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Eastern Mediterranean sediments are characterized by cyclic deposition of organic-rich sediments known as
sapropels. Enhanced primary productivity combined with bottom water oxygen depletion are thought to be
the main drivers for sapropel deposition. We selected sapropel layers from a suite of ODP-Leg 160 cores, and
applied a set of geochemical proxies to determine paleo-productivity variations, redox conditions of the
water column during deposition, and provenance of detrital material.
High sedimentary Ba/Al and Corg contents indicate enhanced primary production, whereas the sedimentary
La/Lu ratio, points to an enhanced contribution from a North African riverine source, during sapropel
formation. These features are especially pronounced on Sapropels S5 and S7, deposited during a particularly
warm climatic interval. This indicates a more intense North African drainage/weathering and consequently
run-off for those sapropels that have the most enhanced expression of productivity too. Correspondingly, the
latter has also resulted in bottom water redox conditions that have been more severe during these sapropels
than during others.
Deepwater formation from Adriatic and Aegean areas, thought to be mainly controlled by sustained cooling
of preconditioned surface waters, triggers the onset of bottomwater ventilation, thus sapropel duration. Our
data, therefore, suggest that the intensity of sapropel formation is determined by the North African
monsoonal system, whereas their duration is directed by northern borderlands climatic conditions.
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1. Introduction

Eastern Mediterranean sediments consist of cyclic organic-rich
and organic-lean deposits. Some of the Pleistocene organic-rich
intervals (sapropels) are highly enriched in organic matter (e.g.
Olausson, 1961; Cita et al., 1977; Kidd et al., 1978; Emeis et al., 1991).
The link of these deposits to climate cycles, and particularly the
control of astronomical precessional cycles has been reported (e.g.,
Rossignol-Strick, 1985; Hilgen, 1991) and is widely accepted. Two
distinct interpretations for oceanographic conditions that resulted in
sapropel formation have been suggested: 1. Water column stratifica-
tion and anoxic bottom water resulting from a more sluggish
circulation (e.g., Thunell et al., 1984; Rohling and Hilgen, 1991;
Menzel et al., 2002; Negri et al., 2003; De Lange et al., 2008), and 2.
Increased productivity and carbon burial (e.g., Calvert and Pedersen,
1993; Diester-Haass et al., 1998; Martinez-Ruiz et al., 2000; Weldeab
et al., 2003; Meyers and Arnaboldi, 2005). These scenarios are not
mutually exclusive, in fact a combination of both seems most
plausible (e.g., De Lange and Ten Haven, 1983; Calvert et al., 1992;
Nijenhuis and De Lange, 2000; Rinna et al., 2002; Filippelli et al., 2003;
Slomp et al., 2004; Gallego-Torres et al., 2007). Increased export
production would have induced greater oxygen consumption in deep
waters resulting in anoxic conditions at and even above the
sediment–water interface which would further promote organic
matter preservation. Clearly, the relative contribution of the two
endmember scenarios may not have been constant through time (e.g.,
Emeis et al., 1991; Passier et al., 1999; Martinez-Ruiz et al., 2003;
Menzel et al., 2003). At the same time, from the spatial point of view,
regional variations in sapropel expression have also been reported
(e.g., Nijenhuis and De Lange, 2000; Nijenhuis et al., 2001 e.g.,
Arnaboldi and Meyers, 2006). Important differences within the
pelagic environment may relate to basin dynamics and the intensity
of the main deepwater circulation which induce spatial variations
linked to sediments and nutrient distribution across the basin. All of
these may not only result in variability among deepwater sapropels,
particularly in relation to the conditions prevailing at the moment of
sapropel onset and termination, but these may also affect the
“intensity” of the sapropel event.
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Fig. 1. Location map for the 4 studied sites. Site 964 (Lonian basin) is the deepest studied location. 966 is located on a polagic high, the Erathostenes seamount (see text details).
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Timing and synchronicity for the onset and duration of sapropel
formation is still debated. For all but the most recent sapropel,
assumptions have to be made for the ages of the sapropel interval
relative to astronomical (precession) cycle/summer insolation inten-
sity or for the sedimentation rates during sapropel and non-sapropel
periods (e.g., Van Os et al., 1994; Nijenhuis and De Lange, 2000;
Capotondi et al., 2006). The exact oceanographic and climatic
conditions that must have induced onset and termination of sapropel
formation are another incompletely resolved issue. Enhanced river
discharge from the Nile has been suggested as a driver for stratified
water column conditions and for enhanced nutrient supply, thus
primary productivity (e.g., Rossignol-Strick, 1985; Martinez-Ruiz
et al., 2000), but variations in the Eastern Mediterranean circulation
pattern are also expected to have played a role.Water depth and other
local conditions have been reported to influence the sapropel
expression in different locations (e.g., Murat and Got, 2000; Nijenhuis
et al., 2001 e.g., Meyers and Arnaboldi, 2005; De Lange et al., 2008).

The aim of this paper is to clarify some of these uncertainties while
focusing on a set of 4 sites drilled during ODP-Leg 160 that represent a
transect across the Eastern Mediterranean basin. In addition, these
four locations include the most representative settings in the basin,
covering the areas of (1) influence from the northern margin, (2) Nile
River dominance, (3) a pelagic high and (4) a central location within
the Eastern Mediterranean basin (Fig. 1 and Table 1). The study
includes several sapropel units from each site that represent the
Table 1
Location, ages (sapropel mid points, from Emeis et al., 2000) and correlation of studied sap
temporal evolution of sedimentary conditions at the time of sapropel
formation.

