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PALEOCEANOGRAPHY, VOL. 16, NO. 1, PAGES 78-94, FEBRUARY 200 ! 

On the late Pleistocene-Holocene sapropel record of climatic 
and oceanographic variability in the eastern Mediterranean 

S. E. Calvert 

Earth and Ocean Sciences, University of British Columbia, Vancouver, Canada 

M. R. Fontugne 
Laboratoire des Sciences du Climat et de l'Environnement, Gif-sur-Yvette, France 

Abstract. Sapropels and intercalated marls in a piston core from the eastern Mediterranean are chemically and 
mineralogical distinct: kaolinitc, smectite, and total S contents, Fe/A1, Ba/A1, Co/A!, Mo/A1, and V/A1 are higher, 
whereas quartz, Mg calcite, illitc contents, Si/A1, Ti/A1, K/A1, Rb/A1, and Zr/A1 are lower in the sapropels. Missing and 
"ghost" sapropels are identified by mineralogical and chemical properties that are not prone to diagenesis. Primary 
production was higher (BaIA1) and bottom water and/or interstitial oxygenation was lower (Co/A1, Mo/A1, Ni/A!, and 
V/A1) during sapropel formation. Wind speeds (quartz/clay, Si/A!, and Zr/A1) and bottom water salinities (Mg 
calcite/calcite) were higher during periods of marl formation. Sapropels represent a fundamentally different sedimentary 
facies whose formation is linked to changes in the hydrological balance in the basin, driven by precessionally modulated 
changes in monsoon strength and subtropical precipitation changes, which altered circulation, production, and sediment 
source areas. 

1. Introduction 

Sequences of organic-rich muds (sapropels) in the Holocene 
and late Neogene coccolith-foraminiferal marl oozes of the 
eastern Mediterranean have been a rich source of information on 

palaeoclimatic and palaeoceanographic variability [Olausson, 
1961; Williams and Thunell, 1979; Rossignot-Strick, 1985; 
Rohting, 1994]. These distinctive deposits were formed during 
periods of increased freshwater influx into the eastern basin when 
insolation-driven strengthening of the monsoon led to increased 
rainfall in the northern and southern Mediterranean borderlands. 

These influxes caused profound changes in surface and deep 
circulation, productivity, bottom water oxygenation, and sediment 
supply. The tight link between:. the intervals of sapropel deposition 
and insolation maxima at the precessional frequency (albeit with 
a lag of a few thousand years) led, beginning with the seminal 
paper of HiIgen [1987], to the extensive use of sapropel 
sequences in the circum-Mediterranean region for erecting high- 
resolution astronomical chronologies over the last 10 Myr [Hitgen 
et al., 1995; Langereis et al., I997]. The recovery of sapropels in 
the western Mediterranean during Ocean Drilling Program Leg 
161 [Murat, 1999] demonstrates that unusual changes in climatic 
ancL/or oceanographic conditions have intermittently affected the 
entire Mediterranean over the last 3 million years. 

In a prescient paper, Bradley [1938] predicted the occurrence 
of laminated, organic-rich sediments in the glacial age sediments 
of the eastern basin of the Mediterranean on the basis of the likely 
change in climate and/or lowered sea level at this time. By 
analogy with hydrographically restricted fjords and the Black Sea 
he reasoned that a wetter and cooler glacial climate, as generally 
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accepted at that time [Brooks, 1949], would have reversed the 
circulation of the eastern basin because of the presence of a 
lower-salinity surface layer and this would have led to deep water 
stagnation due to restricted deep water renewal. Kullenberg 
[1952] and Olausson [1961] extended this reasoning after the 
sapropels were first sampled during the Swedish Deep-Sea 
Expedition, and they suggested that the increased supply of fresh 
water from the Blfick Sea and from the pluvial condition of the 
Mediterranean region after the glacial maximum were 
instrumental in creating an anoxic basin which led to the 
formation of the sapropels. This explanation would be consistent 
with the occurrence of many sapropels during "warming trends" 
[Ryan, 1972]. It is now known that the sapropels formed mainly 
after, not during, the glacial maxima and are closely related to the 
precessional cycle of the monsoons [Rossignol-Strick et al., 
19821. 

The evidence for the formation of the sapropels via increased 
organic carbon preservation under bottom water anoxia has 
recently been reviewed by Emeis and Party [1996] and Cramp 
and O'Sullivan [1999], and this mechanism is now widely 
accepted. Basin stagnation is held to be caused by greatly 
increased runoff [Rossignol-Strick et al., 1982; Rossignol-Strick, 
1983, 1985] or an altered hydrographic balance which decreased 
evaporative water losses [Rohling and Hilgen, 1991; Rohling, 
1994]. An additional factor originally suggested by Berger [1976] 
is a higher settling flux of organic matter caused by increased 
primary production when the circulation and the nutrient budget 
of the eastern basin were altered by the changed hydrographic 
conditions [Calvert, 1983]. Rohting [1989] suggested that 
pycnocline shoaling induced the formation of a deep chlorophyll 
maximum at times of sapropel formation, and Sancetta [1994] 
proposed that large fluxes of mat-forming diatoms were 
responsible for high carbon fluxes, a suggestion that has recently 
been confirmed for one of the prominent late Pleistocene sapropel 
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horizons [Kemp et aI., 1999]. The current view appears to be 
converging on a combined mechanism, whereby high carbon 
fluxes cause oxygen drawdown in deep water, leading to 
enhanced organic preservation [Sancetta, 1999]. 

The palaeoclimatic and palaeoceanographic information stored 
in the sapropel records, whatever mechanism is principally 
involved in their formation, includes the sources of organic matter 
[ten Haven et al., 1987a, 1987b, 1987c], changes in freshwater 
balance [ThuneIl and Williams, 1989; Rohling and HiIgen, 1991; 
Rohling and De Rijk, 1999], glacial-interglacial changes in 
atmospheric pCO2 [Fontugne and Calvert, 1992], and relative 
nutrient utilization [Calvert et aI., 1992]. The goals of this study 
were to acquire further insight into environmental changes over 
several glacial-interglacial cycles in the eastern Mediterranean 
from a detailed consideration of the mineralogical and inorganic 
chemical compositions of the deposits, employing recent 
advances in the use of sedimentary tracers to reconstruct variable 
sediment sources, texture, redox changes, and palaeoproductivity. 

2. Materials and Methods 

Core MD 84641 (33ø02'N, 32ø38'E; 1375 m water depth) was 
collected during the Nog cruise of the RV Marion Dufresne in 
August, 1984. Separate samples were taken for foraminiferal 
isotopic and for chemical and mineralogical analyses. Sampling 
was at 10 cm intervals in the marl sections of the core and at 2 cm 

intervals through the sapropels. The foraminiferal isotope 
stratigraphy used here is taken from Fontugne and Calvert 
[1992]. Dried (60øC), powdered subsamples were used for 
mineralogical and chemical analysis. Organic carbon, total 
nitrogen and carbonate C determinations at the University of 
British Columbia (UBC) were carried out by a combination of 

combustion/gas chromatography (total C and N) and coulometry 
(carbonate C); the precisions determined on replicate subsamples 
were +_1.25% and +_3.5% for total C and N and +-2% for 

carbonate. OrganiC: carbon values were derived by difference with 
a combined precision of +_.2.35%. Organic C determinations at 
Gif-sur-Yvette were made by combustion followed by 
coulometric determination of the evolved CO2 of subsamples that 
were soaked in 10% HCI overnight and dried to constant weight 
at 80øC. Absolute precision was better than 0.1%. Differences 
between the two organic carbon data sets were generally less than 
+_5%. Separate subsamples were used for major and minor 
element determinations by X-ray fluorescence spectrometry, 
using methods described by Calvert [1990]. Precisions of the 
analyses were +_3% for the major elements and +_5% for the minor 
elements. The mineralogy of the bulk samples and the clay 
fraction (<2 !.tm; separated by settling/centrifugation) was 
determined by conventional powder X-ray diffractometry. 
Relative abundances of clay, quartz, low-Mg calcite and high-Mg 
calcite in the bulk sediments were determined using the ratios of 
the peak intensities at 450 (common to all clay minerals), 426, 
303, and 298 pm, respectively. Clay mineral abundances 
(smectite (ethylene glycol treatment), illite, kaolinite, chlorite, 
and palygorskite) of selected horizons within sapropels and above 
and below these intervals were determined from the ratios of their 

peak areas on X-ray diffraction (XRD) spectra. No significant 
variations in clay mineral crystallinity were detected. 

