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Abstract
We propose that intermittent bottom water ventilation occurred throughout periods of sapropel deposition, and
that the recently reported sapropel ‘interruptions’ represent centennial-scale episodes of enhanced frequency/intensity
of that process. In essence, the modern high-frequency variability in deep water formation (affected by climatic
variability over the northern basins on seasonal to longer time scales) prevailed also at times of sapropel deposition,
although the overall ventilation state was much reduced. This concept is supported by: detailed multiple-species
isotope records for three Aegean cores; the presence of abundant Globorotalia truncatulinoides within especially
sapropels S7 and S8 in the western Levantine basin; observations of three rapid benthic repopulations within sapropel
S6 in the deep western Levantine basin; a report of continuous benthic presence through sapropel S1 at intermediatedeep locations offshore Libya; and further supporting information from the literature. In the Aegean records,
concomitant abundance of low-oxygen tolerant benthic foraminifera and presence of the more oxyphilic benthic
foraminifer Uvigerina mediterranea, with surface-similar N13 C values, indicate repeated deep water re-oxygenation
events throughout the deposition of S1. The observations of a continuous benthic presence through S1 (offshore from
Libya) imply that no persistent anoxia developed at mid-depth levels in that region, which is far removed from direct
deep ventilation influences. The abundance of deep mesopelagic G. truncatulinoides through several sapropels from the
western Levantine basin also suggests the presence of bio-available oxygen at many hundreds of meters of depth.
Moreover, the rapid/intermittent benthic repopulations within sapropels from the deep eastern Mediterranean imply
that bottom water anoxia was spatially restricted and/or of a highly intermittent nature. The short time scales of these
repopulation events are incompatible with titration of an extensively anoxic water column and subsequent reestablishment of water-column anoxia. We suggest that where anoxic/azoic conditions were present, they most likely
were restricted to a veneer at the sediment/water interface. The extent of such an anoxic ‘blanket’ depends on the
balance between advective oxygen supply into the deep sea, and biological and chemical oxygen demand. The demand
functions imply a decoupling of oxygenation from water mass advection, allowing export production and Corg posting
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rates to the sea floor to delimit the extent of the anoxic blanket in both space and time. Low-productivity regions
would develop no anoxic blanket, allowing for the observed persistence of deep dwelling planktonic and bottom
dwelling benthic faunas.
> 2002 Elsevier Science B.V. All rights reserved.
Keywords: eastern Mediterranean; sapropel S1; benthic foraminifera

1. Introduction
The Mediterranean Sea is of particular interest
to palaeoceanographers, as it possesses its own
thermohaline circulation with deep water being
formed in the northern basins (Bethoux et al.,
1999). In the eastern Mediterranean, the Adriatic
Sea and the Aegean Sea are subject to orographically channelled cold, dry air from high latitudes
(Mariolopoulos, 1961; Poulos et al., 1997) similar
to the mistral that a¡ects the western Mediterranean (Leaman and Schott, 1991). This drives deep
overturn that is known to respond rapidly to climatic variability in both the modern (Theocharis,
1989; Roether et al., 1996) and palaeorecords
(Casford et al., 2001; Rohling et al., 2002). We
present preliminary observations from RV Meteor
cruise M51-3 (12 November^11 December 2001)
and data from Aegean cores SL-11, SL-21 and
SLA-9 (Fig. 1) that suggest that this high-frequency variability may also ¢nd expression during
times of sapropel formation.
Ever since the ¢rst discovery of sapropels in
eastern Mediterranean sediments (Kullenberg,
1952) they have been a source of controversy.
Although the association between sapropel formation and insolation-driven monsoon maxima is
well established (Rossignol-Strick, 1983, 1985),
the role of anoxia has become a central issue in
the characterisation of processes that underlie
sapropel formation. Opinions are divided about
the relative importance of two possible processes,
either a reduction in ventilation leading to anoxia
and hence organic carbon preservation (Olauson,
1961; Cita et al., 1977; Vergnaud-Grazzini et al.,
1977; Cita and Grignani, 1982; Vergnaud-Grazzini, 1985), or an increase in primary productivity
(DeLange and Ten Haven, 1983; Calvert, 1983;
Boyle and Lea, 1989; Pederson and Calvert,
1990; Van Os et al., 1994). Clearly, these scenar-

