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Abstract

We investigated five time-equivalent core sections (180^110 kyr BP) from the Balearic Sea (Menorca Rise), the
easternmost Levantine Basin and southwest, south, and southeast of Crete to reconstruct spatial patterns of
productivity during deposition of sapropels S5 and S6 in the Mediterranean Sea. Our indicators are Ba, total organic
carbon and carbonate contents. We found no indications of Ba remobilization within the investigated core intervals,
and used the accumulation rate of biogenic Ba to compute paleoproductivity. Maximum surface water productivity
(up to 350 g C/m2/yr) was found during deposition of S5 (isotope stage 5e) but pronounced spatial variability is
evident. Coeval sediment intervals in the Balearic Sea show very little productivity change, suggesting that chemical
and biological environments in the eastern and western Mediterranean basins were decoupled in this interval. We
interpret the spatial variability as the result of two different modes of nutrient delivery to the photic zone: river-
derived nutrient input and shoaling of the pycnocline/nutricline to the photic zone. The productivity increase during
the formation of S6 was moderate compared to S5 and had a less marked spatial variability within the study area of
the eastern Mediterranean Sea. Given that S6 formed during a glacial interval, glacial boundary conditions such as
high wind stress and/or cooler surface water temperatures apparently favored lateral and vertical mixing and
prevented the development of the spatial gradients within the Eastern Mediterranean Sea (EMS) observed for S5. A
non-sapropel sediment interval with elevated Ba content and depleted 18O/16O ratios in planktonic foraminifer calcite
was detected between S6 and S5 that corresponds to the weak northern hemisphere insolation maximum at 150 kyr.
At this time, productivity apparently increased up to five times over surrounding intervals, but abundant benthic
fauna show that the deep water remained oxic. Following our interpretation, the interval denotes a failed sapropel,
when a weaker monsoon did not force the EMS into permanent stratification. The comparison of interglacial and
glacial sapropels illustrates the relevance of climatic boundary conditions in the northern catchment in determining
the facies and spatial variability of sapropels within the EMS.
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1. Introduction

The modern Mediterranean Sea is a highly oli-
gotrophic marine environment and the £ux of or-
ganic carbon to the surface sediment is very low.
However, dramatic and short-term increases in
the burial of organic carbon have occurred since
5.3 million years ago at intervals corresponding
to northern hemisphere insolation maxima, in-
creased seasonal contrasts and intensi¢ed runo¡
(Rossignol-Strick et al., 1982; Rossignol-Strick,
1983; Hilgen, 1991; Lourens et al., 1996; Emeis
et al., 2000a,b). During these periods which lasted
several thousands of years (Vergnaud-Grazzini et
al., 1977), organic-rich (CorgV30%) sediments
also known as sapropels (Kullenberg, 1952;
Olausson, 1961; Kidd et al., 1978) were deposited.
The exact mechanisms leading to an enhanced
accumulation rate of organic matter are still
under debate and concentrate on either anoxia
as the primary cause of sapropel formation (for
instance Nolet and Corliss, 1990; Tang and Scott,
1993; Sachs and Repeta, 1999) or on changes in
productivity (Rohling and Hilgen, 1991, Marti-
nez-Ruiz et al., 2000). In its most rigorous form,
the anoxia hypothesis states that the increase in
total organic carbon (TOC) is caused solely by
enhanced preservation of organic matter and re-
duced input of lithogenic material during sapropel
formation. This view is based on the extraordinar-
ily high pollen counts in sapropels that argue
against an increase in marine productivity (Ched-
dadi and Rossignol-Strick, 1995). In contrast, sev-
eral lines of evidence suggest that the export £ux
of marine organic matter was increased during
sapropel formation: Ryan and Cita (1977) calcu-
lated that the amount of organic carbon annually
sequestered in the Mediterranean Sea during sap-
ropel formation (1.6U106 t/a) surpassed the
amount of carbon annually deposited in all other
pelagic basins of the world’s ocean. At a modern
rate of new production of 12 g C/m/a for the East-
ern Mediterranean (Bethoux, 1989), an improb-
able 30% of new production would have been
buried in the sediments. Productivity levels calcu-

lated from accumulation rates of organic carbon
during sapropel deposition exceeded modern pro-
ductivity in the Mediterranean Sea by far (Emeis
et al., 1998); benthic foraminifer assemblages pri-
or to and after anoxic periods are also indicative
of enhanced carbon £ux to the sea £oor (Schmiedl
et al., 1998). Isotopic (Calvert et al., 1992) and
geochemical (Thomson et al., 1999; Wehausen
and Brumsack, 1999; Nijenhuis and De Lange,
2000) evidence is also consistent with enhanced
productivity during formation of sapropels.
Various alternatives have been proposed to

supply the nutrients necessary to form sapropels.
Circulation reversal (Calvert, 1983; Sarmiento
et al., 1988; Calvert et al., 1992), upwelling
(Schrader and Matherne, 1981; Fontugne and
Calvert, 1992), and enhanced riverine nutrient in-
put (Krishnamurthy et al., 2000; Martinez-Ruiz
et al., 2000) have been proposed as possible mech-
anisms of nutrient supplement. Rohling and
Gieskes (1989) presented a model of sapropel gen-
eration in which pycnocline shoaling allows injec-
tion of nutrient-enriched intermediate water
(IMW) into the lower photic zone promoting
high export productivity. A diminished ventilation
rate would allow deep water anoxia and facilitate
the preservation of organic matter.
However, whether the above mentioned modes

of nutrient delivery are mutually exclusive,
whether they are valid for each sub-basin of the
(eastern) Mediterranean Sea and whether they are
applicable to each individual sapropel is as yet
poorly understood.
The objective of this study is to reconstruct

spatial and temporal productivity changes and
to infer the mode of nutrient delivery to the Med-
iterranean Sea at times of sapropel S5/S6 forma-
tion. For this purpose we used the variation of
barium contents and accumulation rates as a
tool for productivity reconstruction. Five core
sections from di¡erent basins within the Mediter-
ranean Sea containing sapropel 5 (S5), sapropel 6
(S6) (or time-equivalent sections) as well as non-
sapropel sediments above and beneath the sapro-
pels were investigated. Sapropel S6 formed during
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the fully glacial conditions of marine isotope stage
(MIS) 6 (starting 176 kyr ago) and S5 was depos-
ited during the Eemian warm phase (starting 127
kyr ago). The core locations cover potential en-
trances of fresh water from northern and southern
catchment areas into the Eastern Mediterranean
Sea (EMS). The spatial comparison of productiv-
ity changes in comparison to the fresh water sour-
ces allows us to assess the relative importance of
di¡erent modes of nutrient delivery. The patterns
of productivity changes during S5 and S6 can
provide valuable hints on the role of interglacial/
glacial boundary conditions in determining the
intensity of sapropel formation. Furthermore,
the comparison of EMS records to a time-equiv-
alent core section from the Western Mediterra-
nean Sea (WMS)/Balearic Sea sheds light on ba-
sin-speci¢c amplifying or attenuating e¡ects at
times of sapropel formation.

