Perissoratis
and Piper, 1992), but few studies concentrated on
their nature. The first comprehensive high-resolution
study of an interruption within sapropel S1 concerns
core IN68-9 (Fig. 1) from the Adriatic Sea (Rohling
et al., 1997). This study indicates that 1000 years
of increasing productivity and oxygen depletion preceded the onset of sapropel formation around 8300
years 14 Cnc BP (14 Cnc D radiocarbon years not corrected for reservoir age). Sapropel formation in the
Adriatic was found to have ended around 6300 years
14
Cnc BP, and the interruption was found between
7100 and 6900 years 14 Cnc BP.
Benthic foraminifera in the pre-sapropel phase
in IN68-9 (9300–8300 years 14 Cnc BP) mark increasing low oxygen conditions. The lower sapropel
unit (S1a) lacks autochthonous benthic foraminiferal
fauna, indicating persistent bottom water anoxia.
The interruption between the lower (S1a) and upper
(S1b) units shows rapid repopulation by a diverse
benthic foraminiferal fauna indicative of distinctly
improved oxygenation with ongoing enhanced productivity. The upper unit S1b shows a return of poor
bottom water oxygenation. Towards the top of S1b,
bottom water oxygenation seems to have gradually
improved, culminating in a rapid repopulation by
diverse benthic faunas at the end of S1 formation.
Ongoing enhanced productivity levels are reflected
in the benthic fauna until about 5500 years 14 Cnc BP,
after which time more or less present-day conditions
seem to have prevailed (Rohling et al., 1997).

The planktonic foraminiferal record of core IN68-9 suggests that the onset of S1 formation and
the deposition of the lower part of S1a coincided
with warmest surface water conditions, followed by
gradual cooling that culminates in the interruption of
S1. Return of warmer conditions is found at the base
of S1b, again followed by a cooling trend, changing back into a warming trend at the final end of
S1 formation (Fig. 2). The observed planktonic and
benthonic faunal changes in Adriatic core IN68-9
are suggestive of a causal relationship between surface water cooling and bottom water oxygenation,
through convective overturn of the water column.
This interpretation may be validated using similar
high sedimentation rate cores from the Aegean Sea,
as surface cooling and related convective overturn in
both the Adriatic and Aegean seas are governed by a
more or less similar process of cold and dry polar air
incursion in the wake of Atlantic depressions passing
north of the Alps.
Perissoratis and Piper (1992) found interrupted
S1 sapropels in a variety of sites experiencing high
sedimentation rates in the N. Aegean Sea. Linear
interpolation of their AMS14 C results suggests that
the interruption is of about the same age as that in
Adriatic core IN68-9. Detailed research on the nature
of the interruption is currently being initiated using
the N. Aegean cores, while micropalaeontological
work has been completed for S. Aegean core LC21
(Fig. 1) and is presented in this paper.

Fig. 1. Map of the Mediterranean Sea showing the location of cores IN68-9 and LC21.
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Fig. 2. Two plots on the left show percentages of warm water species in core IN68-9 and LC21 (warm water species is total of G. ruber, G. rubescens, G. tenella, G.
siphonifera, G. sacculifer, O. universa and G. digitata versus T. quinqueloba, G. scitula, N. pachyderma and G. inflata). Vertical axe for IN68-9 indicates age (years 14 Cnc
BP), while the other two axes represent depth below surface (cm). Last 3000 years is missing for core IN68-9. Age–depth plots are shown on the right; squares represent
the AMS radiocarbon datings in IN68-9 (Jorissen et al., 1993), while correlated ages for LC21 are indicated by dots. The Santorini ash layer in LC21 is dated at 3356 š 18
years 14 C BP (Housley et al., 1990; Friedrich et al., 1990; Bruins and Van der Plicht, 1996); correlation with uncorrected 14 C ages forced us to add 400 years.
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2. Results
2.1. Time frame
Core LC21, recovered from 1522 m water depth
during EC MAST-2 programme Paleoflux (Rothwell,
1995), contains a distinct S1 sapropel interrupted by
a lighter grey coloured interval. Since age of sapro-

pel formation may vary with water depth (Troelstra
et al., 1991) we date the top and bottom of LC21
sapropel S1 using the AMS14 C results of Adriatic
core IN68-9 from a similar water depth, 1234 m
(Fig. 2). Correlation of S1 top and bottom is further validated by the similar planktonic foraminiferal
development in both cores as shown in the next paragraph and in Fig. 3. The dating for the top of S1