The tools applied to reconstruct these conditions are a set of
geochemical data used as proxies: Ba/Al as productivity (e.g., Bishop,
1988; Dymond et al., 1992; Van Os et al., 1994; Paytan, 1997); U, V, Mo
to assess relative redox conditions (e.g., Wignall and Myers, 1988;
Nijenhuis et al., 1999; Tribovillard et al., 2006; Gallego-Torres et al.,
2007); in particular Uaut, and V/Mo have been applied for a
semiquantitative evaluation of redox conditions (Jones and Manning,
1994; Piper and Calvert, 2009). In addition, Mn/Al ratio has been used
to evaluate post-depositional oxidation (e.g., De Lange et al., 1989;
Thomson et al., 1995; van Santvoort et al., 1996; Crusius and Thomson,
2003); and Hf/Zr and La/Lu ratios have been applied to assess the
potential origin of terrigenousmaterial (Hamroush and Stanley, 1990;
Piper and Calvert, 2009). Combining all information, wewill assess the
environmental conditions that characterize sapropel events.

2. Material and methods

A transect of cores across the Eastern Mediterranean has been
studied using samples recovered during ODP-Leg 160. We selected
four locations representing different paleoceanographic environ-
ments (Fig. 1). Site 964 is located in a deep marine setting
(3658 mbsl) on the Pisano Plateau (Ionian Basin), and is influenced
by the Adriatic Sea and currents coming from the Western
ropels. Shaded squares correspond to sampled sapropels.



Table 2
Summary of (A) calculated Linear Sedimentation Rates based on previously published ages on sapropel onset and termination, and (B) calculated ages based on constant LSRs
between adjacent sapropel intervals, assuming 21 ky cycles.

A Linear sedimentation rates
(cm/ky)

Age Site 964 Site 969 Site 967 Site 966
(ky)

Above 11.23a 2.98 18.42a 2.8
S1 9,8/5,7b 4.14 4.39 5.363 3.9

Below 7.17 2.24 2.74 2.72
Above 4.823 5.029 2.5

S5 124/119c 3.6 4.4 2.8
Below 5.32 2.782 2
Above 5.32 1.59 3.909 1.978

S6 176/170d 9.8 5.83 8.333 5.416
Below 5.2 2.2 6.933 1.294
Above 5.2 2.2 1.2

S7 197/191d 2 4.666 4.41
Below 3.437 2.437 2.393

B Ages

Site 964 LSR Site 969 LSR Site 967 LSR Site 966 LSR

Top 7.15 5.10 7.16 6.00
S1 (mid point) 8.00 9.38 8.00 3.5 8.00 14.75 8.00 4
Base 8.85 10.32 8.70 10.00
Top 122.74 120.93 120.60
S5 (mid point) 124.00 5.93 125.18 4.24 124.00 2.35
Base 125.76 126.12 126.55
Top 168.01? 164.74 166.65 164.48
S6 (mid point) 172.00 6 172.00 2.62 172.00 4.67 172.00 2.19
Base 175.15 178.11? 177.35 179.30
Top 193.52 189.33 188.76
S7 (mid point) 195.00 4.04 195.00 2.64 195.00 2.24
Base 196.48 199.91 200.58

All depths considered from Emeis et al., 2000; Sakamoto et al., 1999.
a Slumped sediments (see text for details).
b Based on De Lange et al., 2008.
c Based on Rohling et al., 2002; Capotondi et al., 2006.
d Based on Emeis et al., 2003.
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Mediterranean basin through the Strait of Sicily. Site 969, located on
the Mediterranean Ridge at a water depth of 2200 mbsl, represents
the centermost location in the Eastern Mediterranean. Sites 966 and
967 are located in the Levantine Basin. Site 967 contains a sequence of
deep pelagic sediments (2555 mbsl), but the detrital influence is
greater than the previously mentioned sites, since it is influenced by
the Nile River plume. Site 966 is situated near Site 967 on a pelagic
high, Eratosthenes seamount, at a relatively shallow water depth of
926 mbsl. The sediments in these cores are composed mostly of
nannofossil clay, clayey nannofossil ooze and nannofossil ooze with
some intervals of clay and foraminifera sand, variably bioturbated
(Emeis et al., 1996; Emeis et al., 2000). Dark colored to black sapropel
layers appear periodically interbedded with marls. Representative
samples were taken at 2 cm resolution from total organic carbon
(TOC) enriched sediments and from the overlying and underlying
organic-lean sediments in these cores. A finer resolution sampling
was carried out close to the contacts between TOC-rich and
“background” sediments.

Samples were dried and ground in an agate mortar, homogenized
and prepared for geochemical analyses. TOC measurements were
done using a Perkin-Elmer Elemental analyzer at the Stable Isotope
Laboratory (Stanford University), after progressive acidification with
cold H2SO3 and also at Bremen University, decalcifying with 6 N HCl in
excess, using a Heraeus CHN–O-Rapid elemental analyzer. Major
elements (Al, Mn) were determined by atomic absorption spectrom-
etry at the Analytical Facilities of the University of Granada. Trace
Fig. 2. Profiles for TOC (%), Ba/Al andMn/Al (×10−4), age in vertical scale. Dark grey shading
Light grey shading represents oxidized sapropel, determined by the offset between Ba/Al an
oxidation fronts. Off-scale values are shown for Mn/Al and Ba/Al.
elements were measured with an ICP-MS Perkin-Elmer Sciex Elan
5000 spectrometer (CIC; Analytical Facilities of the University of
Granada), using Re and Rh as internal standards. These analyses were
carried out after HNO3 and HF digestion. Coefficients of variation
calculated by dissolution and subsequent analyses of 10 replicates of
powdered samples were better than 3% and 8% for analyte
concentrations of 50 and 5 ppm respectively (Bea, 1996).

From total U and Th concentrations the authigenic U fraction (Uaut)
has been calculated as Uaut=Utot−Th/3, (after Wignall and Myers,
1988 see also Jones and Manning, 1994).