ios are not mutually exclusive (see Rohling and
Gieskes, 1989), as an increase in productivity
would enhance export of organic carbon (Corg )
to the sediment surface and could utilise all the
available oxygen, producing anything from dysoxia to anoxia. Increased freshwater in£ux would
enhance nutrient concentrations in the basin that
would in turn enhance productivity, especially
when there appears to be a potential build-up of
nutrients over s 1000 years before utilisation
(Casford et al., 2002). Observations of high pollen
concentrations (Cheddadi and Rossignol-Strick,
1995) provide strong arguments that Corg preservation was much improved during sapropel times,
compared with the present, and have been used to
suggest extensive anoxia. The upper depth limit of
sapropel occurrence at V300 m in the open eastern Mediterranean (Rohling and Gieskes, 1989)
and V125 m in the Aegean Sea (Perissoratis
and Piper, 1992), has been used to suggest that
anoxia prevailed throughout the water column up
to this depth. However, there are no observations
to eliminate the possibility that true anoxia only
developed as a blanket limited to the sediment/
water interface. Indications for this ‘Blanket Hypothesis’ have been seen in Pliocene sapropel C2
from the Singa section of southern Italy (Rohling
et al., 1993). Calvert (1983) implies that low Corg
sapropels (i.e. those with 9 2% Corg ) such as the
Holocene S1 could be produced, without signi¢cant increases in primary productivity, i.e. without the development of a Deep Chlorophyll Maximum (DCM) (Rohling, 1994). Mercone et al.
(2001) performed a combined micropalaeontological and geochemical study and infer that the
presence of an Oxygen De¢ciency Stress (ODS,
sensu Rohling et al., 1997) assemblage of benthic
foraminifera throughout S1 indicates either intermittent anoxia or continuous dysoxia. They further argue that uncertainties in the mechanism of
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Fig. 1. Map of the Mediterranean Sea showing locations of the cores.
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Table 1
Core location and type
Core

Type of core

Length
(cm)

Depth below sea level
(m)

Sedimentation rates
(cm kyr31 )

Co-ordinates

LC-21a
SL-11
SL-21
SLA-9
971A
SL97
562MC

Piston
Gravity
Gravity
Gravity
ODP
Gravity
Multi-core

^

1522
258
317
260
2026
1879
1390

13.7
9.5
6.8
12.6
^
^
^

35‡40PN,
39‡06PN,
39‡01PN,
37‡31PN,
33‡42PN,
33‡43PN,
32‡46PN,

209
273
286
5880
640
27

26‡35PE
25‡48PE
25‡25PE
24‡33PE
24‡43PE
23‡30PE
19‡11PE

a
Hayes et al. (1999); De Rijk et al. (1999); Mercone et al. (2000, 2001); Casford et al. (2001); Rohling et al. (2002).
Sedimentation rates are derived from the GISP II tuned time framework of LC-21 and from Casford et al. (2002).

barium uptake in the water column and dissolution processes leave the use of barium as an indicator of palaeoproductivity in S1 open to question. We here o¡er new observations within the
context of previous work to assess whether, at
times of sapropel deposition, deep water formation had ceased (or not) and to what extent dysoxic and/or anoxic conditions prevailed. To explain these observations, a new dynamic concept
of ventilation and oxygenation is presented.

2. Methods
We present: (1) initial observations from coring
on RV Meteor cruise M51-3; (2) results from Aegean gravity cores SL-11 and SL-21 (North Aegean) and SLA-9 (South Aegean), which complement previous work on southeast Aegean core
LC21 (Mercone et al., 2001; Casford et al.,
2001; Rohling et al., 2002); (3) benthic foraminiferal abundance data in sapropel S1 from multicore 562MC o¡ the Gulf of Sirte; and (4) benthic
foraminiferal abundance data from sapropel S6 of
ODP Hole 971A in the open Mediterranean.
These results are placed within the context of observations from the literature. All cores investigated here consist of microfossil-rich hemipelagic