2. Materials and methods

2.1. Sampling and sample preparation

Gravity and piston cores were recovered during

R/V Meteor expeditions M40/4 (spring 1998) and
M44/3 (spring 1999). Core 969E was recovered
during ODP Leg 160 (Emeis et al., 1996). Core
locations are shown in Fig. 1 and listed in Table
1. Two parallel series of sub-samples were taken
from the cores for inorganic geochemistry and
stable isotope analysis using 10-ml syringes at a
sample spacing of 2 cm. After determining the
water content of the sub-samples, they were dried
at 105‡C for 48 h. Subsequently to the determi-
nation of their weight loss, wet and dry bulk den-
sities were calculated.

2.2. Oxygen isotope stratigraphy

Stable oxygen isotope ratios of calcareous fora-

Fig. 1. Map showing the location of the ¢ve studied cores.

Table 1
Core No., position, and water depth of the investigated cores

Core No. Latitude Longitude Water depth
(N) (E) (m)

KL83 32‡36.87 34‡08.89 1431
SL67/KL51 34‡48.91 27‡17.77 2158
ODP 969E 33‡50.46 24‡52.98 2212
SL71 34‡48.67 23‡11.63 2827
SL87 38‡59.34 04‡01.40 1900
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Fig. 2. Stable oxygen isotope records of Globigerinoides ruber (white) from the investigated cores versus interpolated age. The northern hemisphere summer insola-
tion at 65‡N is given for comparison (Berger, 1978). Dark-shaded areas show the position of sapropels. Note the hiatus in KL83. Stable isotope data for core
SL71, SL67/KL51, and KL83 were taken from Weldeab et al. (2002) and for 969E from Emeis et al. (in press).
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miniferal tests were analyzed to establish the
stratigraphic framework of the investigated cores.
Between 10 and 17 tests of the planktic foramin-
ifer Globigerina ruber (white) were picked from
the size fraction s 250 Wm and ultrasonically
cleaned. In core sections where Globigerinoides
ruber (white) was not available Globigerinoides
bulloides was used. The samples were analyzed
using an automated carbonate device linked to a
Finnigan MAT 251 mass spectrometer at the
Leibniz Laboratory for Radiometric Dating and
Stable Isotope Research, University of Kiel, Kiel,
Germany. External reproducibility for stable oxy-
gen isotopes was 6 0.03x. In the core section
where the tests of G. ruber (white) and G. bulloides
were analyzed, the N

18O signal of G. ruber was
adjusted to that of G. bulloides by adding a total
vital e¡ect of 0.85x (0.5x for G. bulloides ac-
cording to Hemleben et al. (1989) and 30.35x
for G. ruber according to Deuser and Ross
(1989)). The age models for the cores are based
on a graphic correlation of the N

18O curves with
the SPECMAP isotope curve of Martinson et al.
(1987) using the software package ‘AnalySeries’
(Paillard et al., 1996). Ages were calculated by
linear interpolation between ¢xed points of SPEC-
MAP events.

2.3. TOC and carbonate analyses

Total inorganic carbon (TIC) was measured
with an ‘Eltra C-S 500’ C-S Analyzer by acid
digestion followed by coulometric determination
of the evolved CO2. To check the precision and
accuracy of the analyses, replicate sample and
standard measurements were performed. The pre-
cision and accuracy were O 0.1% and O 0.2%, re-
spectively. Total carbon (TC) analyses with the
C-S Analyzer were carried out by combustion at
1200‡C, followed by coulometric determination of
the evolved CO2. The di¡erence between TC and
TIC was assumed to originate from the combus-
tion of organic matter. Reproducibility of analy-
ses was better in the organic-rich sediments (sap-
ropels) than in the organic-poor sediments. Both
precision and accuracy were comparable to that
of TIC determination.

2.4. X-ray £uorescence (XRF) analyses of major
and minor elements

For XRF analyses 800O 5 mg of the pow-
dered and homogenized sample was ignited in
a combustion oven, ramped to 1050‡C. After
70 min combustion the samples were cooled to
room temperature and re-weighed for loss on
ignition. Thereafter, the material was mixed
with 2000O 5 mg lithium metaborate (LiBO2)
and 1932O 5 mg di-lithium tetra-borate
(Li2B4O7) and fused to glass discs in Pt cruci-
bles. The glass discs were analyzed at the Insti-
tute for Geological Sciences of the University
Greifswald using a Philips PW 2404 XRF spec-
trometer. The accuracy and precision were
checked by international standards and replicate
analyses of sediment samples, respectively. The
analytical accuracy was within 1% of certi¢ed
values. Precision was better than 3% for all el-
ements. In order to use the barium variation as
an indicator for productivity change, biogenic
mediate barium (Babio) and barium of non-
biogenic origin have to be distinguished. Nor-
malizing to conservative elements such as Al
and/or Ti is often used to assess the terrigenous
barium (e.g. Gingele et al., 1999). Based on the
Ba and Al content of surface sediments and
assuming that Al in the sediments originates
from aluminosilicates, we consider a detrital ra-
tio of Ba/Al = 0.002 to be reasonable. Babio £ux
rate (Babio-FR), export productivity (Pnew) and
primary productivity (PP) were calculated apply-
ing an algorithm developed by Dymond et al.
(1992) and modi¢ed by Francois et al. (1995).
For the determination of primary productivity
an equation developed by Berger et al. (1989)
was used:

Babio ¼ Bameasured3Almeasured � ðBa=AlÞdetrital;

where ðBa=AlÞdetrital ¼ 0:002

Babio flux ¼ Baacc:=0:209 log MAR30:213

Pnew ¼ 1:95ðBabio fluxÞ1:41

Pnew ¼ PP2=4003PP3=340000
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3. Results

3.1. Oxygen isotope records, age models, and
sedimentation rates

The N
18O records resemble the global variation

of the SPECMAP isotope curve (Martinson et al.,
1987), but glacial^interglacial amplitudes in our
core are high compared to those of the open
ocean and vary between 4 and 4.6x (Fig. 2).
The oxygen isotope records are marked by very
low N