Linear sedimentation rates (LSR) were calculated for our particular
sampling intervals following two different approaches.

The first one, the “constant LSR assumption”, is based on the
methodology used by Meyers and Arnaboldi (2005), assuming that
the peak TOC concentration measured in each sapropel layer
represents the orbitally tuned age of the northern hemisphere
insolation maxima with a 3 ky lag. We consider the midpoint of the
Ba/Al peak (where sampling allows it), not the TOC increase, since
organic carbon is susceptible of post-depositional oxidation, as will be
discussed later. The difference in core depths between successive
sapropel layers is then divided by ∼21 ky of each precessional cycle to
obtain LSR and to calculate ages. This model thus implicitly assumes
that sediment accumulation rate was identical during sapropel and
non-sapropel intervals.

In analogy to observations for S1 sapropel, the second method, the
“synchronous sapropel deposition assumption”, assumes that base
corresponds to visible sapopel, based on TOC concentration and dark colored sediments.
d TOC increases. This offset is in some cases indicated also by Mn/Al peaks marking the
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and top for each sapropel are synchronous. Ba/Al and Corg are used as
an indicator of top and bottom, respectively, of the increased
productivity period. It must be noted that some uncertainties occur
due to sampling resolution and to ages and duration for sapropels. The
ages and duration of each sapropel layer have been taken from
previous publications (Emeis et al., 2000; Rohling et al., 2002; Emeis
et al., 2003; Capotondi et al., 2006; De Lange et al., 2008) and have
been applied to all cores. This duration is then used to calculate LSR
within the sapropel for each core. Sedimentation rates above and
below the sapropel have been calculated from the depth difference
and ages between top and base of adjacent sapropels.

3. Results

3.1. Linear sedimentation rates and sapropel ages

Following the two approaches described above, we obtained very
different age models and sedimentation rate estimates. Resulting ages
and LSR's obtained following both methods are summarized in Table 2.

For the constant LSRmethod, the resulting duration of the sapropel
event is consistently longer on sites 966 and 969, whereas the shortest
events are recorded for the Ionian basin (site 964).

In contrast, for the isochronous sapropel method, the resulting
sapropel LSRs are consistently larger than non-sapropel LSRs for sites
966, 967 and 969. Studied sections on site 964 tend to show a decrease
in LSRs within the sapropel respect to non-sapropel LSRs, with the
exception of S5.

3.2. Geochemical indicators for productivity

Total organic carbon (TOC) in the studied sediments ranges from
as low as 0.01% in “background” sediments to 10.3% in Pleistocene
sapropel S5 (Fig. 2). As a general trend, higher values are reached in
the central and western basins (sites 969 and 964) during sapropel
events, whereas slightly to distinctly lower values are observed in the
Levantine basin and Eratosthenes seamount respectively. Background
sediments generally present values below 0.2%. For all studied
sapropels, the highest TOC values are found in S5, for all three sites
sampled for that interval. The Corg content has a broad general
increase in sapropels 1, 5 and 7, but has a complexly fluctuating
picture in S6, particularly for sites 964 and 967.

Ba/Al profiles are rather similar to those of TOC, the Ionian basin
and the Central Ridge presenting generally higher values than the
Levantine basin, and basin-wide maxima occurring during deposition
of S5. Although TOC maximum concentrations are slightly higher in
the Ionian basin compared to the Mediterranean Ridge (10.31% vs.
8.45%), the Ba/Al ratio behaves oppositely and presents higher values
on site 969, up to Ba/Al=1445, around 3 times the values on site 964.
Minor TOC peaks in the upper section of core 967C are not
accompanied by a Ba increase. The most pronounced difference
between Corg and Ba/Al profiles is that in several cases Ba/Al maxima
extends to above the Corg peak.Where this offset is clearly visible (e.g.,
S1 basin-wide, or S6 on sites 964 and 966, see Fig. 2) TOC content
sharply decreases, whereas Ba/Al maxima progressively return to
background values.

3.3. Geochemical indicators for redox conditions

3.3.1. Proxies for oxygen depletion
Trace elements such as Mo, V or U have higher concentrations

within sapropel layers, although to a different degree (see Figs. 3 and
4). Sapropel 1 exhibits a moderate Mo enrichment for sites 964 and
967, a minor increase for site 969 and a virtually undetectable
maximum for site 966 (Fig. 3). The sapropel deposited during S5
shows a similar Mo/Al ratio for sites 964 and 966, and a slightly higher
maximum for site 969 in the center of the basin. Sapropels 6 and 7
have high Mo/Al ratios for site 969, coinciding with enhanced TOC
content. For site 964, Mo/Al presents similar values, whereas for the
Levantine basin (Sites 966 and 967) this ratio is notably lower.
Background sediments generally present a Mo/Al ratio close to 0, with
the only exception of sediments around S1 on site 969.

The V/Al ratio presents, as a whole, higher values throughout the
studied sections. Profiles are broadly similar to Mo/Al (Fig. 3),
although some differences occur. For example, S1 and S5 in the
Ionian basin show a double V peak, not identified in the Mo record. In
addition, the V/Al ratio is generally more fluctuating within the
sapropel. Furthermore, a V increase tends to extend slightlymore than
the Mo enrichment, (e.g., S6 on site 967 Fig 3, S5 on site 966, S1 on
sites 964 and 969).

The authigenic uranium content (Uaut; Fig. 4) in sapropel 1 varies
from slightly negative values in background sediments up to a 12.1
maximum for site 967, with average values within the sapropel
around 4.0 for sites 964 and 969. However, maximum values for site
966 are found below the TOC enriched layer.