ooze, with clearly de¢ned darker bands of sapropel material. Cores SL-11, SL-21, SLA-9, and S6
from ODP Hole 971A were sampled in continuous sequences of 0.5-cm intervals. Given the high
sedimentation rates of our cores the 0.5-cm sample interval gives a temporal resolution of between
40 and 75 years (Table 1). Multi-core 562MC was
sampled at a 1-cm resolution. These samples were
dried, weighed and selected (weighed) subsamples
were disaggregated and wet sieved using demineralised water. The sieved fractions were collected on 600-, 150-, 125- and 63-Wm mesh sizes.
The s 150-Wm fractions were subdivided using a
random splitter to provide an aliquot of about
200 individual planktonic foraminifera ( s 300
for benthics). For multi-core 562MC benthic fauna was analysed on the s 63-Wm fraction and
between 50 and 100 individuals were counted
where present. After sorting and counting, results
were expressed as numbers g31 and percentages
(see Abu-Zied, 2001; Casford et al., 2002 for the
Aegean faunal data). During RV Meteor cruise
M51-3, core SL97 was sampled to provide an initial biostratigraphy. Several samples were taken
from each sapropel and sieved over 150-Wm
mesh. The faunas were qualitatively assessed on
board, using a binocular light microscope.
Detailed monospeci¢c stable oxygen and car-

Fig. 2. Oxygen isotope data from cores SL-11, SL-21 and SLA-9. The main features of these records are summarised in the bottom panel. A solid bar indicates the extent of the sapropel. Explanation: (1) in£ection before the depletion into the Holocene
from the Younger Dryas (Y.D.) as shown in the record of N18 OGlobigerinoides ruber ; (2) enrichment trend in the Neogloboquadrina pachyderma record and the lag in response of N18 ON: pachyderma compared with that of N18 OG: ruber ; (3) in£ection in the benthic N18 O
record, coinciding with the in£ection in N18 OG: ruber .
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Fig. 3. Carbon isotope data from cores SL-11, SL-21 and SLA-9 showing the marked depletion in N13 C across sapropel S1. The
main features of these records are summarised in the bottom panel with the extent of the sapropel indicated by a solid bar.
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bon isotope records were constructed for cores
SL-11, SL-21 and SLA-9 with resolutions in the
order of 1 cm (Figs. 2 and 3). These were derived
from ‘alternate’ 0.5-cm samples and based on
analyses of at least 10 individuals for each chosen
species per sample. These chosen species were: the
epipelagic ( 6 50-m) species Globigerinoides ruber;
the mesopelagic species Neogloboquadrina pachyderma (dextral) which thrives in the DCM near
the base of the euphotic layer; and the epifaunal/shallow infaunal benthics Uvigerina mediterranea (SL-21) and Uvigerina peregrina (SLA-9). In
core SLA-9 we also analysed the low-oxygen tolerant benthic species Globobulimina a⁄nis, which
under oxygenated conditions occupies a deep infaunal habitat, at the Redox boundary. The selection of planktonic and benthic species follows
global and speci¢c Mediterranean habitat summaries in Hemleben et al. (1989), Rohling and
Gieskes (1989), Jorissen et al. (1993), Pujol and
Vergnaud-Grazzini (1995), Rohling et al. (1993,
1995, 1997), De Rijk et al. (1999), Hayes et al.
(1999), Jorissen (1999), Reiss et al. (2000), and
Abu-Zied (2001). The analyses were performed
at two separate inter-calibrated facilities : the
Europa Geo 20-20, with individual acid bath
preparation at the SOC, and the VG-Optima
with a common acid bath preparation at the
NIGL. Isotope results are reported as x, standardised to Vienna Pee Dee Belemnite. External
precision is in the order of 6 0.06x (std).