18O values (up to 31.7x) during sapropel
formation in the EMS and time-equivalent inter-
vals in the Balearic. This is particularly obvious

during formation of sapropels S5 and S6 (Fig. 2).
The northern hemisphere summer insolation val-
ues at 65‡N are also shown in Fig. 2. The onset of
each episode of sapropel formation correlates
with the maximum of the insolation values assum-
ing a time lag of 1^3 kyr between climate forcing
(insolation) and maximum climate response (sap-
ropel formation) (Hilgen, 1991; Rossignol-Strick
and Paterne, 1999).
Accumulation rates in cores SL71 and SL67/

KL51 are highest during S5 and display values
between 13 cm/kyr and 6 cm/kyr, respectively
(Fig. 3). KL83 is generally characterized by higher
sedimentation rates relative to the other cores

Fig. 3. Age^depth plot showing changes in sedimentation rates. Numbers and gray/white-shaded areas indicate marine oxygen
isotope stages. Dashed areas show investigated sapropels.
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ranging from 4 to 7 cm/kyr. During the glacial
phase the deposition rate in KL83 is slightly in-
creased compared to the interglacial interval. In
core SL83, however, a decrease in sedimentation
rates is observed at times of sapropel formation
(Fig. 3). ODP 969E does not show any pro-
nounced changes in sedimentation rates during
the investigated time interval and displays an
average rate of 2.7 cm/kyr. Sedimentation rates
in SL87 from the Balearic Sea have average values
of 3.8 cm/kyr in the interval from MIS 1 to MIS
4. In contrast, MIS 5 and MIS 6 have an average
sedimentation rate of 1.2 cm/kyr.

3.2. Carbonate and TOC contents

During the deposition of S6 the carbonate con-
tents in all cores increased by 10^20 wt% (Fig. 4)
with respect to non-sapropelic glacial sediments.
In SL71 and SL67, the carbonate content does
not decline with the cessation of S6, but rather
remains on the same level as of S6 for a short
time. In KL83 and KL51, an intercalation of a
light-colored and relatively organic-poor layer

within S6 exhibits reduced carbonate contents
(10 wt%). In the case of cores SL67/KL51, the
decline of the carbonate content during the in-
tra-S6 interval is much more severe compared to
core KL83. This is because of dilution by volcanic
ash in the intra-S6 interval. In core SL71 and
969E, the intra-S6 intervals do not have reduced
carbonate contents. In SL71 and SL67/KL51, the
homogenous glacial sediment is characterized by
more or less constant carbonate content around
40 wt%. Glacial sediment of 969E shows depleted
carbonate contents of 25 wt%. In contrast to
969E, KL83 exhibits an interval that is carbon-
ate-enriched relative to the immediate under-
and overlying sediments. In SL87, intervals corre-
sponding to S5 and S6 are enriched in CaCO3.
In SL71, 969E, and SL67, the onset of S5 is

accompanied by a steep decrease of carbonate
content. Low carbonate contents between 10
and 30 wt% persist throughout the deposition of
S5. The sharpest decline in carbonate is observed
in 969E and SL67 (Fig. 5), whereas in SL71 the
decrease in carbonate is moderate. In contrast, the
sapropel section of KL83 is marked by an in-

Fig. 4. CaCO3 and TOC content of investigated core sections. EMS sapropels are indicated by dark gray-shaded areas. Chrono-
logically equivalent intervals in the WMS (SL87) are dashed.
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crease of the carbonate content by about 27 wt%
relative to sediments beneath the S5.
The TOC contents vary between 3 and 5 wt%

during S6 in the EMS, with lower TOC contents
in KL83. In the WMS, the time-equivalent inter-
val to S6 shows TOC contents ranging from 0.2 to
0.4 wt%. During S5, TOC contents of the core
from the EMS vary between 4 and 11 wt% (Fig.
4). Very little change of TOC contents (max. 0.45
wt%) is observed during the time-equivalent peri-
od to S5 in the WMS.

3.3. Ba contents in surface sediments

Ba contents of the surface sediments indicate a
slight increase with increasing water depth (Fig. 5,
Table 2). However, Ba contents also vary between
154 and 197 ppm within a narrow range of water
depth (around 2000 m). A linear regression line is
computed and it intercepts the ordinate axis at
140 ppm. This value theoretically corresponds to
the terrigenous Ba fraction. Ba/Al ratios of the
surface sediments (Fig. 5), however, hardly show

Fig. 5. Ba contents and Ba/Al ratios of surface sediments versus water depth. Linear regression line is drawn showing the rela-
tionship between Ba (ppm) and water depth.

Table 2
Location, water depth, Ba contents, and Ba/Al ratios of the investigated surface sediments

Sample Latitude Longitude Water depth Ba Ba/Al
(N) (E) (m) (ppm)

MUC-66 35‡36.01 25‡54.35 560 168 0.005
MUC-65 36‡08.76 25‡33.84 828 192 0.005
ODP 966A 33‡47.79 32‡42.95 926 127 0.003
MUC-75 35‡48.63 22‡40.23 1012 184 0.005
MUC-213 32‡36.87 34‡08.89 1431 187 0.002
ODP 971A 33‡43.62 24‡40.84 2026 154 0.004
ODP 970A 33‡44.19 24‡48.12 2075 130 0.004
MUC-68 34‡41.35 27‡16.26 2121 170 0.005
MUC-70 33‡42.82 24‡42.11 2141 186 0.005
MUC-69 33‡51.53 24‡51.46 2150 178 0.006
MUC-67 34‡48.91 27‡17.77 2158 197 0.005
MUC-71 34‡48.67 23‡11.63 2827 229 0.005
MUC-77 37‡00.56 16‡17.80 2850 233 0.002
MUC-72 34‡18.15 19‡53.93 3130 250 0.005
MUC-76 35‡13.76 21‡29.96 3360 248 0.005
ODP 964A 36‡15.62 17‡44.99 3660 204 0.003
ODP 973A 35‡46.82 18‡56.88 3695 218 0.003
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any relation to water depth. The lowest Ba/Al
ratio ( = 0.002) and the theoretically derived Ba
content of 140 ppm yield similar values when
used for the correction of the terrigenous Ba frac-
tion. Ba/Al = 0.002 is used for the calculation of
Babio.