Uaut in sapropel 5 shows abnormally extreme values for site 969
and generally high levels for the other 2 sampled sites, always
coinciding with Corg-rich sediments.

The Uaut signal in sapropel 6 is very fluctuating for sites 964 and
967, concurring with its TOC content. Maximum values are reached
for the Mediterranean Ridge and the deep Levantine basin, while the
other 2 locations present maxima below 12.0.

For S7, extreme values of Uaut are detected for site 969 also,
coinciding with enhanced TOC content. In general, relatively high
levels of Uaut are reached for the Ionian basin, whereas on top of the
Eratosthenes seamount values remain below 12.

V/Mo are plotted as redox “ranges” (Fig. 4), following the intervals
described by Piper and Calvert (2009; see below): V/Mob2=anoxic;
2bV/Mob10=suboxic; 10bV/Mob60=oxic; V/MoN60=slight dys-
oxia. V/Mo absolute values generally follow an opposite trend to Uaut.
Fig. 4). Low values are found coinciding with TOC-rich sediments,
background sediments have a V/Mo≥15 and a sharp increase is
clearly observed just above the sapropel level on sites 964 and 967
and it is also distinguishable on the oxidized fronts on sites 966 and
969. This trend is not observed for S1 at site 969, where low values are
measured below the sapropel layer, and a minor increase at the top is
followed by another minimum. For S1, at the Eratosthenes seamount
(966) values remain rather high and stay stable throughout the
section, with only a sharp decrease at the top of the visible sapropel.
For site 967 a sharp increase is observed in the upper centimeters of
the TOC-rich section of S1 sapropel.

3.3.2. Proxies for re-oxygenation
A sharp Mn increase is observed above S1 for all four studied sites

(Fig. 2). A similar increase is also detected in some older sapropel
layers, although a basin-wide signal is not clear. Distinct Mn peaks are
found for the Ionian basin at the top of S5 and S7, for the deep
Levantine basin (site 967) at the top of S6, and for the Eratosthenes
seamount above S5. Similar increases are not clearly observed in other
studied intervals.

3.4. Geochemical signal associated to the sedimentary regime

A decrease in La/Lu is clearly detected during sapropel deposition
for the Ionian basin, and this trend is also visible in sapropels S1, S5
and S7 for the Mediterranean Ridge, and for the Eratosthenes
seamount in S5 and S7 (Fig. 5). For the deep Levantine basin the
contrast of La/Lu between sapropel and non-sapropel sediments is
less discernible but can still be detected. Generally, for the Eastern
Mediterranean basin, La/Lu values are higher toward the west (sites
969 and 964), where they also become more variable. Non-sapropel
sediments at each particular site generally have higher La/Lu ratios
than samples corresponding to sapropel layers. Average values of La/



Fig. 3. Profiles for V/Al and Mo/Al (×10−4). Shading represents the same as in Fig. 2. Note the offset between V/Al and Mo/Al at the top of oxidized sapropels.
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Lu for “background” sediments and for each sapropel event are shown
in Table 3.

A clear correlation exists between Zr and Hf (Fig. 7) for sites 966
and 967 with a more bimodal pattern for sites 964 and 969. In Fig. 6
we observe the distribution in clusters for each studied site. The two
sites located in the Levantine basin tend to plot in the same area more
distant to the La/Lu apex, whereas sites 969 and 964 concentrate
closer to this apex, defining two clear trend lines.

4. Discussion

The four sites of this study represent not only an East–West
transect but also have largely different water depths. In addition, they
have variable sedimentation rates and thus potential differences in
bio-irrigation and preservation. In particular site 966, being relatively
shallow and having low sediment rates, is thought to be most
susceptible to mixing and degradation, whereas site 964, being deep
and having relatively high sedimentation rates, would be the least
susceptible to these processes (Table 2). As a consequence, the latter
sediments would be expected to have the most outspoken sapropel
features if deepwater stagnation and anoxia would be a dominant
control mechanism.

4.1. Age model; isochronous sapropels vs. constant LSRs

Reliable absolute dating, using C14 methods, is only available for
Sapropel 1 (e.g., De Lange et al., 2008). The ages for all other sapropel
layers are assigned based on orbital tuning, paleomagnetic data, and
micropaleontological evidence. As a consequence, the age model for
all older sapropel units and intercalated sediments depends on several
commonly used assumptions, which may lead to some
inconsistencies.

If we assume LSRs to remain approximately constant during each
individual insolation cycles (e.g., Lourens, 2004; Meyers and Arna-
boldi, 2005), thus implicitly assuming that total sedimentation rates
for sapropel and non sapropel units are identical, we obtain a clear
time difference for the onset and a different duration for each sapropel
across the basin (Nijenhuis and De Lange, 2000). The calculated
differences range up to 4 ky, (see Table 2-B for details). Similar
problems were discussed by Van Os et al. (1994). In particular the
shortest sapropel events calculated correspond to the deepest site
(964) with the on average highest sedimentation rate. This seems
conflicting with the commonly assumed improved organic matter /
sapropel preservation under such conditions.