3. Observations
3.1. High-frequency events in the Aegean Sea
The fact that it is possible to pick mature, clean
Uvigerina mediterranea in su⁄cient numbers from
all samples of cores SL-11 and SL-21 at a 1-cm
resolution indicates that it occurs systematically
(if rare) throughout S1 at this locale. This cannot
be explained by downslope transport since this
species was not found to be systematically associated with other shallow water (sensu De Rijk et
al., 1999) faunal elements (Abu-Zied, 2001). In
addition, the ridge location of the core sites
make downslope transport less likely. Detailed
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abundance counts of benthic foraminifera in cores
SL-31, SLA-9 and LC-21 show that U. mediterranea does not correlate with the known low-oxygen
tolerant ODS group (Abu-Zied, 2001) and the
presence of this group in itself suggests that, in
the Aegean at least, deep waters never became
persistently anoxic during S1.
The oxygen isotope records (Fig. 2) show obvious depletions into the Holocene, shifting about
32x in all species. This re£ects a combination
of global ice-volume reduction and changing regional climatic conditions as the eastern Mediterranean became warmer and more humid into the
Holocene Climatic Optimum following the cooler,
drier Younger Dryas (Rohling, 1999b). A clear
o¡set can be seen, however, with the N18 O of the
epipelagic species Globigerinoides ruber showing
more depleted values than the mesopelagic N. pachyderma, both in absolute values and general
trends. The N18 O values of all benthic foraminifera are similar to, or more enriched than,
N18 ONeogloboquadrina pachyderma . This can be explained
in terms of the lower temperatures and higher
salinities that characterise subsurface and deep
water, relative to the surface mixed layer. Signi¢cantly, N18 OU: mediterranea (in cores SL-11 and SL21) retains the heavy deep water values but in£ects to lower values after the Younger Dryas at
the same time as the surface-water record of
G. ruber. This contrasts markedly with the lagged
response of N18 ON: pachyderma that suggests an isolation of intermediate waters from surface processes (Casford et al., 2002). The combined data
portray a direct link between responses to regional freshwater input in both surface and deepest
waters, which is not shared at intermediate levels.
We view this as a re£ection of the proximity of
our cores to an area of active deep water formation, with bottom waters penetrating intermittently below intermediate waters that continuously advect into the Aegean from a remote
source area with di¡erent N18 O characteristics
(Casford et al., 2002).
The carbon isotope data (Fig. 3) allow further
insight into the habitat separations between species. The general N13 C trend shows relatively constant values before and after periods of sapropel
deposition, with depletion in N13 C values over the
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Fig. 4. Summary of (benthic) faunal indicators from cores SLA-9 and LC-21 as well as the preliminary results from multi-core 562MC. Showing numbers of
benthic foraminifera per gram in SLA-9 and LC-21, with absolute numbers from 562MC. The % ODS plot indicates the total percentage of the dominant ODS foraminifera Chilostomella mediterranensis, Cassidulinoides bradyi, Fursenkoina mexicana, and Globobulimina a⁄nis. The oxyphyllic plots show the total percentage of
miliolids, Cibicides pachydermus and Gyroidinoides orbicularis indicating the presence of oxygen requiring fauna.
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sapropel itself. The magnitude of this depletion is
greater in the mesopelagic Neogloboquadrina pachyderma than in the surface species Globigerinoides ruber. The benthic species Globobulimina
a⁄nis and Uvigerina peregrina in SLA-9 (southwest Aegean) show an even stronger depletion
than N. pachyderma. Since 12 C is preferentially
taken up during photosynthesis, surface-water
Dissolved Inorganic Carbon (DIC) attains relatively high N13 C values, while remineralisation
causes relatively light N13 CDIC values at depth.
Hence, benthic and mesopelagic species would
normally be expected to show lighter N13 C values
than epipelagic species. Vital e¡ects might account for constant o¡sets between the various
benthic and deep planktonic species but the general trends in their records should be similar. Paradoxically, the N13 C U: mediterranea signal in the
northern Aegean cores SL-11 and SL-21 mimics
both the trend and values of the epipelagic species
G. ruber (Fig. 3). Note that SL-11 and SL-21 are
both from locations adjacent to an area of deep
water production (the Mount Athos basin) and
are sited in relatively shallow water (Table 1).
Hence, a likely explanation for the anomalous
N13 CU: mediterranea signal is that Uvigerina mediterranea lived in newly advected deep water, with a
carbon isotope signal that has very recently been
‘set’ according to air^sea equilibrium, but retaining an oxygen isotope signal that re£ects the (cool
and saline) deep water signature (Fig. 2). The
combination of abundant ODS species (with carbon isotope trends resembling that of N. pachyderma) alongside U. mediterranea, with an absence of comprehensive repopulation by other
species, suggests that advection events were intermittent and short-lived phenomena.
3.2. Centennial-scale sapropel interruptions
‘Interruptions’ of centennial-scale duration
within sapropels have been reported from across
the Mediterranean, with examples from the Holocene to the Pliocene (e.g. Van Straaten, 1966,
1972; Thunell et al., 1977; Stanley, 1978; Rossignol-Strick et al., 1982; Cita et al., 1984; VismaraSchilling, 1984; Perissoratis and Piper, 1992;
Rohling et al., 1993, 1997; Mercone et al.,
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2001). It is important to establish the relationship
between the conjectured high-frequency advection
events (above) and the longer-term ventilation
changes that caused these sapropel interruptions.
First of all, we note that the centennial-scale
‘interruption’ of S1 in the Aegean core LC-21
shows rapid benthic repopulation, from one sample to the next (i.e. within V50 years ; Fig. 4).
SLA-9 also shows these marked shifts, alternating
between ODS species and less low-oxygen tolerant
opportunists (Abu-Zied, 2001; Mercone et al.,
2001); this is also the case in the Adriatic (Jorissen et al., 1993; Rohling et al., 1997; Mercone et
al., 2000). Here, we show similar rapid benthic
repopulations, bound by azoic intervals, within
S6 (Fig. 5). This is a signi¢cant observation because the studied S6 comes from ODP Hole 971A,
taken at a deep location (V2026 m) in the open
eastern Mediterranean, rather than within a deep
water source region like the Adriatic or Aegean.
Clearly deep ventilation improved su⁄ciently to
allow the presence of bio-available oxygen at the
sea £oor at this very deep site in the open basin,
and it happened both repeatedly and abruptly.
Detailed study of the interruption in S1 has
linked it to climatic processes. Its benthic foraminiferal repopulations are indicative of re-oxygenation, related to improved deep water formation
and while the entire interval lasted several centuries, its onset was very abrupt, within 50 years
(Mercone et al., 2001; Rohling et al., 2002). The
reventilations were found to be related to ‘cold
spells’ over northern basins of the Mediterranean
(Rohling et al., 1997, 2002; Casford et al., 2001;
Mercone et al., 2001), which are considered to be
periods of increased frequency or intensity of outbreaks of polar/continental northerly air masses
from higher latitudes (Mariolopoulos, 1961; Theocharis, 1989; Roether et al., 1996; Poulos et al.,
1997). Individual outbreaks are seasonally dependent, normally lasting 1^5 days, concentrated in
the winter months, and interannually variable
(Saaroni et al., 1996). Intense periods of concentrated outbreaks can dominate over periods of
weeks to months; a recent episode started end
November 2001 and lasted into January 2002
(see on-board observations RV Meteor cruise
M51-3 for the ¢rst two weeks of the event; Fig.
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Fig. 5. Core 971 scores on ¢rst-principle component for the benthic foraminifera abundance distributions through S6 in ODP
Hole 971A, illustrating three abrupt reventilation events in this deep location (2026 m).