3.4. Biogenic barium in the core sections

Variations of Babio contents and Babio accumu-
lation rates (Babio-AR) in the investigated core
sections are shown in Figs. 6 and 7, respectively.
The sediments of the glacial phase before the on-
set of S6 display Babio-AR between 0.4 and 1.6
Wg/cm2/yr. The onset of S6 in the EMS and the
time-equivalent interval from the Balearic Sea are
accompanied by a gradual increase of Babio-AR
culminating in values of 2.3 Wg/cm2/yr (KL83), 6.3
Wg/cm2/yr (KL51), 6.2 Wg/cm2/yr (969E), 2.1 Wg/
cm2/yr (SL71), and 0.6 Wg/cm2/yr (SL87). In the
EMS, the increase is interrupted by an intercala-
tion called intra-S6. Babio-AR in the intra-S6 are
lower compared to the upper and lower parts of
S6, but much higher than in the sediment intervals
beneath and above S6. Core SL71, located west of
969E, displays Babio values that are lower than
those of the corresponding section in 969E. Begin-

ning with the onset of the upper part of S6, Babio-
AR increase up to 2.4 Wg/cm2/yr (KL83), 6.4 Wg/
cm2/yr (KL51), 11.4 Wg/cm2/yr (969E), and 2.9 Wg/
cm2/yr (SL71) in the EMS. For the time-equiva-
lent interval in the Balearic Sea (SL87), the high-
est Babio-AR is 0.44 Wg/cm2/yr. With cessation of
S6, the Babio contents return to values comparable
to those before the onset of S6. Within the homo-
genous interval, a moderate increase of Babio-AR
is observed in the cores SL71 (360^340 cm, max.
1.2 Wg/cm2/yr), 969E (445^415 cm, max. 3.10 Wg/
cm2/yr), and KL51 (510^480 cm, max. 3.2 Wg/cm2/
yr). This interval corresponds stratigraphically to
the insolation maximum at 150 kyr. In the corre-
sponding section of KL83, the increase of Babio
contents as well as Babio-AR are not well-pro-
nounced, showing a maximum of 181 ppm and
1.0 Wg/cm2/yr, respectively.
In cores SL67, 969E, and SL71, the onset of S5

deposition is characterized by a sharp rise of
Babio-AR. In these cores, maximum Babio-AR is
reached in the lower half of the sapropel. It dis-
plays values of 10.1 Wg/cm2/yr (SL67), 27.3 Wg/
cm2/yr (969E), and 12.1 Wg/cm2/yr (SL71). The
distribution pattern of Babio-AR within S5 of
KL83 (S5) di¡ers from the cores described above.
Here, a gradual increase and decrease of Babio-

Fig. 6. Babio concentration (ppm) versus sediment depth of the investigated core sections. Positions of sapropels are dark-shaded.
Dashed areas in SL87 indicate interval time-equivalent to S5 and S6 in the EMS.
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Fig. 7. Babio-AR, Babio-FR, export productivity, and primary productivity versus depth in the S5/S6 core sections from the EMS.
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AR are observed at the onset and cessation of S5,
respectively. Additionally, the highest Babio-AR
(3.3 Wg/cm2/yr) is observed in the center of S5.
In the WMS, the Babio-AR in the time-equivalent
interval to S5 is distinguished by a slight increase
(average: 1.1 Wg/cm2/yr) compared to the under-
lying sediment sections (average: 0.8 Wg/cm2/yr).

4. Discussion and interpretation

4.1. Variation of carbonate and TOC contents

One of the striking aspects revealed by the car-
bonate analyses is that in the areas southwest,
south, and southeast of Crete, S5 carbonate con-
tents are lower relative to the homogenous under-
lying sediments by up to 20 wt%. In contrast, the
carbonate content in S5 of KL83 is increased by
up to 27 wt% relative to the homogenous glacial
sediments of MIS 6. Dilution, dissolution, and/or
a change in carbonate production could be re-
sponsible for the rise and decline of the carbonate
fraction. Elevated terrestrial input plays an impor-
tant role in diluting the carbonate fraction. How-
ever, several studies have demonstrated that litho-
genic input was generally reduced during sapropel
formation (Wehausen and Brumsack, 1999, 2000;
Foucault and Me'lie'res, 2000; Weldeab et al.,
2002). Weldeab et al. (2002) showed that terrige-
nous accumulation rates were reduced from aver-
age glacial values of 6 g/cm2/kyr to 2 g/cm2/kyr
during S5 as well as during S6 formation in SL67/
KL51. Similar results were obtained by the same
authors in core SL71. Thus, dilution due to en-
hanced terrigenous £ux is unlikely to explain the
observed pattern. Dissolution of CaCO3 can oc-
cur during oxidation of organic matter under oxic
as well as anoxic conditions. Because of sediment
lamination and absence of benthic foraminifera
we assume that anoxic conditions prevailed dur-
ing S5 formation in SL71, 969E, and SL67/KL51.
Sulfate reduction in its early stage may reduce pH
and induce CaCO3 dissolution (van Os et al.,
1994). But if, for instance, the CaCO3 decline in
S5 of 969E was solely caused by dissolution, the
observed decrease of CaCO3 from average 47 wt%
(= 47 g) to 15 wt% (= 9 g), i.e. 80% (= 38 g)

CaCO3 dissolution, requires organic matter oxi-
dation of 4.6 wt% (12/100 ([molecular weight of
Corg/CaCO3]U38 g= 4.6 g or 4.6 wt%)). For sim-
plicity, a constant terrigenous £ux was assumed
which is unlikely for reasons stated above. Con-
sidering the lower terrigenous £ux during S5, our
calculation would yield even higher amounts of
organic matter that had to be decomposed. Such
intense oxidation of organic matter under anoxic
conditions requires pervasive sulfate-reducing
conditions. Extensive sulfate reduction will cause
alkaline conditions preventing CaCO3 dissolution
(van Os et al., 1994). A simpli¢ed equation for
CaCO3 dissolution from Corg oxidation and sul-
fate reduction may be given as follows: 2CH2O+
SO23