3. Results and Discussion 

3.1. Sapropel Stratigraphy 

Core MD 84641 is located on the northern extremity of the 
Nile Cone between Cyprus and the Nile Delta. It consists of 11.61 
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Figure 1. Down core variation of organic carbon concentrations and the õ18 0 (Globigerinoides tuber) stratigraphy of 
core MD 84641. 
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Figure 2. Age model for the core, showing a comparison of the 818Orube r stratigraphy and the SPECMAP stack 
[Martinson et al., 1987a] plotted against age, sapropel stratigraphy based on the age model for the core, and down core 
CaCO 3 variations. The SPECMAP curve, with events identified, has been offset to lighter values for ease of viewing 
the two isotope curves. 

m of pale cream to yellowish brown nanofossilfforaminiferal marl 
ooze (hereinafter referred to as marl) with nine olive green 
sapropels varying in thickness from 6 to 22 cm (Figure 1). A 
hiatus at 445 cm depth is marked by a subtle change in the color 
and an abrupt change in water content. Four of the sapropels 
(those at 328-341,374-393, 458-479.5, and 578-596 cm) contain 
gray mud layers with lower organic carbon contents, producing 
two maxima in organic carbon content at each level. 

The chronostratigraphy of the core is based on the 
Globiserinoides ruber 8180 record (Figure !), 14C dating of 
planktonic foraminifera in the upper 135 cm of the core, and 
palaeomagnetic reversal stratigraphy. The radiocarbon age of the 
uppermost sapropel is 6869-8570 years B.P. [Fontusne et al., 
1994] and is therefore S 1 [Troelstra et al., 1991 ]. The reservoir- 
corrected calendar ages [Bard et al., 1998] are 7463 to 9491 
years. The 818Oruber record shows a range of-2.3 to +3.2 %0, 
consistent with other foraminiferal records from the 

Mediterranean that all show a much larger glacial/interglacial 
range than that in the Atlantic [Vergnaud-Grazzini et aI., 1977]. 
Correlation with the SPECMAP stack [!mbrie et al., 1984; 
Martinson et al., 1987b] using the AnalySer/es software [Paillard 
et al., 1996] shows that the record in this core extends back to 

stage 12 (Figure 2). The 818Oruber record suggests that the 

hiatus at 445 cm represents 20 kyr of sedimentation [Kallel et al., 
2000]. The Last Glacial Maximum (stage 2) has ,5180 values 
higher than 3%,,, whereas stage 8 has values close to 2%0. The 
lightest ,518 0 values are found in stage 7. 

Comparison of the organic carbon and ,518Orube r records 
(Figure 2) demonstrates that core MD 84641 contains sapropels 
S1 and S3-S10 [Cita et al., 1977] or Si2, Si8-Si12, Si16-Si22, and 
Si30 using the proposed insolation-based numbering scheme of 
Langerels ½t al. [1997]. Sapropel S2 (Si4/6) appears to be 
missing, as is often the case [Rossignol-Strick, 1985] for this 
poorly developed interglacial stage. (Other missing sapropels in 
this core will be discussed subsequently.) The magnetic reversal 
Blake Event (beginning at 117 kyr B.P.) occurs between S4 
(Sil0) and S5 (Si12) [Tucholka et al., 1987; Fontugne and 
Calvert, 1992], consistent with the isotope stratigraphy. 

Apart from S6 (Si16), the sapropels occur in interglacial 
stages, there being three such horizons in stages 5 and 7, where 
there are three prominent interstadials. The grouping of sapropels 
into clusters has been noted previously by HiIgen [1990], who 
proposed that individual sapropels are directly related to minima 
in the precession index, and the clusters of sapropels are related to 
eccentricity. The organic-poor sections in sapropels S4 (Sil0) and 
S8 (Si20) correspond with heavy/5180 intervals in these warm 
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Figure 3. Relationship between organic carbon and total nitrogen 
concentrations in the core. The slope of the regression indicates 
the average ratio for the entire sample set; correction of the 
nitrogen values for the small amount of inorganic nitrogen 
present (shown by the intercept on the x axis) would produce a 
zero intercept, indicating that the organic C/N is roughly the same 
in the sapropels and the marls. 

interstadials (Figure 2), emphasizing the close relationship 
between the occurrence of sapropels and climate in the eastern 
Mediterranean. In the case of S6 (Si16), •5180 does not change 
across the organic-poor section. 

The age model for this core yields sedimentation rates of 
between 1.3 and 5.3 cm/kyr. These are similar to those reported 
[or this part of the eastern Mediterranean [Stanley and 
Maldonado, 1977] 

3.2. Organic Carbon and Carbonate 

Organic carbon contents of the sapropels range from 2 to 4.5 
wt % (Figures 1 and 2). Intercalated gray mud layers with lower 
organic carbon contents in S4 (Sil0), S6 (Si16), and S8 (Si20) 
produce two maxima in organic carbon content at each horizon. 
The marls have organic carbon contents ranging from 0.1 to 0.3 
wt %, with no systematic trends in this lithology down the core. 
The Corganic/Ntotal ratio is hi•her in the sapropels (16.92 + 1.1), 
defined as those horizons with > 1% organic C, compared with the 
marls (12.34 + 4.1), a difference that,is significant at the <1% 
level (two-sided t test). However, this difference is caused by the 
presence of a small amount of inorganic nitrogen in all samples, 
reflected in the intercept of the regression in Figure 3. Thus 
organic-poor samples have lower than average Corganic/N ratios, 
and organic-rich samples have higher than average Corganic/N 
ratios. Correction for the nitrogen fraction indicated by the 
intercept would produce a similar average Corganic/N ratio in 
both lithologies. 

Calcium carbonate values have been estimated from the 

carbonate carbon determinations, assuming no phase other than 
calcite or aragonite is present (but see below). The concentrations 
range from 10 to 58% by weight and have minima just below or 
within all sapropels (Figure 2). The highest values occur in the 
upper part of stage 6, and this is followed by an abrupt change to 
the lowest values in the overlying sapropel S5 (Si!2). High 
carbonate values also occur slightly above S1 (Si2), S7 (Si18), 
and S 10 (Si30). 