Alternatively, if we assume an isochronous onset and duration of
sapropel formation throughout the basin, we can calculate a
consistent LSR within each sapropel, but will get a different LSR for
“background” sediments between sapropels. Assuming isochronous
formation of sapropels seems oceanographically consistent, concor-
dant with basin-wide deepwater ventilation change and enhanced
surface waters primary productivity. Alternating periods of inherently
different depositional regimes (enhanced and low precipitation and
river input, low and high aeolian dust fluxes, enhanced and low
primary productivity) would only by coincidence have identical
sedimentation rates. Weak points for the isochronous sapropel
formation assumption are the age assignments which sometimes
cannot be very precise, and the proxy-related sapropel boundary
assignments. Possibly as a consequence of this, our resulting different
LSRs also show some features that seem contradictory. The variations
observed are much larger (Table 2) than reported previously:
Nijenhuis and De Lange (2000) suggested maximum LSR variations
Fig. 4. V/Mo andUaut proxies indicating redox conditions for selected sapropels. Grey shadingw
(see text for details). Black dashed line indicate theUaut boundarybetween lowoxygenconcentr
conditions are within the field of suboxic to anoxic whereas V/Mo (log scale) can make a disti
formation, including the oxide sapropel (light grey). Dotted and dashed lines of the plots are o
of 30% lower for non-sapropel sediments or 50% higher during
sapropel formation, calculated on the same cores (although on older
equivalents). Very high LSR above S1 on site 964 and 967 are not
considered reliable due to the possibility of slumped sediments as also
evidenced by an additional Mn/Al peak in the upper part of these
cores. Finding relatively enhanced sapropel sedimentation rates for
those sites that may have been influenced by North African riverine
systems (967, 969), and finding the reverse for the site that most
likely received its non-biogenic flux from dust (964) is not
inconsistent. Therefore, we consider the isochronous sapropel
assumption to give the oceanographically most consistent represen-
tation for basin-wide sapropel formation, and plots and discussion are
elaborated on this option alone.
4.2. Productivity

Increased productivity is thought to be one of the main factors
controlling the formation of Eastern Mediterranean sapropels (e.g.,
Diester-Haass et al., 1998; Martinez-Ruiz et al., 2000; Nijenhuis and
De Lange, 2000; Weldeab et al., 2003; Slomp et al., 2004; Meyers and
Arnaboldi, 2005). Enhanced export production intensifies the flux of
organic matter deposited in the sediments and may exceed the rate of
oxidation. In any case, organic matter is easily decomposed and thus a
more reliable proxy for increased productivity is needed. Ba-excess
(marine barite associated to biogenic activity) has been reported to be
a potential productivity proxy (e.g., Bishop, 1988; Dymond et al.,
1992; Paytan, 1997), that seems to work particularly well for themost
recent S1 sapropel in the Mediterranean region (Van Santvoort et al.,
1996; Thomson et al., 1999; Martinez-Ruiz et al., 2000; Rutten and De
Lange, 2002; De Lange et al., 2008). The barite marine origin has not
only been demonstrated for S1 but also for older units (Paytan et al.,
2004). In contrast, serious restrictions have been reported for some
other regions and environments of deposition (Francois et al., 1995;
McManus et al., 1998; Eagle et al., 2003; Plewa et al., 2006). In
summary, although there may be some limitations for its use in older
more organic-rich sapropel units (e.g. Van Os et al., 1991), it is still
considered a reliable paleo-productivity proxy in a qualitative sense.

All studied intervals show evidence of enhanced productivity
during sapropel formation indicated by the increase in Ba/Al ratio, in
agreement with previous published studies in the region (e.g.,
Diester-Haas et al., 1998; Nijenhuis and De Lange, 2000; Weldeab et
al., 2003). This increase in surface water productivity and deepwater
preservation is the origin of the elevated Corg concentrations, although
the Ba/Al signal frequently extends for a longer period than TOC (see
below). Although Ba-excess cannot always be interpreted quantita-
tively, (e.g. McManus et al., 1999; Eagle et al., 2003) there is a
generally good agreement between enhanced Ba-excess and TOC for
each sampled site suggesting a link with surface water productivity.
Thus, moderate increases in export productivity were reached during
S7 that induced TOC maximum concentrations of around 6% to 7% in
the Ionian basin andMediterranean ridge, and up to 3.6% on top of the
Eratosthenes seamount. Sapropel S6 is characterized by a slightly
higher surface productivity increase, but under a much stronger
sedimentation rate in the Ionian and Levantine basins, so that Corg is
diluted and lower TOC values are obtained. Substantially stronger is
the increase in surface water productivity calculated for S5 and this
resulted in maximal TOC concentrations found for this sapropel in all
three studied sites. The most recent sapropel formed under
moderately high surface productivity conditions and a corresponding
moderately high Corg content was preserved.
ithing the plots represents V/Modifferent ranges of redox condition; Uaut=Utotal−(Th/3)
ation (N12) and relatively oxic conditions. Uaut (linear scale) ismerely indicating that redox
ction within that field. By the vertical axis (age) grey bars indicate the period of sapropel
ff-scale values (indicative values are shown).
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In summary, enhanced productivity is a requirement for sapropel
formation. Later in the discussion we will evaluate the role of
deepwater oxygenation in the final sapropel expression and how both
factors might be climatically related.

4.3. Redox conditions

One of the continuing discussion points in sapropel formation is
whether or not water column anoxia was established during sapropel
formation, and as a consequence, if deepwater circulation was
stopped or restricted (see Introduction). On the other hand, export
productivity might have reached levels that were high enough to
produce complete oxygen consumption in the bottom water via
organic matter degradation. In any case, changing redox conditions
lead to a different geochemical behavior of some diagnostic trace
elements (see Introduction).