6), while a previous episode with particularly intense northerly cooling over the Aegean occurred
in the late 1980s^early 1990s (Theocharis, 1989;
Roether et al., 1996). Variations in the intensity
and frequency of such outbreaks drive variability
in the deep water formation rates (Theocharis,
1989; Roether et al., 1996). The Holocene history
of centennial-scale cold spells has been linked to
the GISP2 ice-core based proxy for intensity of
the Siberian High (Rohling et al., 2002). It would
appear that the cold spells represent a longer-periodicity ‘clustering’ of times with particularly
abundant and intense northerly outbreaks.
3.3. Other ventilation indicators
A key on-board observation from RV Meteor
cruise 51-3 relevant to this study concerns the
high relative abundances of both right and left
coiling morphotypes of the planktonic foraminifer
Globorotalia truncatulinoides, which we found in

several sapropels of core SL97 from the western
Levantine basin (especially S7 and S8). This species has been observed in the deepest tows in the
Mediterranean at V300 m (Pujol and VergnaudGrazzini, 1995), but is known from oceanic studies to spend signi¢cant parts of its life cycle below
these levels, down to V1000 m (Hemleben et al.,
1989; Lohmann and Schweitzer, 1990). This unprecedented observation of G. truncatulinoides
suggests that the upper water column remained
regularly ventilated to a depth of many hundreds
of meters in this region.
A further important observation concerns the
presence of benthic foraminiferal faunas reported
here, throughout S1 at mid-depths (1391 m) o¡
Libya in core 562MC (Table 1 ; Fig. 4), similar to
such observations through much of S1 in the
southern Aegean (Mercone et al., 2001) and the
Adriatic (Jorissen et al., 1993; Rohling et al.,
1997). Such continuations imply that either intermittent ventilation or continuous dysoxia pre-
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Fig. 6. Plot of wind direction vs. air temperature illustrating the northery £ow of the cool/continental air outbreak over the Aegean during RV Meteor cruise 51-3 (December 2001).

vailed. The observations o¡ Libya are most surprising because of this area’s remote position relative to likely deep ventilation sources.