3.3. Mineralogy 

Core MD 84641 contains variable proportions of quartz, 
feldspar, calcite, magnesian calcite, aragonite, smectite, illire, and 
kaolinite and minor chlorite, dolomite, and palygorskite. The 
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Figure 4. Down core distributions of the relative abundances of quartz and high-Mg calcite, expressed as the peak 
height ratios quartz/clay and high-Mg calcite/low-Mg calcite on X-ray diffractograms. 
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relative abundances of the principal phases show that the bulk 
composition of the sapropels and the marls differ significantly. 
Thus quartz/clay ratios are systematically lowest within and 
highest below each sapropel (Figure 4); furthermore, short-lived 
abrupt changes in this ratio occur throughout the core. The higher 
quartz contents of the marls signify that those intervals are 

. coarser grained, whereas quartz/clay minima in the sapropels 
indicate that they consist of the finest grain sizes of the entire 
core. 

In addition to high abundances of low-magnesian calcite, 
typical of foraminifera and coccoliths, there are also large 
changes in the abundance of high-magnesian calcite in the core 
(Figure 4). The spacing of the distinct d211 Mg calcite peak 
indicates that the Mg-rich phase contains -16 mol% MgCO3 
[Goldsmith and Graf, 1958; Milliman and MiiIler, 197 3 ]. 
Concentrations of this phase exceed those of low-Mg calcite in 
many of the marl sections of the core. The lowest values are 
found within the sapropels, where this phase is commonly 
undetectable using the powder diffraction method employed. 

The sapropels have higher smectite and kaolinire and lower 
illire and palygorskite contents than the marls. Illite is the 
dominant clay mineral in the western part of the eastern 
Mediterranean, whereas smectite is dominant in the eastern part 
of the bas'in [Chamley, 1972; Dominik and Stoffers, 1978]. The 
high proportion of smectite in the clay fraction of core MD 84641 
is attributed to its supply by the Nile [Venkatarathnam et al., 
1972; Stanley and Liyanage, 1986], and the higher content of 
kaolinire is probably due to its derivation from arid source areas 
in northern Africa [Foucault and Mdlidres, 2000]. Sapropels in 
the Bannock Basin in the central Ionian Sea also have much 

lower kaolinite/chlorite ratios (due to significantly higher chlorite 

contents) and lower palygorskite contents than the associated 
sediments [Tomadin and Landuzzi, 1991]. Palygorskite 
characteristically forms in arid, saline soils that are typical of the 
circum-Mediterranean region [Singer, 1985]. It is presently 
transported over the central Mediterranean by winds blowing 
from southern sources [Tomadin et al., 1984]. The lower 
abundance or the complete absence of this phase in the sapropels 
suggests that arid source areas were less extensive or wind 
strength was lower during times of sapropel formation. 

3.4. Chemical Composition 

Because the sapropels and marls in core MD 84641 have 
.different and highly variable contents of organic matter and 
carbonate (Figure 2), which dilute the detrital fraction to variable 
extents, the compositions of the two facies have been compared 
by normalizing the major element contents to A1, a reliable index 
of fine-grained aluminosilicate detritus in terrigenous-bearing 
sediments [Calvert, 1976]. Minor element data from core MD 
84641 support the conclusions that can be drawn from the major 
element variations, indicating that most of the A1 is indeed 
contributed to the eastern Mediterranean within aluminosilicate 
detritus. 

The down core distributions of Si/A1, Ti/A1, and K/A1 are 

generally coherent, although Ti/A1 behaves differently in some 
intervals (Figure 5). This coherence is consistent with the lack of 
significant biogenous opal in the core, a common observation in 
the eastern Mediterranean [Kemp et aI., 1999], which would 
otherwise cause variations in Si/A1 ratios without affecting Ti/A1 
and IGA1. Minima in all three ratios characterize the sapropels, 
and there are also prominent minima in stages 8 and 9 and smaller 
relative minima in stages 3 and 6 where sapropels do not occur. 
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Figure 5. Down core distributions of Si/A1, Ti/A1, and K/A1. Ratios show distinct minima in all sapropels (apart from 
K/A1 in $6) and between S 1 and S3 and between S9 and S10. 
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Figure 6. Down core distributions of Mg/AI and CaJA1 ratios. The distributions are highly coherent, minima occurring 
in all sapropels except S6. 
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$apropel S6 (Si16) has much higher Si/A1 and K/A1 ratios, and all 
three ratios are higher in the lower part of S8 (Si20) compared 
with the other sapropels. The major difference between the 
distributions of Si/A1 and K/A1, on the one hand, and Ti/A1, on 

the other, is in the location of the highest values. For Si/A1 and 
K/A1 the maximal values are found below $5 (Si12) where Ti/A1 
ratios are very low, whereas the highest Ti/A1 values are between 
S4 (Sil0) and S5 (Si12). 

These variations are probably due to bulk mineralogical 
changes, Si/A1 varying with quartz content, K/A1 varying with the 
abundance of K-feldspar and illite, and Ti/A1 reflecting the 
relative abundance of Ti-bearing heavy minerals, such as 
ilmenite, sphene, etc. Si/A1 and K/A1 ratios are high where 
quartz/clay ratios are high (Figure 4). Thus, the Si/A1 and K/A1 
ratios can be used as sensitive indices of the relative abundance of 

quartz and K-feldspar, respectively, and can be used as an indirect 
measure of sediment texture. The coarsest sediment (highest 
Si/A1 and K/A1) occurs immediately below S1 (Si2), S5 (Si12), 
and S10 (Si30). Ti/A1 ratios are low in stage 6 between S5 (Si12) 
and S6 (Si16), where Si/A1 and K/A1 ratios indicate the presence 
of coarse-grained material. The Ti-bearing heavy minerals may 
well be somewhat finer grained (although still coarser than the 
clay fraction) than quartz and feldspar, accounting for the 
differences in the locations of the Ti/A1 and the Si/A1 and K/A1 

peaks (Figure 5). 
The distribution of Mg/A1 ratios (Figure 6) is very similar to 

that of Si/A1 and K/A1 (Figure 5). Thus the values are lowest in 
all sapropels except S6 (Sil 6) and are highest in stages 2 and 6; 
prominent minima also occur in stages 8 and 9, where Si, Ti, and 
K are all low relative to A1. This could be due to the covariation 

of a Mg-bearing detrital aluminosilicate, such as chlorite or 
palygorskite, with quartz and feldspar. However, Mg-bearing 

aluminosilicates, although present, are relatively minor 
constituents of the marls, and comparison of Figures 4 and 6 
shows that the down core changes of high-Mg calcite and Mg/A1 
ratios are highly coherent. In view of the relative abundance of 
low- and high-Mg calcite (Figure 4) and the Mg content of the 
latter phase, it can be shown by calculation that the distribution of 
Mg is significantly controlled by the abundance of high-Mg 
calcite, which largely obscures any variability in aluminosilicate 
content. Down core trends in Ca/A1 ratios are coherent with those 

of Mg/A1 (Figure 6), reflecting the dominant control of the total 
Ca content by carbonate phases. 