4 C2CO2+S23+2H2O and CO2+CaCO3+
H2OC2HCO3

3 +Ca
2þ. Hence, dissolution may

have occurred, but the extent of CaCO3 decrease
observed in S5 of SL71, 969E and SL67 requires
that other processes contributed.
Change in carbonate production may have

played an important role in explaining the tempo-
ral variations of carbonate contents. It has been
shown that in modern settings with high produc-
tivity and/or during seasonal phytoplankton
blooms the £ux of biogenic opal is very high as
a result of a dominance of opportunistic planktic
diatoms (among others Welling et al., 1992; Ro-
mero et al., 1999). Biogenic opal that initially was
deposited with sapropels is likely dissolved after
the deposition (Kemp et al., 1999). In our cores,
this is corroborated by lower Si/Al ratios (manu-
script in preparation) indicating poorer preserva-
tion of biogenic silica and lower input of terrige-
nous material during sapropel formation as
shown by Weldeab et al. (2002). Schrader and
Matherne (1981) and Kemp et al. (1999) investi-
gated diatom assemblages and biogenic opal con-
tents of S5 in cores with exceptionally good pres-
ervation of biogenic opal recovered south of
Crete. According to Kemp et al. (1999), biogenic
opal contents account for 17^33 wt% of the total
sapropel sediments suggesting that a higher per-
centage of the productivity was due to diatom
assemblages. These assemblages seem adapted to
the exploitation of deep nutrient supply trapped
below surface waters within a strati¢ed water col-
umn. Considering the ¢ndings of the above cited
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authors, the CaCO3 decline of S5 might be ex-
plained as the result of a collapse in carbonate
productivity and the dominance of opportunistic
siliceous plankton over the non-opportunistic,
mainly calcareous, plankton. However, S5 in
KL83 (easternmost Levantine Basin) and S6 in
all cores display elevated CaCO3 contents and
moderate increase of productivity. This result sug-
gests that a moderate productivity increase and
the di¡erent mode of nutrient delivery to the
photic layer probably favored the dominance of
non-opportunistic calcareous plankton.

4.2. Barium as paleoproductivity indicator

Modern sediments and water columns underly-
ing areas of high surface water productivity are
enriched with respect to barite (BaSO4), as a car-
rier of barium (Goldberg and Arrehenius, 1958;
Bishop, 1988; Dehairs et al., 1980; Gingele and
Dahmke, 1994; Dymond and Collier, 1996; Pay-
tan et al., 1996; Klump et al., 2000). Our results
show that in sapropels Babio-AR were increased
up to 20 times (27 Wg/cm2/yr) relative to the back-
ground values ranging between 0.4 and 1.3 Wg/
cm2/yr. The exact processes responsible for the
coupling of surface productivity and Ba enrich-
ments are not yet fully known. However, barite
precipitation in sulfate-rich microenvironments
associated with decaying organic matter is the
preferred explanation (Bishop, 1988; Dehairs et
al., 1980). The correlation between enriched ba-
rium concentration in sediments and high biolog-
ical productivity in surface waters has been ex-
tended to interpret temporal and spatial
productivity changes in the past (Schmitz, 1987;
Bonn et al., 1998; Gingele and Dahmke, 1994;
Schroeder et al., 1997; Thompson and Schmitz,
1997). Mercone et al. (2000) analyzed a series of
atomic mass spectrometry 14C-dated cores con-
taining sapropel S1 in the EMS and pointed out
that the spatial variability of Ba/Al ratios in sap-
ropel S1 is partially due to the variation in the
deposition rates between the sites. We present
the variability of Babio contents and Babio-AR
(Figs. 6 and 7). The latter takes into account the
varying deposition rates and shows pronounced
spatial variability indicating that a varying depo-

sition rate between the sites does not account for
the observed patterns. Before discussing our re-
sults in terms of productivity changes, other con-
straints a¡ecting the barium concentrations and
distribution patterns will be addressed.

4.3. Terrigenous input of Ba and detrital Ba/Al
ratio

Varying terrigenous sediment input is a possible
explanation for Ba £uctuation in sediment re-
cords. The present oligotrophic conditions of the
Mediterranean Sea allow assessment of the terrig-
enous contribution to the total barium content.
The major part of the Ba contents can be attrib-
uted to detrital origin due to the oligotrophy of
the surface water (Bethoux, 1989). We determined
the average terrigenous Ba contents around 140
ppm and Ba/Al = 0.002 representing the modern
climate conditions. This is in good agreement
with the results reported by Rutten (2001) and
Rutten and De Lange (2002). They determined
the fraction of clay- and oxide-bound Ba content,
and found that the total Ba in clay minerals and
oxides does not exceed 150 ppm (between Ba/
Al = 0.003 and Ba/Al = 0.0036). However, the Ba/
Al ratio varies between Ba/Al = 0.003 and Ba/
Al = 0.0036 (Rutten and De Lange, 2002).

4.4. Ba remobilization during anoxia

Several studies demonstrated that the applic-
ability of Ba as paleoproductivity indicator may
be limited in anoxic depositional environments.
Once sulfate reduction depletes the dissolved sul-
fate in pore water, barite dissolution and barium
remobilization can occur. In such cases Ba fails as
paleoproductivity indicator (Brumsack and
Gieskes, 1983; Brumsack, 1986; Pruysers et al.,
1991; van Os et al., 1991; von Breymann et al.,
1992; Falkner et al., 1992; Torres et al., 1996;
McManus et al., 1998, 1999). However, the sulfur
isotope composition of pyrite in sapropels indi-
cates that sulfate reduction took place in an
open system suggesting that dissolved sulfate
was never depleted (Passier et al., 1999). It is
likely that high concentrations of dissolved sulfate
in the EMS deep water/pore water and the high
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porosities of the sapropels facilitate the commu-
nication of pore and bottom waters and prevent
depletion of dissolved sulfate. Hence, for the re-
construction of productivity changes during sap-
ropel formation, Ba seems applicable (Thomson
et al., 1995; van Santvoort et al., 1996; Nijenhuis
et al., 1999; Martinez-Ruiz et al., 2000).
Based on the distribution patterns and the ab-

sence of ‘barite fronts’ (high Ba concentrations
above and/or beneath the sapropels) we assume
that our data shown in Fig. 6 were originally as-
sociated with biological productivity derived from
the photic zone. The Ba contents of S5 in KL83,
969E, and SL71 have an approximately Gaussian
distribution with maxima in the center of the sap-
ropel and lowest values at the onset and termina-
tion of the sapropel. This may indicate the waxing
and waning of productivity as emphasized by
Thomson et al. (1995). The Ba distribution pat-
tern of S5 in SL67 displays higher concentrations
in the lower part and, though less pronounced, in
the upper part of the sapropel. It might be argued
that Ba remobilization is responsible for this
trend. But given the large extent of the interval
that may have been a¡ected by Ba remobilization,
one might expect much higher Ba contents in a
supposed ‘barite front’ (Brumsack and Gieskes,
1983; Torres et al., 1996), which is not the case
in SL67. Moreover, deposition rates may explain
the observed Ba distribution. The interval S5 of
SL67 displays the highest deposition rates (13 cm/
kyr) within the whole core. This very high depo-
sition rate would have facilitated the recording of
environmental signals in high detail in contrast to
equivalent intervals of cores SL71 and 969E ex-
hibiting lower sedimentation rates (Fig. 6). This is
in agreement with observations of Emeis et al. (in
press) that at the beginning of sapropel formation
the depletion of N18O is much stronger than at the
middle and upper section of the sapropel.
In core SL87 from the Balearic Sea, anoxia and

possible Ba remobilization are unlikely. The pres-
ence of very diverse benthic foraminiferal assem-
blages indicates well-ventilated bottom waters
during these intervals. S6 di¡ers from S5 in hav-
ing moderate Babio contents and a gradual rise
and decline of the Babio contents at both the onset
and end of sapropel formation. It is characterized

by less pronounced site-to-site variability. Similar
to S5 there is no indication of Ba remobilization.