4. Discussion
Although sample size even in high sedimentation-rate areas limits the temporal resolution of
proxy records, some important conclusions can
still be drawn from the sedimentary record. The
occurrence of Uvigerina mediterranea throughout
the S1 in the Northern Aegean suggests that it
repopulated on a regular basis within our sample
resolution. Hence, ventilation must have occurred
at least once and possibly several times within the
time span of each sample (V50 years). We in-

ferred that the resemblance of the trends in
N13 CU: mediterranea to those of the epipelagic species
Globigerinoides
ruber
suggests
that
N13 CU: mediterranea (Fig. 3) re£ects DIC values that
were recently ‘set’ at the surface, in agreement
with the core’s proximity to a sensitive key area
of regional deep water production. Hence, intermittent ventilation is suggested throughout S1
within the Aegean (Fig. 7).
The benthic faunas present through S1 o¡ Libya (Fig. 4) also suggest intermittent ventilation, or
continuous dysoxia. Similarly, ventilation to a
depth of many hundreds of meters is inferred
from the abundance of Globorotalia truncatulinoides in the open eastern Mediterranean (core
SL97) during S7 and S8, while discrete but sustained reventilation events are even observed in
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Fig. 7. Three-stage schematic representation of the inferred con¢guration of water masses before, during and after reventilation in the Aegean Sea. ODW indicates
the presence of Old Deep Water; NDW represents the advection of New Deep Water.
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the deep water S6 deposit of ODP Hole 971A
(Fig. 5).
While persistent ventilation events in small convective regions such as the northern Aegean basin
are relatively easy to envision, rapid and sustained
repopulations in deep open settings are much
more di⁄cult to explain. Such rapid events would
require abrupt oxygenation of the bottom waters.
This cannot be explained by di¡usive oxygen
transport, since di¡usive mixing operates on
time scales s 1000 years (V450 years e-folding
di¡usive time scale (Casford et al., 2002). Consequently, the rapid reventilations must have resulted from direct advection of newly formed bottom waters. This advection must have been strong
enough to overcome the titration of any reduced
chemical species (e.g. Fe2þ , Mn2þ ) both in the
water column and at the sediment/water interface.
If the entire water column were anoxic, then a
very considerable reservoir of such chemical species would need to be titrated. In addition, any
Biological Oxygen Demand (BOD) in the water
column would need to be overcome, before a ¢nite amount of bio-available oxygen could be
present at the sea £oor to sustain viable benthic
populations.
Using values summarised in Rohling (1994),
modern BOD rates alone would require on the
order of 640 years to establish water-column anoxia below 1500 m if advective oxygen supply
failed completely. More sophisticated model results (Stratford et al., 2000) suggest that it would
take nearer to V1500 years to establish anoxia.
Today advective oxygen supply outstrips this demand by around ¢ve times (V2.67 mol O2 m33
y31 , below 1500 m), so that a re-establishment of
today’s intensity of advective supply after an anoxic phase would re-oxygenate the water column
below 1500 m as rapidly as 1^2 centuries. This is
in agreement with Roether and Well (2001) who
calculate a ¢gure of 150 years to replace existing
deep water. Following the above values for establishment of anoxia and subsequent re-oxygenation, it would require around 740^1700 years
which far exceeds the rapid variability observed.
Note that this ignores the potential build-up of
reduced chemical species in the water column,
which would considerably lengthen the calculated
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recovery period. BOD and chemical titration
would remove oxygen from the new deep water
resulting in a spatial separation between the oxygenation front and the penetration of the new
deep water. Furthermore, these controls will also
vary with the strength of export productivity and
concentration of reduced species (a function of
the degree of anoxia) both of which are likely to
show regional and/or spatial variability.
To address the much faster response times observed it would appear much more likely that any
anoxia was limited to a thin ‘blanket’ at the sediment/water interface. Such a ‘blanket’ would result from remineralisation of organic components
that were rapidly posted to the sea £oor (e.g. diatom mats; Kemp et al., 1999), and so would re£ect the patchy nature of the spatially and temporally variable export productivity distribution.
Observations of deep-living planktonic species
(e.g. Globorotalia truncatulinoides) and benthics
throughout sapropels suggest that they are most
common in the more oligotrophic areas of the
eastern Mediterranean, e.g. o¡ the Gulf of Sirte.
Might this re£ect spatial di¡erences in the export
productivity levels? Poor ventilation would create
dysoxic conditions everywhere, and regions of
high export £ux developed anoxic ‘blankets’
whereas oligotrophic regions did not. The patchy
nature of such ‘blankets’ may also allow refugia
for certain benthic foraminifera to develop locally, promoting more rapid repopulation.
In addition, there is a clear increase in sedimentary Corg concentrations with water depth (Murat
and Got, 2000), that appears to con£ict with the
normal expectations of a mid-depth remineralisation maximum/oxygen minimum. The observed
increase with depth may re£ect that a remineralisation maximum instead prevailed at the sea
£oor, presumably due to rapid export/dumping
of Corg , supporting our proposal that anoxia
was constrained to a blanket at the sediment/
water interface.
Murat and Got (2000) observations of increasing organic carbon concentrations with depth suggest that deep water isolation also increases with
depth. In addition, the probability of signi¢cant
ventilation in a density-strati¢ed basin decreases
with depth. As the indicators, reported here, of
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(intermittent) bio-available oxygen within sapropels do not include observations from below 2026
m, we cannot exclude the possibility that abyssal
depths developed more widespread and persistent
anoxia. This uncertainty calls for high-resolution
studies in abyssal sites of sapropels that have
known reventilation histories in shallower locales.