Fine-grained and nodular high-Mg calcite is common in the 
eastern Mediterranean [OIausson, 1961], where it occurs as 
roughly 6 mm diameter microcrystals in the mars but not in the 
sapropel horizons and also as nodules and cemented crusts on 
seamounts and on the deep basin floor [Fischer and Garrison, 
1967; Milliman and Miiller, 1973; Mailer and Fabricius, 1974]. It 
is also abundant in cores from the Aegean Sea [Aksu et al., 1995]. 
Because of its abundance (up to 75 wt %) and mode of 
occurrence it is probably formed inorganically in the surface 
sediments [Milliman and Mailer, 1973], and its precipitation in 
the eastern basin is due to the prevailing high bottom water 
salinities. This phase also occurs in the Red Sea [Gevirtz and 
Friedman, 1966; Milliman et al., 1969], where its presence has 
been attributed to high salinity conditions. Its occurrence in the 
marls in MD 84641 and its absence in the sapropels suggests that 
bottom water as well as surface water [Thunell and Williams, 
1989] salinities were higher during the deposition of the marls. 
Other minima in the abundance of high-Mg calcite (Figure 4) 
where sapropels are absent and where Si/A1, K/A1, and Ti/A! are 
also low, notably in stages 3, 8, and 9, will be discussed in section 
3.5. 
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Figure 7. Down core.' distributions of Fe/A1 and wt % S. The latter occurs predominantly as pyrite. 

The distribution of Fe/A1 ratios (Figure 7) shows that Fe 
enrichments characterize many of the sapropels; however, S5 
(Si12), the upper part of S6 (Sil 6), and S9 (Si22) have very small 
enrichments. Sapropel S10 (Si30) has higher Fe/A1 in the lower 
part and very low values in the upper part. Much of the variation 
in the abundance of Fe in MD 84641 is probably controlled by the 
distribution of pyrite, as rejected in the distribution of total 
sulphur (Figure 7), which ranges from 0.01 to 4.35% by weight 
and is highest in the sapropels. There are also relatively high S 
concentrations just below many of the sapropels due to the 
downward diffusion of sulphide from the anoxic organic-rich 
horizons and its reaction with reduced Fe diffusing from deeper 
levels in the sediment [Passier et al., 1999]. Relative Fe contents 
are much less variable in the marls, and Fe/A1 is slightly lower in 
stages 2, 4, and 6, and the middle of stage 8, possibly indicating 
some variability in the nature of the detrital Fe-bearing 
aluminosilicate minerals in the core. 

Variability in the minor element composition of the sapropels 
and associated sediments in core MD 84641 supports the 
interpretation of down core changes in bulk sediment composition 
and additionally provides information on changes in 
palaeoproduction and redox conditions. Thus the distribution of 
Sr closely follows that of Ca. Highest concentrations are found 
where CaCO3 is highest, namely immediately below S5 (Si12) 
and S6 (Sil 6) and in stage 1, whereas the lowest Sr/A1 values are 
found in the sapropels S5 (Si12) and S7 (Si18) (Figure 8). This 
reflects the distribution of biogenous calcite, in which Sr 
substitutes for Ca up to values of 1200-1500 ppm [Turekian, 
1964; Thompson and Bowen, 1969], and of high-Mg calcite. 
Strontium concentrations in the latter, inorganic phase are likely 
to be lower than in biogenous carbonate phases, but we are not 
able to determine this partitioning because it was not possible to 
separate the very fine grained inorganic and biogenous (coccolith) 
materials. This conjecture is supported by the lack of significant 

difference in the projected Sr content at 100% CaCO 3 in the 
sapropels and the marls. 

Rubidium and Zr in the core are controlled entirely by the 
composition and grain size of the aluminosilicate fraction. 
Rubidium substitutes for K in most K-bearing minerals, so the 
distribution of these two alkali metals parallels each other down 
core (Figures 5 and 8); the lowest values are found in many of the 
sapropels, and the highest Rb/A1 ratios occur in stages 2 and 5. 
Sapropels S6 (Si16) and S8 (Si20) show little change in both 
Rb/A1 and K/A1. Zr/A1 ratios change in concert with changes in 
Si/A1 (Figures 5 and 8), and values of both ratios are positively 
correlated. Thus highest Zr/A1 is found in stage 2 and the upper 
part of S6, and the lowest values occur in each of the sapropels. 
Zirconium occurs predominantly in the mineral zircon in marine 
sediments, which in turn, is normally confined to the fine- 
sand/coarse-silt fraction. Variations in Zr/A1 therefore lend 

support to the inference from the quartz/clay and Si/A1 ratios of 
larger grain sizes in the marl horizons below many of the 
sapropels. 

Somewhat similar contrasts in Si/A1, Ti/A1 and Zr/A1 ratios 
between sapropels and marls have been identified in cores from 
Ocean Drilling Program (ODP) Sites 964 and 967 [Wehausen and 
Bruinsack, 1999], and the same Ti/A1 and Zr/A1 patterns occur in 
Miocene sections from the island of Gavdos, south of Crete 
[Schenau et al., 1999]. These differences were attributed to 
variations in the input of fluvial and aeolian detritus to these sites, 
with finer-grained sediments of fluvial derivation being more 
important during sapropel deposition and coarser aeolian material 
being much more important during marl deposition. 

The distribution of Ba/A1 ratios is closely coherent with 
organic C (Figure 8); most Ba enrichments above crustal 
abundances (Ba/A1 = ---0.0068) [Taylor and McLennan, 1985] 
occur in the sapropels. In some cases, Ba is also enriched just 
above a sapropel, such as S1 (Si2), S3 (Si8), and S6 (Si16), and 
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Figure 8. Down core distributions of Sr/A1, Rb/A1, Zr/A1, and BaJA1. Variations in Sr/A1 are coherent with those of 
CaIA1 and Mg/A1, whereas variations in Rb/A1 and Zr/A1 follow K/A1 and Si/A1, respectively. BaIA1 peaks are 
confined to each of the sapropels but also occur between S5 and S6, between S9 and S 10, and below S6 and S 10. 

there is a prominent Ba/A1 maximum below S10 (Si30). The 
marls have Ba/A1 ratios of roughly 0.003 upon which the marked 
enrichments in the sapropels are superimposed. Almost all the Ba 
in the S 1 sapropel is present as 1-3 gm barite crystals [Thomson 
et at., 1995], similar to its mode of occurrence in open ocean 
pelagic sediments [Church, 1970; Paytan et al., 1993; Gingele 
and Dahmke, 1994]. 

Down core variations in total Ba abundances record 

palaeoproductivity variations [Schmitz, 1987], and 
palaeoproductivity algorithms using total sedimentary Ba 
concentrations have been developed [Dymond et al., 1992; 
Franqois et al., 1995]. Although there has been some minor 
diagenetic redistribution of Ba in core MD 84641 [van Os et al., 
1991], as seen, for example, below S10 (Si30), the close 
coherence between Ba/A1 and organic C suggests higher 
production during sapropel formation [Thomson et al., 1999]. 
Note, in addition, that there are small Ba/A1 peaks between S9 
(Si22) and S 10 (Si30) where Si/A1 and Zr/A1 ratios are low. 

Low and more or less constant MrdA1 ratios occur in the marls, 

whereas sporadic high values occur at the bases and the tops of 
several of the sapropels, most notably below S6 (Sil 6), above and 
below S10 (Si30), and above S1 (Si2) (Figure 9). Small 
enrichments are also seen in stages 3, 8, and 11. Since manganese 
in sediments is strongly affected by the redox state of the 
sediment [Lynn and Bonatti, 1965], the pattern of Mn distribution 
is controlled almost entirely by postdepositional reaction. Many 
eastern Mediterranean saprope!s have been altered by the 

downward diffusion of pore water oxygen after the formation of 
the sapropels ceased and the marl-forming regime was re- 
established [de Lange et al., 1989]. The effects of this process are 
similar to those in organic-rich North Atlantic turbidites [Wilson 
et al., 1985; Thomson et al., 1993], in that the organic material in 
the upper part of the sapropel is degraded and redox-sensitive 
metals and metalloids are redistributed around the downward 

migrating oxidation front. Sapropels may be completely removed 
by this process [Higgs et al., 1994]. The details of these effects in 
the youngest Mediterranean sapropel (S1) have been fully 
described [Pruysers et al., 1993; Thomson et aI., 1995; Van 
Santvoort et al., 1996]. 