Trace elements such as Mo, V, U, Cr, etc., are known to precipitate
under oxygen-depleted conditions (e.g., Wignall and Myers, 1988;
Calvert and Pedersen, 1993; Jones and Manning, 1994; Tribovillard
et al., 2006), whereby, as mentioned by Piper and Calvert (2009), the
distinction between pore-water and water column anoxia is critical
for a correct paleoceanographic interpretation. Different elements
precipitate under progressive oxygen depletion; V or U begins to
precipitate under suboxic bottom waters whereas Mo or Cu are fixed
under fully anoxic environments (see Piper and Calvert, 2009 and
references within). This successive element precipitation is the base
for calibration of certain redox proxies. One of such proxies is Uaut

(Uaut=Utotal−(Th/3) where Th is used as a correction for detrital
related U; Jones and Manning, 1994). When Uaut reaches values N12.0
it is considered to be deposited under anoxic conditions. Another
redox proxy V/Mo has been reported to distinguish between suboxic
and anoxic conditions: as V starts precipitating under suboxic
conditions and Mo only precipitates when dissolved sulphide (H2S)
is available, the ratio V/Mo may distinguish between these two
environments (Piper and Isaacs, 1995, 1996). When V/Mo approaches
the seawater ratio (b2.0 approx), both metals have precipitated
similarly and thus anoxic conditions are inferred. V/Mo between 2 and
10 indicates dysoxic conditions, and between 10 and 50 (approx) it
indicates normal oxygenation. When this ratio has anomalously high
values (N60) it usually means that V has started to precipitate, but no
Mo is yet fixed, thus slightly dysoxic conditions must have prevailed
(see also Piper and Calvert, 2009; Piper et al., 2007 and reference
therein). The V/Mo values have been plotted as showing these redox
condition ranges (Fig. 4). The co-variation of Mo vs. U is also
interpreted as indicative of water column dynamics and redox
conditions (Algeo and Tribovillard, 2009). It is worth mentioning
that none of these proxies should be considered individually since the
calibration in terms of oxygen concentration is only an approximation
and should not be interpreted quantitatively (see Gallego-Torres et al.,
2007).

Each of these elements may also be involved in other processes
leading to reduced or enhanced levels, e.g. Mo can be associated to
pyrite (e.g. Thomson et al., 1995; Nijenhuis et al., 1999; Siebert et al.,
2006; Tribovillard et al., 2006) or to MnO2 (see below; Reitz et al.,
2006), and U can be adsorbed to organicmatter (e.g., Baturin, 2002) or
downward displaced from an oxidation front (e.g., Colley et al., 1989;
Thomson et al., 1995). The ventilation-related upper MnO2-peak
usually encountered above sapropel S1, may contain substantial
amounts of Mo (see Reitz et al., 2006). Such enrichment clearly is also
the case above S1 at site 969 (Fig. 3), but is not seen in V nor Uaut.
These observations urge for using multiple proxies; in the following
we will use Uaut and V/Mo in particular. An additional advantage of
the latter proxy is that it consists of elemental ratios thus is insensitive
to varying sedimentation rates.

Compelling evidence for S1 indicates that water depth is the
dominant factor determining sediment Corg content for the deep basin
setting (e.g., Murat and Got, 2000; De Lange et al., 2008), which
concords with our S1 and S5 data. In contrast, S6 and S7 show higher
TOC on the Mediterranean Ridge. Our proxy results indicate that for
the studied Pleistocene sapropels, site 969 had the most severely
reduced redox depositional conditions. This is consistent with
reduced ventilation in the region South of Crete (site 969) and an
improved ventilation to the West and East postulated for recent
deepwater conditions governed by Adriatic and Aegean outflows
(Roether et al., 1996). For site 966, with themost shallowwater depth,
sapropel redox conditions are generally much less extreme than for
the other three sites. If this observed redox variability is entirely
attributable to water column oxygenation and redox conditions, then
one can make the following deductions:

Sapropel 5 was deposited as a single event and shows the
strongest oxygen depletion for the three studied sites, in agreement
with previous studies (e.g., Struck et al., 2001; Rohling et al., 2006;
Morigi, 2009). Only a short period of anoxia was reached on sites 964
and 969 but relatively minor Mo fixation was observed on site 966,
despite being close to anoxic conditions as evidenced by V/Mo. An
offset between Mo and V enrichment at the top of the S5 sapropel is
evident on all three sites, which indicates a coincident transition
through dysoxic conditions across the basin. Uaut shows anomalously
high values for the central and western basins, always concurrent
with Corg maxima, probably due to U adsorption to organic matter.
Following the interpretation by Algeo and Tribovillard (2009), this
anomalous U increase with respect to Mo is also indicating severely
diminished bottom water circulation, similar to the present Black Sea
situation.

Similar conditions appear to control deposition of S7, although less
extreme redox conditions are observed. The end of the “anoxic event”
was transitional in the Ionian Basin but more abrupt in the eastern
areas, as indicated by V profiles (Fig. 3). The most recent sapropel
event (S1) presents a sensibly higher degree of oxygenation across the
basin. Only minor oxygen depletion occurred in the Eratosthenes
seamount, where in fact the Uaut profile extends downward below the
sapropel layer, due to U remobilization across the sediment column in
the presence of oxygen (Thomson et al., 1987; Colley et al., 1989).

Sapropel 6 is characterized by several pulses of deepwater
circulation and/or enhanced productivity, evidenced by intercalated
layers of different redox conditions, similar to the profiles of TOC and
Ba/Al. Anoxic conditions were thus interrupted by pulses of renewed
circulation and/or decreased export productivity and Corg flux to the
seafloor. In the deep Levantine basin (967) the central part of this
sapropelfluctuates between suboxic and anoxic environmentwhereas
the last part corresponds to only suboxic conditions. During S6 suboxic
conditions prevailed on the Eratosthenes seamount (966) (both V/Mo
andUaut being above the anoxic threshold). Eventual anoxic conditions
occurred on site 964 (variable Uaut, see Fig. 4), whereas site 969
experienced stable oxygen depletion throughout the event (V/Mo
mostly in the anoxic field, Fig. 4) Thus, redox conditions during this
sapropel event appear to have beenmore intense in thewestern half of
the Eastern Mediterranean with a certain West to East gradient. It is
worth mentioning that S6 is qualified as “cold sapropel” since it was
deposited during a glacial period, and consequently temperature and
rainfall, thus water stratification, were lower compared to S5 and S7.