4.5. Water depth e¡ect on the Babio contents

Several studies indicated a systematic increase
of Babio contents with water depth (Calvert and
Price, 1983; von Breymann et al., 1990, 1992;
Shimmield, 1992; Dymond et al., 1992; Klump
et al., 2000). This ¢nding is attributed to contin-
uous decomposition of organic matter and contin-
uous growth of barite while settling through the
water column. Francois et al. (1995) con¢rmed
the water depth dependence of Corg :Babio and
pointed out the role of lateral contribution of re-
fractory organic matter which could yield higher
Corg :Babio ratios with depth. On the other hand
Dymond and Collier (1996) reported that the var-
iability of Ba £ux below 1200 m water depth is
limited. This is consistent with ¢ndings of Matrai
and Eppley (1989) that sulfur-bearing compounds
belong to the most labile organic matter and they
are recycled within the upper water column. In
the sapropels investigated, especially S5, a pro-
nounced spatial variation of Ba contents is evi-
dent (Fig. 6). According to Dymond and Collier
(1996), roughly 75% of Ba £ux at 3800 m depth
originates from above 1200 m, 11% between 1200
and 2100 m, and 14% between 2100 and 3800 m.
Although there are uncertainties in their estima-
tions and di¡erent oceanographic conditions, we
tentatively use their estimation of Ba £ux and
water depth variability. Assuming comparable nu-
trient availability and surface water productivity
during the S5 formation in the EMS and consid-
ering a maximum of 25% Babio £ux di¡erence due
to the di¡erent water depth between 1431 m
(KL83) and 2212 m (969E) we obtained a di¡er-
ence of about 29.3 Wg/cm2/yr of Babio-FR between
the two cores. SL71 is recovered from deeper
water (2827 m) and shows a lower Babio-FR
than 969E (2212 m). If the water depth e¡ect is
considered the Babio-FR of SL71 is much lower
resulting in a di¡erence of 16.5 Wg/cm2/yr when
the maximum values of 969E and SL71 are com-
pared. During the deposition of S6, the spatial
pattern is quite similar to that of S5, but the
magnitude of the Babio content in each core as
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well as the di¡erence between the sites are lower.
Accordingly, the water depth di¡erence between
the sites cannot account for the huge di¡erence in
Babio contents and Babio-FR (Figs. 6 and 7) sug-
gesting spatial gradients of nutrient availability
and surface water productivity in the EMS at
time of S5 deposition.

4.6. Lateral variability of nutrient availability and
surface productivity

In order to consider the impact of varying de-
position rates and bulk dry densities of the sedi-
ments, we computed the Babio-AR (Fig. 7). Babio-
FR, export productivity, and primary productiv-
ity were also determined applying an algorithm
that was developed by Dymond et al. (1992)
and modi¢ed by Francois et al. (1995) (Fig. 7).
The algorithm has been developed for oxic con-

ditions, hence, it should be applied with care to
EMS at times of sapropel formation where the
water column was at least partly anoxic. Thus,
the absolute values of export and primary produc-
tivity may harbor an over-estimation. Neverthe-
less, the data still re£ect a pronounced spatial var-
iability of productivity (Fig. 7). This result raises
the question of what mode of nutrient delivery
can explain the observed lateral gradients. In the
literature, four mechanisms bringing nutrients
into the photic zone of the EMS during sapropel
formation have been proposed. Calvert (1983),
Sarmiento et al. (1988), and Calvert et al. (1992)
proposed a nutrient-replete surface water induced
by circulation reversal. Upwelling (Schrader and
Matherne, 1981; Fontugne and Calvert, 1992) as
well as increased riverine nutrient input (Krishna-
murthy et al., 2000; Martinez-Ruiz et al., 2000)
are also discussed as causes of enhanced primary
productivity. Rohling and Gieskes (1989) pre-
sented a model of sapropel formation in which
pycnocline shoaling allows the incursion of nu-
trient-enriched IMW into the lower photic zone.
This is supported by the occurrence of a planktic
£ora and fauna adapted to a deep chlorophyll
maximum (DCM) at the time of sapropel forma-
tion. The idea of pycnocline shoaling (Rohling
and Gieskes, 1989; Rohling, 1991, 1994) was
adopted by Castradori (1993).

4.6.1. Sapropel S5
Riverine nutrients as the sole cause for the high

export productivity during S5 is clearly contra-
dicted by our results. In our study, cores that
are located closer to entrances of fresh water
sources are characterized by moderate Babio-AR
relative to those distant from fresh water sources.
For instance, S5 of KL83 which was recovered
from the area directly in£uenced by Nile water
displays Babio-AR values (max. 3.3 Wg/cm2/yr)
about eight times lower than S5 in 969E (max.
27.3 Wg/cm2/yr). Similarly, S5 in SL71 and SL67
from the south of Crete have lower Babio-AR than
core 969E. Accordingly, nutrient input by the Nile
River is likely to explain the moderate productiv-
ity increase at the site of KL83, but for other
areas such as south of Crete (969E) further mech-
anisms of nutrient delivery into the photic zone
are required.
Sarmiento et al. (1988) proposed a circulation

reversal at times of sapropel formation bringing
nutrient-replete IMW to the productive zone.
Their suggestion was based on a phosphate box
model and on the assumption that sapropels are
absent in the WMS indicating low phosphate ex-
port from EMS to WMS. However, the existence
of sapropels and/or sapropelic sediments have
been proven in the WMS since the campaigns of
ODP Leg 107 (Kastens et al., 1987; Emeis et al.,
1991) and Leg 161 (Comas et al., 1996). The sup-
posed absence of Late Pleistocene sapropels in the
WMS does not necessarily imply a low phosphate
export from the EMS, but it may re£ect that nu-
trients in the WMS remain below the photic zone
by a relatively deep situated pycnocline. Further-
more, Zahn et al. (1987) demonstrated that the
Mediterranean out£ow water persisted, though it
was weakened, throughout the time of sapropel
formation.
Shoaling of the pycnocline to the lower part of