Several other redox-sensitive trace metals can be redistributed 

by the processes just described. Thus Cu/A1, Cr/A1, and Zn/A1 
(Figure 9) have down core variations that are poorly correlated 
with the positions of the sapropels. Isolated single-point peaks in 
the ratios are found in the marls, some of which are coincident 

with minima in Si/A1 and Zr/A1 (Figures 5 and 8). In the case of 
Zn/A1, maxima and minima occur within different sapropels. 
Down core variations in Co/A1, Ni/A1, Mo/A1, and to a lesser 

extent V/A1 (Figure 10) are much more closely related to the 
sapropel boundaries, maxima most often occurring within these 
horizons. Some isolated peaks of Co/A1 and V/A1 are found in the 
marls, whereas Ni/AI and Mo/A1 maxima are largely confined to 
the sapropels; Ni/A1 begins to increase immediately below some 
of the sapropels, whereas Mo/A1 ratios show the best coherence 
with the boundaries of the sapropels. In addition, Co/AI, Ni/A1, 
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Figure 9. Down core distributions of MrdA1, Cu/A1, Cr/A1, and Zn/A1. The lack of a clear relationship between the 
distribution of these ratios and the occurrence of sapropels suggests that postdepositional processes have largely 
obliterated any signals of changing sedimentary conditions. 
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and Mo/A1 ratios are much !,.•wer in the upper section of the 
composite sapropels S4 (Sil0), S6 (Si16), and S8 (Si20) than they 
are above the intercalated organic-poor mud layer. 

The enrichment of a wide range of trace metals in the 
sapropels of core MD 84641 that are removed to bottom 
se'.diments under reducing conditions suggests that bottom waters 
or the interstitial environment of the sediment was oxygen- 
deficient or even sulphidic during their formation. It is not 
possible to deduce the degree of oxygen deficiency with the 
elemental data available because it is known that enrichments of 

many of the same metals can occur by the downward diffusion of 
a metal from oxic bottom waters into anoxic subsurface horizons 

[Calvert and Pedersen, 1993]. Other evidence can sometimes be 
used to infer bottom water anoxia, such as the presence of 
laminations or the complete absence of benthos [Jorissen, 1999], 
and both of these indicators can be found in Mediterranean 

sapropels. However, there are situations where the sapropels 
contain a benthic foraminiferal fauna, albeit adapted to very low 
oxygen conditions [Brolsma, 1978; Jonkers, 1984; Oggioni and 
Zandini, 1987; Vismara Schilling and Cordbourn, 1991], and one 
must always be cognizant of the fact that fine laminations can be 
imparted to sediments under oxic conditions by mat-forming 
diatoms [Kemp and Baldauf, 1993] that have been found in S5 
(Si12) [Kemp et al., 1999]. Anoxic bottom water conditions 
during sapropel formation are also indicated by the sulphur 
isotopic composition of pyrite in several sapropels [Passier et al., 
1999]. In a similar manner to the relatively high bottom oxygen 
conditions prevailing during the deposition of an upper sapropel 

section in the Adriatic Sea inferred from the benthic fauna 

[Rohting et al., 1997], we also infer nonanoxic conditions during 
the deposition of the upper sections of sapropels S4 (Si 10), S6 
(Si16) and S8 (Si20) in core MD 84641 from the very low Co/A1, 
Ni/A1 and Mo/A1 ratios and their contrast to the much higher 
values in the lower sections of the same sapropels. 

3.5. Sapropel-Marl Differences 

Apart from the organic carbon and nitrogen contents, the 
mineralogical and chemical composition of the sapropels and 
marls in core MD 84641 shows that the two facies are 

compositionally distinct. The differences can be summarized as 
follows: 

1. The marls contain abundant high-Mg calcite, whereas the 
sapropels have much lower or undetectable amounts of this phase. 

2. The sapropels are finer grained than the marls, as shown by 
their lower quartz/clay, Si/A1, and Zr/A1 ratios. 

3. The fine-grained (clay) aluminosilicate compositions are 
different, sapropels containing more smectite and kaolinite and 
marls containing a higher proportion of illite. 

4. The sapropels have high concentrations of trace metals that 
are precipitated under anoxic conditions as their respective 
sulphides (Co, Mo, and Ni) or are reduced to their lower 
oxidation states under low redox conditions and are fixed in the 

sediment by precipitation of a reduced phase or adsorption onto 
other solid phases (Mo, V). The distributions of other metals 
normally found enriched in anoxic conditions (Cr, Cu, and Zn) 
have been seriously affected by diagenetic redistribution. 

, 
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Figure 10. Down core distributions of Co/A1, Ni/A1, Mo/A1, and V/A1. In contrast to the distributions shown in Figure 
9, Co, Ni, Mo, and V maxima occur in sapropels, apart from Co in S 1 and S9 and V between S9 and S 10. 

5. The sapropels have significantly.higher concentrations of 
Ba compared with the marls. 

The differences in the mineralogy and the bulk composition of 
the terrigenous fraction of the sediments indicate that the source 
or sources of the sediment in the sapropels and marls were 
different. Consequently, the sapropel record in core MD 84641 
cannot be interpreted simply as the imposition of high organic 
supply or preservation upon a uniform compositional background. 
These results are more plausibly interpreted as a change in the 
conditions of sedimentation and/or sediment delivery, possibly 
linked to changes in the circulation in the eastern Mediterranean 
between periods of marl and sapropel formation. 

Holocene sediment sources in the eastern Mediterranean are 

dominated by supply from the Nile and from the southern arid 
land areas via wind transport [Venkatarathnam and Ryan, 1971; 
Dominik and Stoffers, 1978]. Thus the fine-grained material in the 
deep water sediments is dominated by smectite (via the Nile) and 
kaolinire (from rivers and the deserts via the wind). Illite and 
chlorite are much more abundant in the western part of the 
eastern basin, these minerals having a northern source. The higher 
smectite and kaolinite contents of the sapropels suggest that 
sediment supply from the southern source was even greater 
during the deposition of sapropels at the site of core MD 84641, 
consistent with the higher flow rates of the Nile at these times 
[Rossignol-Strick et al., 1982; Rossignol-Strick, 1983; 1985]. This 
has recently been confirmed from the distribution of 87Sr/86Sr 
ratios in the surface sediments of the Levantine Basin [Krom et 
al., 1999a] and from 87Sr/86Sr and major element ratios in S1 
(Si2) and associated marls in cores from the same region [Krom 
et aI., 1999b]. These authors showed that the compositional and 
isotopic data require a simultaneous decrease in Saharan dust 

input and an increase in Nile River input during the deposition of 
S1 (Si2). 