Fig. 3. Relative abundances of the main species of planktonic foraminifera in cores IN68-9 (top) and LC21 (bottom). Grey horizons
indicate sapropel S1a and S1b, the Santorini ash layer in LC21 is shown by hatched bar. Biozone I=II as defined by Jorissen et al. (1993)
is shown in both records, while biozone II=III is only recognised in core IN68-9.
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is used under the assumption that re-oxidation of S1
after re-establishment of oxygenated bottom water
conditions (De Lange et al., 1989; Higgs et al., 1994)
is of little importance in the high sedimentation rate
settings reported on in this paper.
Fig. 3 shows the resemblance between the planktonic foraminiferal records from the Adriatic Sea and
the Aegean Sea. Applicability of central Mediterranean biozones defined by Jorissen et al. (1993)
into the Aegean Sea has been demonstrated by the
AMS14 C dated results of a core from the western central Aegean Sea (Zachariasse et al., 1997).
Biozone boundary I=II, characterised by a decrease
of Neogloboquadrina pachyderma and increase of
Globorotalia inflata, is clearly recognised in LC21
(Fig. 3). Increases of N. pachyderma and Globigerinoides ruber mark biozone II=III (Fig. 3), but is not
recorded in core LC21, which means that the here
presented interval is probably younger than 13,000
years 14 Cnc BP. Distinct similarities between plots of
‘warm’ water species for IN68-9 and LC21 provided
approximate ages for two additional levels in core
LC21 (Fig. 2).
Besides the biostratigraphy, the Santorini ash
layer at 91 cm depth in LC21 gives us an average
age of 3356 š 18 years 14 C BP (Housley et al., 1990;
Friedrich et al., 1990; Bruins and Van der Plicht,
1996). The significant linear fit through the thus derived age–depth data for core LC21 suggests that the
inferred time-frame is fairly accurate (Fig. 2). At this
stage, our data are not yet conclusive as to whether
both the observed interruptions are synchronous or
not, but it is obvious that each has a duration in the
order of a couple of centuries (Fig. 2). The approximate ages for the S1 interruptions in the Aegean
and Adriatic seas are centred around the equivalent
of 7000 years 14 Cnc BP, which is supported by interpolation of AMS14 C datings on S1 in north Aegean
cores suggesting an age range of about 7000 to 6700
years 14 Cnc BP (Perissoratis and Piper, 1992).
2.2. Palaeoclimatic interpretation
Both around and within S1, the planktonic
foraminiferal record of LC21 shows a remarkably
similar succession of warmer and cooler faunas to
that described for Adriatic core IN68-9 (Fig. 2). Similar cooling events are found to be associated with
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the endings of the S1a and S1b units. In other words,
the Aegean results corroborate the palaeoclimatic
fluctuations during sapropel formation inferred for
Adriatic core IN68-9.
It is furthermore important to emphasise that, similar to the Adriatic results, the Aegean record also
shows a distinct faunal difference between the two
sapropel units, and between both sapropel units and
the interruption (Fig. 3). Combined with (1) the lack
of size-dependent sorting and other familiar sedimentological phenomena associated with turbidites
and slumps, and (2) inorganic geochemical results
for LC21 which will be presented elsewhere (D.
Mercone, pers. commun., 1997), our faunal data
provide evidence that the double sapropel feature
is genuine and not a result of resedimentation or
slumping.
Just before sapropel deposition a short cooling
event is noted in both cores disrupting the general
warming trend towards the onset of sapropel S1
(Fig. 2). According to the 14 C AMS dated core IN68-9, the cooling event is centred around 9500 years
14
Cnc BP. This may be a local expression similar to
the so-called Younger Dryas-II event found in highlatitude North Atlantic records (Koç Karpuz and
Jansen, 1992). In core LC21 planktonic foraminifera