the photic layer as proposed by Rohling and
Gieskes (1989) would partially support the very
high export productivity and its spatial variability
during S5 (Fig. 7). Once the depth of the surface
mixed layer is reduced due to weak wind mixing
and the volume of IMW is diminished due to the
reduced formation of IMW, the position of the
pycnocline/nutricline can be shifted into the lower
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photic zone (Hay, 1995). As soon as the reloca-
tion of the pycnocline in the photic zone is estab-
lished, a DCM develops and the nutricline is de-
coupled from the pycnocline due to the utilization
of nutrients by autotrophs and lies below the
DCM (Hayward, 1987; Rohling and Gieskes,
1989). The DCM is maintained by along-isopyc-
nal and cross-isopycnal mixing of nutrients (Hay-
ward, 1987). According to Hayward (1987) along-
isopycnal mixing takes place at the base of or
below the photic zone and is more important
than cross-pycnal mixing in bringing nutrients to
the photic zone. However, the pronounced area of
highest productivity increase such as south of
Crete (969E) requires additional processes to
that described above. One possible mechanism is
an intensi¢ed upward mixing induced by subme-
soscale cyclonic vortices in this area. Assuming an
anti-estuarine but severely weakened circulation
pattern compared to the present-day situation (Pi-
nardi and Masetti, 2000) as shown by Myers et al.
(1998) for the Holocene sapropel, the cyclonic
vortice of the Cretan gyre (Robinson and Golna-
raghi, 1993; Roussenov et al., 1995; Pinardi and
Masetti, 1998) could have been active and was
probably relocated southeast-ward from its
present position. The lowest density contrast be-
tween surface water and IMW is likely to occur
south of Crete due to the distance from fresh
water sources and sites of IMW formation where
the density contrast is highest (Rohling and
Gieskes, 1989). This would favor the formation
and maintenance of cyclonic vortices and, hence,
continuous upward mixing of nutrient-enriched
IMW resulting in primary productivity up to
350 g C/m2/yr in the area south of Crete (Fig.
7). In contrast, in areas southwest and southeast
of Crete the upward mixing of nutrients might
have been moderately and probably temporally
(seasonally?) variable. Conditions in the eastern-
most Levantine Basin at IMW depth should be
re£ected in KL83 (water depth 1431 m). Maxi-
mum primary productivity during S5 was nearly
one fourth of the productivity increase at the site
of 969E for the same time interval. The site of
KL83 likely received high riverine nutrient input
due to its relative vicinity to the Nile River mouth
during enhanced fresh water discharges. On the

basis of the moderate productivity increase rela-
tive to other sites, a shoaling of the pycnocline to
photic layer at this site (KL83) is questionable.
Furthermore, the presence of benthic foraminifera
at least across parts of the S5 in KL83 suggests
oxygenation at the time of S5 requiring deep
water formation, though probably local and lim-
ited (Schmiedl et al., 2003). The de£ection of the
Nile water masses to the east and along the Isra-
eli^Lebanese coast may have been weakened as a
consequence of the weakened North African Cur-
rent that is one of the driving forces in the present
circulation pattern (Pinardi and Masetti, 2002).
Subsequently, one could expect that in the north-
eastern Levantine Basin deep water formation oc-
curred, even though limited and ephemeral, allow-
ing benthic life as evidenced by the occurrence of
benthic foraminifera in KL83. The relative order
of magnitude and spatial variability of productiv-
ity and proposed processes of nutrient delivery in
the EMS during S5 are schematically depicted in
Fig. 8.

4.6.2. Homogenous glacial sediments around
150 kyr
As stated in Section 3, the homogenous glacial

sediments of the cores from southwest, south, and
southeast of Crete display an interval with a no-
ticeable increase of Babio-AR around 150 kyr. In
KL51, the rise is up to six-fold higher than in the
surrounding sediments (Figs. 6 and 7). A plot of
the Babio concentrations versus the age of sedi-
ments and the northern hemisphere (65‡N)
summer insolation values (Berger, 1978) for this
time interval reveals that the increase of Babio
coincides with the insolation maximum of 506
W/m2 at 151 kyr (Fig. 9). This insolation maxi-
mum is signi¢cantly lower when compared to the
insolation maxima coinciding with the onset of S5
(548 W/m2) and S6 (537 W/m2). Rossignol-Strick
(1985) demonstrated that sapropel formation in
the EMS is linked to maximal values of solar
radiation in the northern hemisphere. Her insola-
tion or monsoon index, which emphasizes the in-
solation gradient between the Equator and inter-
tropical convergence zone, has a threshold value
of 41 for sapropel formation in the EMS. The
insolation index at 150 kyr (29) does not reach
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this threshold and no visible sapropel exists. Van
Santvoort et al. (1997) reported high Ba contents
and low organic contents in core intervals in the
EMS correlating with insolation maxima. They
denoted these intervals as ‘missing’ sapropels
and concluded that their observation is a result
of postdepositional alterations of sapropels that
were deposited under anoxic conditions. For the
interval discussed here, the environmental changes
induced by the insolation maximum at 150 kyr
did give rise to a productivity change that is ¢ve
to six times higher than during deposition of the
surrounding sediments (Fig. 9). However, benthic

foraminiferal assemblages indicate that the bot-
tom water remained oxygenated at that time
(Schmiedl et al., 1998, 2003). Why this increase
of productivity is not pronounced in the eastern-
most Levantine Basin (KL83) is puzzling. How-
ever, it is likely that sampling resolution my have
been not high enough to reveal these changes.