4.4. Post-depositional oxidation

Under oxic conditions, Mn precipitates in the form of oxy-
hydroxides. Accordingly, a distinct MnO2 peak is commonly observed
at the sedimentary oxic/suboxic boundary.

Reventilation of the deepwater at the end of sapropel S1 is thought
to have resulted in the formation of an upper MnO2 peak whereas
subsequent downward migration of an oxidation front created a
lower second MnO2 peak (e.g. Van Santvoort et al., 1996; Thomson
et al., 1999). Such post-depositional oxidation of sapropel S1 has been



Fig. 5. Profiles for la/Lu indicating variation in the North African area as source of detrital riverine input (Hamroush and Stanley, 1990). Shading represents the same as in Fig. 2.
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Table 3
Average La/Lu values for each sapropel event and background sediments.

Site 964 Site 969 Site 967 Site 966

Background sediments 123,4 107,2 101,6 90,5
S1 113,8 97,5 87,0 92,6
S5 114,7 59,6 71,5
S6 116,5 90,6 91,0 81,5
S7 106,1 80,8 78,4
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reported throughout the Eastern Mediterranean (e.g., De Lange et al.,
1989; Thomson et al., 1995; Van Santvoort et al., 1996; Martinez-Ruiz
et al., 2000; De Lange et al., 2008).

Bottom water re-oxygenation induces oxidation of the organic
matter and erases the upper part of the visible sapropel; the Mn
increase that defines the so called “burned” sapropel is located at the
top of the remaining TOC-rich layer. Our set of data show that this
“burn down” of the top centimeters of sapropels has also occurred in
Pleistocene equivalents. Moreover, the sharp increase to anomalous
high values of V/Mo on top of several sapropel intervals might also be
related to this re-oxygenation of bottomwaters. When bottomwaters
become richer in dissolved oxygen Mo is not fixed to the sediment
anymore, as described above (offset between Mo and V peaks
termination), but is remobilized while V is still stable. Thus, V/Mo
ratio sharply increases to anomalous values above normal average
values.

The oxidation front is broader and more evident in sapropel 1, and
is particularly intense at site 966, where it has nearly obliterated half
of the sapropel layer as defined by the enhanced Ba/Al levels.

A thin but intense Mn oxidation front marks the top of S5 in the
Ionian basin and the Eratosthenes seamount. This is not visible for
S5 on site 969. Similar signs for reventilation/oxidation occur at the
top of S7. Fluctuations of TOC content and redox proxy signals are
more complex for S6, although a discernible oxidation front appears
at the top of this sapropel on the Levantine basin (sites 966 and
967) and within the sapropel (as short interruptions) in the Ionian
basin (site 964) and site 967, again coinciding with a sharp increase
in V/Mo.

We thus infer that sapropel termination was more abrupt in the
two areas where post-depositional oxidation is more evident and
Fig. 6. Distribution of sapropel and non-sapropel sediment as a functionof La/Lu, Hf and Zr varia
Each site is indicated by a symbol code and each sapropel is characterized by a color code. Sampl
(see text for details).
frequent, (Levantine and Ionian basins). This reventilation may be
related to deepwater fluxes flowing from the Aegean and Adriatic Seas
(e.g., Roether et al., 1996). This means that the outflow from these
northern areas, that are presently sourcing the deepwater flow in the
Eastern Mediterranean, were partly responsible for sapropel termi-
nation. At the same time a reduced input of these deep currents might
have helped to sustain sapropel formation.

In summary, for those intervals sampled at sufficient resolution,
there is clear evidence for a ventilation/re-oxygenation of the
deepwater at the end of all studied sapropels but most explicitly
retained and visible for the most recent S1 sapropel.

4.5. Sedimentary regime

Using La/Lu ratio, Hf vs. Zr correlation, variations in the source of
detrital input to the different basins and the contrast in the
sedimentary regime between sapropel events and background
sediments can be assessed (Figs. 5–7). La/Lu ratio has been used
previously as a proxy for North African craton sediment provenance in
theMediterranean region (e.g., Hamroush and Stanley, 1990; Gallego-
Torres et al., 2007), since sediments originating from the Ethiopian
plateau and the North African region exhibit a lower La/Lu ratio than
those from the central Africa craton due to the different composition
of crystalline rocks for each region. The North African region is
currently a dry tropical area but was particularly affected by the
intensified monsoonal activity during isolation maxima that coincides
with sapropel events (e.g., Rossignol-Strick, 1985; Rohling et al.,
2002). During the latter period these areas were intensively eroded
and provide a major source of riverine detrital sediments, thus
shifting the geochemical signal to lower La/Lu values. Hf and Zr have a
very similar crystallographic behavior and represent the lithogenous
source, so their relation serves to determine if a unique or a variable
source of sediments feed each particular site or sub-basin (see Piper
and Calvert, 2009). Detrital input in the basin is derived mainly from
the rivers draining the northern margin, and through the Nile River
and aeolian input of Saharan dust from the south. The latter has been
reported to be the major source of terrigenous material at present day
and previous arid precession periods (e.g., Wehausen and Brumsack,
1999; Rutten et al., 2000; Weldeab et al., 2002; Jilbert et al., 2010).
tions. Elements concentration and La/Lu ratio are normalized as E*=(Eme−Emin)/
Emax−Emin.

es from each site cluster along a trend line. Certain sapropel points deviates from the trend,



Fig. 7. Correlation between Hf and Zr, related to the sources off detrital input. Full symbols
showsbackgroundsediments. Each color representsone sapropel event; blue=S1; red=S5;
green = S6; orange =S7.
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However, during insolation maxima (thus, during sapropel deposi-
tion) a more intense rainfall and the northward shift of monsoonal
activity in the African continent was likely to induce a change in the
sedimentary regime, increasing riverine derived terrigenous material
and limiting aeolian supply (e.g., Rossignol-Strick, 1985; Weldeab
et al., 2002; Tzedakis, 2007). Our data are consistent with potential
active rivers other than the Nile draining the tropical African region
during these periods (e.g., Pachur and Kröpelin, 1987; Rohling et al.,
2002; Tzedakis, 2007).