As well as having a different clay mineral composition, the 
marls between each of the sapropels in core MD 84641 are also 
coarser grained, as shown by the higher quartz/clay, Si/A1, and 
Zr/A1 ratios. The highest ratios in the entire core are found 
immediately below each of the sapropels, especially S 1 (Si2) and 
S5 (12). It is unlikely that hydrodynamic reworking has caused 
this contrast in view of the water depth at the core site. Because 
of the distance from fluvial sources, aeolian transport is the most 
likely transportation agent. At the present time, winds transport 
large amounts of dust over the eastern and central Mediterranean 
from the Sahara [Ganor and Mamane, 1982] and from northern 
sources [Tomadin et al., 1984], and wind transport has been 
implicated in the distribution of the fine fraction to the sediments 
of the eastern basin [Venkatarathnam and Ryan, 1971; Tomadin, 
1981; Wehausen and Brumsack, 1999]. Thus a more vigorous 
glacial atmospheric circulation, as generally deduced for the 
LGM [Petit, 1981; Mahowald et al., 1999] together with a change 
in the sedimentary source areas suggest that the two sedimentary 
facies in core MD 84641 reflect different climatic and 

oceanographic regimes. 
The distinct compositional diB•rences between sapropels and 

marls in MD 84641 provide a means for identifying the positions 
of so-called missing sapropels. Cita et al. [1977] stated that 
sapropels S2 (Si4/6) and S4 (Sil0) are only "weakly expressed" 
in cores from the ridge crest of the Ionian Sea and that S9 (Si22) 
and S10 (Si30) may be very thin or smeared by bioturbation. 
Rossignol-Strick, [1985] found that, on the basis of the close 
relationship between the occurrence of sapropels and African 
climate changes driven by precessionally forced monsoon 
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variability (to be discussed in section 3.7), sapropels should occur 
at 292 and 314 kyr in the eastern Mediterranean, but they are 
absent. Thus it appears that there are genuine gaps in the sapropel 
record in the eastern Mediterranean. Postdepositional "burn- 
down" [de lange et al., 1989] is one process that could remove a 
sapropel from the section, thin or relatively organic-poor horizons 
being especially susceptible [Higgs et al., 1994]. 

It is necessary to distinguish between situations where 
sapropels did not form because the climatic conditions did not 

.. change sufficiently and situations where such deposits did form 
but have been completely removed by the bum-down mechanism. 
In the latter case, horizons of former sapropels are clearly marked 
by finer sediment grain size and distinctive mineralogy, 
properties that are not altered by postdepositional oxidation. Thus 
Figures 4, 5, 6, and 8 show that there are prominent minima in 
quartz/clay, Mg calcite/calcite, Si/A1, Ti/A1, K/A1, Mg/A1, Rb/A1, 
and Zr/A1 ratios, all indicators of sapropel composition, in stages 
3, 8, and 9 where there are no organic carbon maxima. The 
minima that coincide with or lie close to Ba/A1 peaks, such as 
between S9 (Si22) and S10 (Si30) (Figure 8), may represent a 
residual signal of sapropel formation; these are the "ghost" 
sapropels of other authors. Other minima, notably between S 1 
(Si2) and S3 (Si8) (Figures 5 and 8), possibly record periods of 
altered climatic and oceanographic conditions that were 
insufficient to trigger sapropel formation. These are genuine 
missing sapropels. The recognition of a reliable conservative 
tracer of sapropel formation conditions in core MD 84641 
provides further insight into the relationship between sapropel 
formation and palaeoclimatic changes over the last 460 kyr, 
which will be discussed in section 3.7. 

3.6. Composite Sapropels 

In core MD 84641, sapropels S4 (Sil0), S6 (Si16), and S8 
(Si20) contain an intercalated horizon of organic-poor sediment; 
they are therefore composite sapropels [Rohling et al., 1997]. 
Organic C concentrations in S6 (Si16) decrease to levels 
characteristic of the marls, whereas they are significantly higher 
than the marl values in the organic-poor layers in S4 (Si 10) and 
S8 (Si20) (Figure 2). The 1518Oruber increases significantly in the 
organic-poor layer in S4 (Sil0) and S8 (Si20), whereas there is no 
significant change in S6 (Si16). CaCO 3 contents increase slightly 
in the organic-poor layer in S8 (Si20) compared with the 
sapropelic sediments above and below, whereas there is no 
significant change in S4 (Sil0) and S6 (Si16). High-Mg calcite 
increases notably in S6 (Si16), there is a small increase in S4 
(Sil0), and this phase could not be detected in S8 (Si20) (Figure 
4). Ba/A1 ratios closely track the organic C changes in the three 
composite sapropels, whereas Zr/A1 ratios in the organic-poor 
layer in each of the composite sapropels are slightly higher 
compared with the sapropelic sediments above and below this 
horizon (Figure 8). 

The two sections of the composite saprope!s have different 
minor element compositions. Thus, while Co/A1, Ni/A1, and 
Mo/A1 ratios all have marked maxima in all sapropels, they 
remain low in the upper sapropel section of S6 (Si16) and S8 
(Si20) (Figure 10); only Mo/A1 is much lower in the upper part of 
S4 (Sil0). Since the enrichments of these three metals in the 
sapropels probably reflect anoxic bottom water and/or interstitial 
conditions during sapropel formation, the low degrees of 
enrichment in the upper section of S4 (Sil0), S6 (Si16), and S8 

(Si20) must be due to somewhat more oxygenated bottom water 
conditions following the interruption of sapropel deposition. Note 
that BaIA1 ratios are higher than background in both sections of 
the composite sapropels (Figure 8), suggesting a return to higher- 
productivity conditions after sapropel formation was interrupted 
by better bottom water ventilation. 

Rohling et al. [1997] described a similar organic-poor horizon 
in sapropel S1 (Si2) from the Adriatic Sea, and De Rijk et al. 
[1999] found a possibly coeval layer in the southern Aegean Sea. 
These authors interp.reted high-resolution benthic and planktonic 
foraminiferal data as reflecting a small sea surface cooling and 
increased bottom water ventilation that interrupted sapropel 
deposition at this time. Their data also showed that there was a 
significant increase in organic carbon flux to the seafloor 
(ecosystem enrichment) concomitantly with a progressive 
decrease in bottom water oxygenation for the lower section and 
more oxygenated bottom water conditions during the deposition 
of the upper section of the sapropel. 

The combined data from MD 84641 suggest that productivity 
decreased (Ba/A1 decreases), salinity increased (Mg 
calcite/calcite increases), wind speed increased (Zr/A1 increases), 
and bottom water and/or interstitial oxygenation increased 
(Co/A1, Mo/A1, and Ni/A1 decrease) during the interruption to 
sapropel S4 (Sil0), S6 (Si16), and S8 (Si20) formation. 
Moreover, bottom water oxygenation remained high during the 
deposition of the upper sections of these composite horizons even 
though production returned to the high levels typical of the other 
noncomposite sapropels in MD 84641. Subtle changes in the 
hydrological balance during periods when sapropel formation was 
otherwise favored were evidently responsible for the formation of 
a number of composite sapropels. 

3.7. Climatic Control of Sapropel Formation 

The formation of the eastern Mediterranean sapropels has been 
explained by several different models of climatic and/or 
oceanographic change, and these have been recently reviewed 
[Rohling and Hilgen, 1991; RohIing, 1994]. All explanations 
involve a drastic change in the hydrological balance relative to 
the modern situation, which is a simple antiestuarine flow of 
surface Atlantic inflow ba!anced by evaporative loss and deep 
water return flow through tbe Gibraltar Straits [Wast, 1961; 
Lacombe and Tchernia, 1972]. Oi•.•usson [ 1961 ] proposed that the 
influx of fresh water from the surrounding land and especially 
from the Black Sea, following its postglacial reconnection with 
the Mediterranean through the Bosphorus and Dardenelles Straits, 
led to a decrease in the surface salinity in the eastern basin of the 
Mediterranean, and this caused a density stratification sufficient 
to impede or halt bottom water formation. Kullenberg [1952] had 
earlier argued, by analogy with the stagnant basins of the modem 
Baltic, that both the supply of oxygen to the bottom waters should 
be low and the supply of organic matter should be high for 
organic- and sulphide-rich layers to form in the sediments of the 
eastern Mediterranean. Thus the lack of replenishment of 
dissolved oxygen to the deep basin waters due to water column 
stratification has become the widely accepted model for sapropel 
formation. 