4.6.3. Sapropel S6
Surface productivity change during S6 is mod-

erate in magnitude. It is characterized by a grad-
ual increase in the early phase of sapropel forma-
tion and is balanced in its spatial variability

Fig. 8. Schematic illustration of spatial variability of export and carbonate productivities during S5 and proposed mode of nu-
trient delivery and their magnitude at the di¡erent locations.
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compared to S5 (Fig. 7). Even though S6 is
formed during a relatively warmer phase within
a glacial interval, surface water temperature re-
constructions in the EMS (Emeis et al., 2000a)
and palynological investigation in the northern
boundary of EMS (NBEM) (Wijmstra et al.,
1990; Rossignol-Strick et al., 1998; Rossignol-
Strick and Paterne, 1999) indicate a cool and
arid climate during S6. Enhanced wind stress as-
sociated with a cool and arid climate may have
favored intense mixing of the upper water column
minimizing strati¢cation and hydrographic spatial
di¡erences within the EMS. Lower surface water
temperatures as shown by Emeis et al. (2000a)
and Emeis et al. (in press) during S6 promote
the presence of denser surface water. Together
with wind-induced mixing this may have pre-
vented both permanent water column strati¢ca-
tion and permanent anoxia at the sea £oor. This
suggestion is supported by the occurrence of
benthic foraminifera across S6 in cores SL67/

KL51 and KL83. As stated above, a cold and
arid climate prevailed at the northern boundary
of the EMS. Therefore, enhanced fresh water in-
put from this area is unlikely. Emeis et al. (in
press) reported a depletion of N18O of planktonic
foraminiferal tests from ‘glacial’ sapropels (S6 and
S8) as well as from the interval around 150 kyr.
These authors attributed this pattern to the dom-
inant control of the monsoonal system in the
southern catchment areas. Considering the pro-
ductivity changes Castradori (1993) argued that
during S6 higher salinities and lower water tem-
perature resulted in much lower density contrasts
between surface water and MIW. Thus, he hy-
pothesized a shallower position of the pycnocline
than during the formation of the other sapropels
(e.g. S5). His conclusion is based on calcareous
nannoplankton assemblages in S6 and S8 and
S3^S5. While the latter were dominated by a sin-
gle species (Florisphera profunda) preferring the
lower part of the photic zone, during S6 those

Fig. 9. Babio (ppm) and northern hemisphere summer insolation (Berger, 1978) versus age in SL71, SL67/KL51, and ODP 969E.
Note the di¡erent scale of the Babio axes. Dark gray-shaded areas indicate S5 and S6, light gray-shaded area shows interval of
elevated Babio coinciding with the insolation maximum at 150 kyr.
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species dominate in the upper part of the photic
zone. Our interpretation of the carbonate produc-
tivity changes supports this ¢nding, but we are
not able to distinguish whether the moderate pro-
ductivity during S6 is triggered by riverine nu-
trient input and/or by shifting of the pycnocline
into the upper layer of the productive zone as
emphasized by Castradori (1993). Given the sim-
ilarity of productivity (Babio pattern and CaCO3)
of S5 in KL83 and S6 in all cores, the riverine
nutrient input may have played an important role
during S6 times in all sites and during S5 times in
KL83.

4.6.4. WMS
In the Balearic Sea (Menorca Rise), changes in

surface productivity appear minimal during the
sediment intervals chronologically equivalent to
S5 and S6 in the EMS. This conclusion is evi-
denced by an average Babio-AR of 0.9 Wg/cm2/yr
for S5 and 0.4 Wg/cm2/yr for S6 versus an average
background value of 0.3 Wg/cm2/yr (Fig. 5). These
data suggest that productivity changes in the
WMS, at least in the investigated area, were low
during the investigated time intervals. On the oth-
er hand the oxygen isotope signal of planktic fo-
raminiferal tests (Fig. 2) displays N

18O depletion
on the same order of magnitude as in the EMS.
This may be attributed to elevated continental
runo¡, displacement of atmospheric pressure
zones, and salinity and temperature properties of
the in£owing North Atlantic surface water (von
Grafenstein et al., 1999). However, hydrographic
changes in the WMS were not strong enough to
induce notable productivity increase either by ele-
vated riverine nutrient input and/or shoaling of
the pycnocline.

5. Summary and conclusions

Ba, TOC, and carbonate contents of time-
equivalent Mediterranean sediment intervals com-
prising S5 and S6 have been analyzed. The core
locations include the Balearic Sea (Menorca Rise),
areas around Crete, and the easternmost Levan-
tine Basin. Our data suggest that barium remobi-
lization in sapropel intervals can be excluded, and

hence Ba contents and their spatial distribution
patterns are associated with surface productivity
and are suitable for reconstructing changes in
productivity during times of sapropel formation.

(1) S5 in the EMS: the onset and end of S5 are
characterized by rapid rise and abrupt decline of
Babio contents, respectively. At that time a
marked spatial variability of paleoproductivity is
ascertained within the EMS. The highest increase
in primary productivity was recorded south of
Crete. Southwest and southeast of Crete the pro-
ductivity increase is high and accompanied by a
marked decrease in carbonate productivity. In the
easternmost Levantine Basin, the productivity in-
crease was moderate and enhanced carbonate
productivity is evident. Thus, sites of highest pro-
ductivity likely favored opportunistic, mostly sili-
ceous, plankton, whereas areas of moderate pro-
ductivity increase promoted non-opportunistic,
mainly calcareous, plankton. The observed spatial
variability of productivity could be attributed to
di¡erent modes of nutrient availability/delivery to
the surface water. Riverine nutrient input was re-
sponsible for moderate changes in productivity
only. At site 969E, distant from fresh water sour-
ces and marked by very high paleoproductivity,
shoaling of the pycnocline probably resulted in
the injection of nutrients from subsurface waters
into the photic zone as proposed by Rohling and
Gieskes (1989).
(2) Within the homogenous glacial sediments an
interval of elevated productivity is detected in all
four EMS cores. Chronologically these intervals
coincide with the insolation maximum of northern
hemisphere summer at 150 kyr. Apparently, envi-
ronmental changes associated with this insolation
maximum were insu⁄cient to trigger sapropel for-
mation, but strong enough to induce productivity
changes six times higher than during deposition of
the surrounding sediments.
(3) S6 in the EMS: paleoproductivity conditions
during S6 were moderate and characterized by a
gradual increase at the beginning of the sapropel
formation compared to S5. Spatial variability is
not as pronounced as in S5 and carbonate pro-
ductivity is elevated. Glacial boundary conditions
(i.e. high wind stress, lower surface water temper-
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ature, aridity of the NBEM) may have balanced
lateral as well as vertical hydrographic properties
resulting in less developed strati¢cation, produc-
tivity, and anoxia.
(4) Balearic Sea (Menorca Rise): for the time sli-
ces investigated, changes in productivity were rel-
atively small. Apparently, riverine nutrient input
and/or other mechanisms of nutrient delivery were
insu⁄cient to trigger noticeable productivity
changes.
(5) The comparison of interglacial and glacial sap-
ropels reveals the importance of the (high lati-
tude) boundary conditions in determining the de-
velopment and spatial variability of sapropels
within the EMS. Our data suggest di¡erent reac-
tions of the WMS and the EMS with respect to
northern hemisphere summer insolation and high-
lights the signi¢cance of local phenomena such as
location of the catchment areas.
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