La/Lu values are notably lower for the two sites located in the
Levantine basin, which is consistent with their proximity to the Nile
River outflow. Their detrital material is mostly sourced from the
African continent and their variations in La/Lu is thought to respond to
fluctuations in abundance of fluvial material transported by the Blue
Nile (from the Ethiopian plateau) with respect to central Africa and
aeolian input. All studied layers (with the exception of S1 at site 966)
present higher input derived from drainage of the tropical African
region, evidenced by lower La/Lu (see Figs. 5 and 6).

Site 966, being on a pelagic high, has relatively low sedimentation
rates, receives less fluvial detrital material and is thusmore influenced
by aeolian supply. Bioturbation at this site is also frequent and can
make the signal less distinct. In contrast to this trend, site 967 (in the
deep Levantine basin), with higher sedimentation rates (see Table 2),
is largely influenced by Nile River dynamics and fluctuations and
coherently shows large shifts in La/Lu signal. At the western extreme
of the Eastern Mediteranean, site 964 shows the highest La/Lu values
and limited variation (see Table 3 and Fig. 6). We consider this
difference to be related to alternative sources of detrital material, such
as from the Adriatic Sea and Sicily. Consistently low La/Lu values
during sapropel deposition in the central ridge (site 969) evidences an
intense southern sediment provenance (although not unique, as
explained below), either sourced by the Nile River or other active
North Africa river.

The most intense La/Lu signal for tropical African drainage occurs
during deposition of sapropels 5 and 7 (see Table 3), inferring a
particularly strong monsoonal activity and a large volume of detrital
material and thus riverwater from this area. Minimum influence is
observed for S1 and S6.

Since detrital material on sites 966 and 967 are mostly sourced
from the same area along all studied periods, Zr/Hf behaves following
a constant and coherent trend (see Fig. 7), whereas sites 969 and 964
present deviations from this pattern because they both receive input
from other sources, namely the northern margins or ancient southern
river systems other than the Nile. For these two sites, deviations from
the main trend correspond to samples from sapropel 5 and, locally
from S6 and S7 indicating variable sources. S5 and S7 appear to be
particularly influenced by an intense input of detrital material from
the African tropical region and this deviation is coherent with that
interpretation. In the case of S6, Zr/Hf shows a more scattered
distribution (see Fig. 7, site 964). This event occurred during a
relatively cold period and thus wemay expect less intense monsoonal
activity in tropical Africa, a weaker riverine input from the south
(compared to other sapropel events) and a stronger outflow from the
European margins. Besides, this sapropel event presents several
internal fluctuations and thus intermittent input of detrital material
from different sources is expected.

It seems therefore, that the more intense sapropel events (S5 and
S7) occurred under higher influence of drainage from the area
strongly eroded by the intensified African monsoon. This might have
prevented normal circulation and resulted in more extreme deepwa-
ter oxygen depletion (stagnation) and intensification of surface
productivity, thus higher TOC content. The relatively poorly devel-
oped sapropel 1 received much less input from the southern margin,
similar to S6 (a “cold” sapropel) which was most likely more
influenced by northern margin drainage and thus developed more
intensely in the western basin.

Integrating our proxy-based findings on paleoceanographic con-
ditions and on the origin of terrestrial material leads to a few
interesting interpretations: deepwater formation, originating from
Adriatic and Aegean regions, indirectly determines deepwater
ventilation and oxygenation, thus the time interval of sapropel
accumulation. The more extreme sapropel events concur with more
extreme monsoon-associated run of from North Africa. In other
words, extremes in North African monsoonal activity appear to
control the intensity of sapropel events in the Eastern Mediterranean.
On the other hand, deepwater flux from the northern areas,
particularly the Adriatic and Aegean seas, controlled the termination
of each sapropel event and maybe some internal features such as the
interruption during S1 (e.g. Rohling et al., 1997; De Rijk et al., 1999;
Gennari et al., 2009) or the fluctuations observed on S7 (Fig. 3).

5. Conclusions: conditions for sapropel formation

Sapropel formation derives from the combination of enhanced
surface productivity and bottom water stagnation. Sapropels depos-
ited during warm periods (S5 and S7) formed under an intensified
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influence from riverine input sourced from the African tropical region,
and thus enhanced fluvial run-off related tomonsoonal activity in that
area. This intense input from the south is not so evident for S6,
deposited during a cold period. In this case, a source from the northern
continent is more likely, but this input was highly fluctuating and
sapropel formation responded to these pulses by intermittent
deposition.

Analogue to recent observations, Adriatic and Aegean seas are
thought to have been the source areas for deepwater outflow into the
EasternMediterranean. Climatic conditions on the northernmargin of
the region control the deepwater outflow which substantially
contributes to deepwater ventilation. At the same time, the
termination of sapropel formation is defined by this deepwater
formation.

Oxygen depletion in the water column was achieved to a different
extent during sapropel formation. Maximum extension of water
column anoxia was achieved during S5 deposition, where even the
Eratosthenes seamount achieved notable dysoxia. Redox-related trace
element patterns indicate that S5 and S7 are the most intense
sapropels; these intervals are also the most extreme in monsoonal
activity in tropical Africa and thus drainage, as deduced from our La/
Lu and Zr/Hf patterns. This indicates that extremes in African
monsoonal activity determine the intensity of sapropel formation.
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