Temperature-corrected oxygen isotope anomalies of planktonic 
foraminifera have been interpreted as showing that sea surface 
salinities (SSS) were significantly lower during sapropel 
formation [Williams et al., 1978], a potential cause of the larger 
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range of Mediterranean foraminiferal •5180 values than is found 
in open ocean cores [Vergnaud-Grazzini et al., 1986]. More 
recent analyses of the isotopic foraminiferal record [Kallel et al., 
1997b; Rohling and De Rijk, 1999] support the interpretation of 
significantly lower SSS during the formation of S1 (Si2). Kallel 
et aI. [1997b] concluded that SSS was more or less uniform 
throughout the eastern and western basins and that surface density 
was higher in the west, leading to inflow of deep water from the 
western basin. In contrast, Rohling and De Rijk [1999] found that 
an east-west salinity gradient is still consistent with the data, 
although there appears to have been a marked water /5180 
depletion in the Levantine Basin most likely due to the influence 
of high Nile discharge [Rossignol-Strick et al., 1982]. Since water 
8180 is not a conservative property controlled solely by the 
precipitation-evaporation balance, Rohling and De Rijk, [1999] 
were reluctant to provide estimates of the latter for S 1 (Si2) time 
because the translation of water ;5180 changes to sea surface 
salinity changes is not straightforward. Finally, the modeling 
results of Myers et al. [1998] suggest that the adoption of the 
inferred S1 (Si2) salinity changes of Thunell and Williams [1989], 
KalleI et al. [1997a] and Rohling and De Rijk [1999] leads to 
solutions that have antiestuarine flow, as at the present, 
throughout the Mediterranean. 

Rossignol-Strick [1985] and Rossignol-Strick et al. [1982] 
correlated the temporal record of sapropels to large increases in 
freshwater input from the Nile River, which respond directly to 
monsoonal rainfall over eastern tropical Africa. Rossignol-Strick 
[19871 also suggested that increased runoff from Eurasian rivers 
contributed to the change in the hydrological balance in the 
eastern Mediterranean, and this is supported by the oxygen 

isotopic composition of Late Pleistocene [Jenkins and Williams, 
1984] and Pliocene [Gudjonsson and van der Zwaan, 1985] 
planktonic foraminifera in the sapropels. Evidence for much more 
humid conditions in the eastern Mediterranean during S1 (Si2) 
time also comes from pollen records from North Africa [Street- 
Pertort and Perrott, 1993] and southern Europe [Wijmstra et al., 
1990; Cheddadi et al., 1991; Rossignol-Strick, 1995] as well as 
records of North At¾ican and Levantine lake levels (summarized 
byYu and Harrison [1996]). Bar-Matthews et al. [1999] have 
reviewed existing knowledge on the wetter climate of the Negev 
Desert during the last 140 kyr based on th• iso•topic composition 
of speleothems. These data are in good agreement with the results 
of climate model simulations of Holocene climates over Africa 

[Kutzbach and Otto-Bliesner, 1982; Kutzbach and Guetter, 1986]. 
During the formation of S1 (Si2) between 7.3 and 9.3 kyr ago, 
increased solar radiation at 30øN, due to the occurrence of 
perihelion in July and an axial tilt of 24.2 ø (compared to the 
modem value of 23.4ø), led to a considerable strengthening of the 
land-ocean pressure gradient. This caused stronger onshore air 
flow into northern and eastern Africa, which led to increased 

humidity and a larger effective moisture (precipitation minus 
evaporation) flux over the land [Kutzbach and Street-Perrott, 
1985]. Thus monsoonal rainfall over the Ethiopian Highlands was 
much greater, leading to greater runoff into the eastern 
Mediterranean [Rossignol-Strick, 1983]. From older palcolake 
records this pattern of increasing humidity in the SaharaJSahel 
region appears to have been repeated in stages 5, 7, and 9 [Szabo 
et al., 1995], coincident with the formation of sapropels in core 
MD 84641 at these times. Sapropel formation in the eastern 
Mediterranean is also coeval with marked decreases in SSS in the 
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Figure 11. Time scale of sapropel occurrence in core MD 84641 and summer insolation at 65øN. Insolation data 
(W/m 2) derived from the Laskar90 series [Laskar, 1990] by means of the AnalySeries software [Paillard et al., 1996]. 
Observable sapropels, as defined by the organic C maxima, are indicated by the stippled pattern, and the positions of 
the "ghost" and missing saprope!s, as defined by minilna in Si/A1, are indicated by the oblique line pattern. The 
insolation-based sapropel numbering scheme of Langerels et al. [1997], even numbers corresponding to insolation 
maxima, is indicated on the left, and shows that all events that could have led to sapropel formation are present in core 
MD 84641. 
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Andaman Sea due to increased monsoonally driven runoff from 
the Indian subcontinent [KalIel et al., 2000], testifying to the 
enhanced atmospheric transport of moisture from ocean to land. 

According to Thune!l and Williams [1989], the SSS contrast 
between sapropel S1 (Si2) and the LGM amounts to 2-3%o. The 
inferred higher LGM SSS is consistent with extensive 
information on the existence of dry and cold open steppe-like 
conditions over large tracts of North Africa at the LGM [Street- 
Perrott and Perrott, 1993]. The most recent modeling study 
[RohIing, 1999] has found that average glacial salinities were 
probably 41-42%o and, by analogy with the modern situation, 
somewhat higher in the eastern basin, consistent with the 
presence of abundance high-Mg calcite in eastern Mediterranean 
marls. High-Mg calcite also occurs abundantly in Red Sea 
sediments [Gevirtz and Friedman, 1966] where current bottom 
water salinities are -40 %0 [Locke and Thunell, 1988] owing to 
high evaporation rates. Although the inferred higher LGM SSS 
does not necessarily mean that the climate was more arid 
(because of the complicated relationship between evaporation rate 
and water exchange), the indication of greater aeolian input 
(higher quartz/clay, Si/A1, and Zr/A1) during these intervals in 
core MD 84641 does point to somewhat drier conditions on land 
or higher wind speeds. 

The timing of sapropel formation with respect to the relevant 
insolation rimeseries is shown in Figure 11. Maxima in summer 
insolation correspond to maxima in the monsoon index 
[Rossignol-Strick, 1983, 1984], the insolation gradient between 
the equator and the tropics, which drives more intense monsoonal 
circulation. Organic carbon peaks in each of the sapropels lag the 
insolation maxima by 3-9 kyr. Hilgen [ 1991 ] found that there was 
a 4 kyr lag between the sapropels S1 (Si2) to S12 (Si44) and the 
peaks of the precession index of Berger [1978], whereas Lourens 
et al. [1996] introduced a 3 kyr lag between the midpoints of 
sapropels and summer insolation maxima of Laskar [1990]. The 
significant and reproducible lag of sapropel formation evidently 
reflects a lag in the thermal contrast between the tropics and the 
equator driven by an offset in summer solstice-perihelion 
alignment [Short and Mengel, 1986]. These authors also pointed 
out that the peak thermal cantrast 3 kyr after maximum insolation 
translates into a greater moisture availability in the rainy season, 
amounting to a 50% change in saturation vapor pressure, pointing 
to a significant impact of orbital variations on the tropical 
hydrological cycle. 