indicate an decrease of ‘warm’ water species right
after the Santorini event, approximately 3000 years
14
Cnc BP.
3. Discussion and conclusions
As the Adriatic and Aegean seas are important
source areas of new deep water for the entire eastern
Mediterranean (Roether et al., 1996), the inferred
surface water cooling events and resultant convective
reventilation of bottom waters in these basins may
—to a yet unknown extent— have caused reventilation during S1 formation throughout the eastern
Mediterranean. We suggest, therefore, that biological
and chemical indicators of (limited?) reventilation
may be found in S1 outside the Adriatic and Aegean
seas, provided that sedimentation rate and sampling
resolution are high enough to allow detection of such
short-lived events.
We propose that sapropel S1 occurrences from
areas with relatively high sedimentation rates should
be investigated in great detail, with continuous sam-
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pling methods and up to 0.5 cm resolution, to allow
detection of possible interruptions and definition of
their nature, and spatial and temporal extent. Such
investigation of the S1 interruption within a core
from the SW Aegean Sea (Myrtoon Basin) has delivered preliminary faunal results similar to those for
IN68-9 and LC21 (Geraga et al., 1997).
As we cannot yet discern whether or not the interruptions are synchronous between the Adriatic and
Aegean seas, there are two alternative explanations:
(1) the interruption of S1 formation occurred simultaneously in both basins, and so represents a
single phase of climatic cooling of several centuries
duration, centred around 7000 years 14 Cnc BP;
(2) formation of sapropel S1 is intermittently
interrupted in both basins, with each responding
at times individually —and at times possibly together— to short-term climatic instabilities over the
NE Mediterranean region.
In view of a similar cooling event coinciding with
the termination of S1 formation, both these alternatives suggest that around 7000 years 14 Cnc BP a
trend towards deteriorating climate developed, following the optimum conditions reflected within the
base of S1. The onset of the climatic deterioration at
about 7000 years 14 Cnc BP inferred from the Adriatic
and Aegean sediment cores IN68-9 and LC21 coincides with a short dry spell, characterised by reduced
winter precipitation, recorded in Lake Tigalmamine,
Morocco (Gasse and Van Campo, 1994; Lamb et
al., 1995). Simultaneously, the transition to current
hyperarid conditions in continental Egypt started to
affect human migrations and early societies (Hassan, 1997). The 7000 years 14 Cnc BP arid event has
been attributed to changes in freshwater balance related to reduced oceanic heat transfer and reduced
North Atlantic deep water formation associated with
cooler sea surface temperatures in the North Atlantic
(Street-Perrott and Perrott, 1990; Birchfield et al.,
1994; Lamb et al., 1995).
Other dry spells recorded in Lake Tigalmamine
are dated around 11000–9500 years BP and 3000–
4000 years BP (Gasse and Van Campo, 1994), coinciding again with cooling trends of the foraminiferal
records (Fig. 2). These correlations between a highresolution terrestrial record and Mediterranean marine records strengthen the hypothesis that dry spells
are generally correlated with lower temperatures over

the Atlantic and Europe. Our results suggest that the
formation of the studied sapropels resulted from a
delicate balance between reduced bottom water ventilation and increased productivity (De Lange and
Ten Haven, 1983; Rohling and Gieskes, 1989; Howell and Thunell, 1992). This balance was easily
disturbed by temporarily improved deep water ventilation related to surface water cooling (Fig. 2), even
when relatively high-productivity conditions continued to prevail (Rohling et al., 1997; and Aegean
geochemical results: D. Mercone, pers. commun.,
1997).
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