the relationship between deep water ventilation
and oxygenation at sapropel times. The ventilation state we propose is in fact similar to that of
today, in that it remained characterised by intermittent climate-related maxima of new deep water
formation that were associated with cooling by
interannually variable northerly outbreaks of polar/continental air. However, at sapropel times,
the ventilation was weakened overall, due to the
additional buoyancy gain imposed by the enhanced freshwater in£ux into the basin. Our dynamic concept of ventilation decouples water
mass advection ^ driven by new formation and
internal mixing ^ from the oxygen concentrations

5. Summary and conclusions: A dynamic
ventilation concept
Integrating the various strands of evidence discussed above, we propose a dynamic concept for

Off Israel
Off the Gulf of Sirte

Northern Basins
Cooling
Northerlies

SW

High export production

Low export production
G.t

IW

B

DW

B

B
B

Dysoxic/ poorly ventilated water

Export production

N.pachyderma.

Rapid posting
mechanisms (mats?)
[Sancetta 1994, Pearce et al. 1998,
Kemp et al. 1999]

Anoxic/ azoic blanket

B

Benthic foraminifera

SW

Surface water

ODS group/ U.peregrina

IW

Intermediate water

U.mediterranea

DW

Deep water

Fig. 8. Schematic 2-D summary of the discussed aspects of deep water advection and oxygenation, based on a compilation of
several sapropels. This is intended to represent a hypothetical north^south transect and is therefore not intended to de¢ne speci¢c
spatial gradients. The letter B in the key represents benthic foraminifera in both the continuous benthic presence o¡ Israel and
the rapid repopulation S6. This exempli¢es the restricted nature of the anoxic blanket in both space and time.
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that are in addition a¡ected by chemical and biological constraints, with their own temporal and
spatial variability. This allows for contrasting
oxygen concentrations within single water masses,
both temporally and spatially.
Fig. 8 aims to summarise these key aspects in a
very schematic 2-D representation, which obviously cannot capture all observed 3-D and temporal variability. In addition, this ¢gure does not
account for any possible anoxia deeper than 2000
m, as mentioned above. Intermittent ventilation is
shown in the north of the pro¢le, as determined
throughout S1 in both the Aegean and Adriatic
from the presence of benthic faunas and their isotopic composition, in particular contrasting the
low-oxygen tolerant species Globobulimina a⁄nis
and the more oxyphilic Uvigerina mediterranea.
This deep water ventilation must occur at least
once within every sample interval (V50 years),
and most probably even more frequently. The
graded grey ¢ll illustrates the inferred oxygenation
gradient within both deep water and intermediate
water masses, and highlights the dissociation of
intermediate water from the surface and deep
waters in the Aegean Sea (see Casford et al.,
2002). A blanket of anoxia develops under areas
of higher export production, with the presence of
benthic foraminifera in cores from even the deep,
southern Mediterranean suggesting the limited extent of these truly anoxic conditions in both space
and time. This blanket hypothesis for the development of anoxia removes the requirement to titrate
the complete water column upon reventilation,
allowing very rapid events of re-oxygenation and
return to anoxic conditions seen in the proxy records.
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