Variations in Si/AI in core MD 84641 are coherent with 

changes in summer insolation at 65øN (Figure 11). As discussed 
previously, minima in the ratio mark the positions of each of the 
sapropels in this core. However, in addition, there are clear 
minima in stages 8 and 9, where sapropels are absent, that are 
lagged by 2-3 kyr with respect to insolation and very small, but 
significant, minima in stage 3, where there is a low-amplitude 
double insolation minimum. Thus the Si/A1 ratio appears to be 
well tuned to the insolation curve and provides a secure record of 
conditions that could have led to the formation of sapropels in the 
eastern Mediterranean. This provides a more complete record of 
saprope!-forming conditions than the down core presence/absence 
of organic-rich sapropels. 

3.8. Glacial Sapropels 

The apparently anomalous occurrence of sapropel S6 (Si 16) in 
glacial stage 6 has been pointed out by Cita et al. [1977] and 

RossignoI-Strick [1983]. The 818Oruber data from core MI) 
84641 (Figure 2) as well as several other cores from the eastern 
Mediterranean clearly show that this stage was fully glacial. 
Moreover, the abundance of G. ruber decreases drastically and G. 
bulloides increases at this horizon, consistent with much cooler 
surface water conditions [KalIe! et al., 2000]. As discussed in 

section 3.7, the trigger for sapropel formation is evidently a 
drastic change in the hydrological balance of the eastern 
Mediterranean, driven by precessionally modulated insolation 
changes. Evidence of such changes during glacial as well as 
interglacial stages is not difficult to find in view of the timing of 
the major glacial-interglacial fluctuations and the insolation 
record over the last 800 kyr. Low-latitude (23.5 ø) summer 
insolation during stage 6 was as high as that during events 5.1 and 
5.3 and only slightly lower than that during events 5.5 and 7.1 
[M•Iikres et al., 1997]. Thus, in spite of a fully glacial climate 
condition at high latitudes the strong insolation maximum at 175 
kyr was sufficient to change the hydrological state of the eastern 
Mediterranean and induce the formation of a sapropel (S6 or 
Si16) at --168 kyr. The driving force for such hydrological 
changes is in the low latitudes (the monsoons and subtropical 
precipitation patterns), and these are controlled mainly by 
precessional insolation changes [Rossignol-Strick, 1985]. Possible 
reasons for the fact that the climate remained in a glacial state in 
spite of the relatively high insolation maximum at 175 kyr have 
recently been addressed by RidgweIl et al. [1999]. 

3.9. Palaeoproduction During Sapropel Formation 

The geochemical data can be used to estimate plankton 
production during the sapropel events in the eastern 
Mediterranean. The sedimentary accumulation rate of excess Ba 
(relative to the aluminosJ. licate background) in S 1 (Si2), using the 
14C-derived linear sedimentation rate of S1 (Si2) (data from 
Fontugne et al. [1994]) and the concentration of biogenous Ba 
(the excess relative to a Ba/A1 ratio of 0.003), implies a 
palaeoproduction of 150 g C/m 2 yr -1 using the barite-based 
algorithm of Paytan et al. [1996]. Using the method of Dymond 
et al. [1992] to derive the water column settling flux of biobarium 
(which takes account of the oegree of preservation of Ba in the 
sediment) and the relationship between biobarium flux and new 
production (which can be equated with the export flux of organic 
matter below the photic zone [Eppley and Peterson, 1979]) 
defined by Fran9ois et al. [1995] gives an estimate of new 
production of around 5.3 g C/m 2 yr-1. These two values suggest 
that production and organic settling fluxes during Si (Si2) were 
roughly an order of magnitude larger than modern values from 
the central eastern basin, which are of order 10-20 g C/m 2 yr '1 
and <1 g C m2/yr -1, respectively [Berman et al., 1984a, 1984b]. 
It is unlikely that the very low production levels determined today 
in the eastern basin are not representative of the production 
conditions prior to the completion of the Aswan High Dam in 
! 965 because the high nutrient levels and high phytoplankton cell 
counts off Egypt before 1965 were confined to a relatively narrow 
strip <60 km wide off the river mouth, the offshore region being 
an "unproductive" zone [Halira et al., 1967]. 

We have not attempted to reconstruct palaeoproduction levels 
from the accumulate rate of organic carbon in the sediment 
[MalIer and Suess, 1979; Sarnthein et al., 1987] because the 
carbon accumulation rate in marine sediments is tightly controlled 
by the linear sedimentation rate [Middelburg et al., 1997]. The 
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calibration of the method for determining palaeoproduction from 
sedimentary carbon accumulation rates therefore produces results 
that largely reflect sedimentation rate variations rather than the 
settling flux of organic matter from the sea surface. 

The higher production during sapropel formation that we have 
deduced from the geochemical evidence is strongly supported by 
the results of studies of planktonic foraminifera [Rohling, 1989; 
Lourens et al., 1992], ostracodes [van Harten, 1987], calcareous 
nanofossils [Castradori, 1993], and diatoms [Schrader and 
Matherne, 1981; Kemp et al., 1999]. The latter authors speculate 
that diatom fluxes could well have been high during all sapropel 
periods in spite of the poor preservation of diatom opal in the 
sediments because of the low dissolved silicon concentrations in 

deep Mediterranean waters. The diatom groups preserved 
(rhizosolenids and Hemiaulis) are typical of stratified waters 
where high production is maintained toward the base of a deep 
photic zone. The results of the modeling study of Stratford et al. 
[2000] suggest that a full circulation reversal of the eastern 
Mediterranean [Berger, 1976] is required to increase production 
sufficiently for sapropels to form over the entire basin. 

4. Conclusions 

Mediterranean sapropels are organic-rich, fine-grained muds 
that formed during periods of greatly altered freshwater balance. 
The mineralogical and chemical compositions of these deposits 
are significantly different from the associated marls; they are 
finer grained, and they contain diagnostic clay miner• phases that 
point to a southern source or sources. Marls-lying immediately 
below the sapropels are coarser grained and they contain high 
concentrations of high-Mg calcite together with clay minerals 
characteristic of northern and/or western sources. These contrasts 

suggest that transport agencies (most likely aeolian) for the 
terrigenous sediment fraction were more vigorous during the 
accumulation of the marls and that deep water salinities were 
quite different at times of sapropel and marl deposition. These 
features can be reconciled if conditions in the eastern 

Medit6rranean were more arid during marl formation, leading to 
more evaporative water loss and higher wind speeds. Primary 
production was higher during sapropel formation, causing a large 
increase in the settling flux of organic matter to the basin floor. 
This would have drawn down deep water oxygen levels, which 
also might have been replenished less frequently if circulation 
restricted deep water renewal; The sediments themselves were 
anoxic during sapropel formation, although the upper sections of 
composite sapropels show clear e•vidence of oxygenated bottom 
waters ,even though production was high. The positions of 
missing and ghost sapropels can be identified from the down core 
distributions of lithogenous tracers (quartz/clay, Si/A1, and Zr/A1 
ratios) that are not affected by postdepositional diagenetic 
modification of the sedimentary record. The reconstructed record 
shows that the conditions for potential sapropel formation 
occurred slightly after every significant insolation maximum 
during the last 350 kyr. 
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