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Eastern Mediterranean sapropels are organic-rich layers whose formation was triggered during boreal summer
insolation maxima (precession minima). Sapropel formation is associated with increased precipitation and run-
off from Europe and North Africa, although the relative influence of high- and low-latitude climate mechanisms
is not fully resolved. Likewise, it remains uncertain how centennial-scale interruptions in conditions that give
rise to sapropels may reflect atmospheric circulation changes in low latitudes. We present magnetic, geochem-
ical, and diffuse reflectance spectroscopy data from three sapropels that are representative of glacial (S6) and
interglacial (S1, S5) conditions in the eastern Mediterranean Sea to assess environmental changes associated
with sapropel formation. The extent of diagenetic magnetite dissolution and authigenic formation of fine-
grained greigite in these sapropels and their underlying dissolution intervals are linked to enhanced sulphidic
conditions during sapropel formation. Aeolian hematite and goethite are largely unaffected by this reductive
dissolution except within the interglacial sapropel S5 and its underlying dissolution interval, which formed
under relatively stronger sulphidic conditions. Nevertheless, low hematite contents indicate that the three stud-
ied sapropels accumulated under reduced aeolian dust inputs in response to an intensified African monsoon,
which resulted in expansion of savannah landscapes into NE Saharan dust source areas. Small variations in goe-
thite contents across sapropels indicate additional aeolian entrainment of goethite that formed under previous
wet phases in the NE Sahara or in subtropical savannahs located further south. We link short-lived dust abun-
dance peaks within sapropels S1 and S6 to centennial-scale periods of enhanced bottom-water circulation
reported previously for these sapropels. Although these sapropel interruptions are driven by high-latitude cooling
events, our results indicate that such centennial-scale episodes of atmospheric reorganization affected not only the
eastern Mediterranean northern borderlands, but also subtropical North Africa. Overall, our results point to a
dominant low-latitude forcing on sapropel formation via boreal summer insolation maxima and intensification
of the African monsoon.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Eastern Mediterranean sapropels are organic-rich, dark-coloured
layers that are cyclically intercalated with organic-poor sediments
and that have been deposited from the Late Miocene to Holocene
(Hilgen, 1991; Rohling, 1994; Lourens et al., 1996; Schenau et al.,
1999; Emeis et al., 2000; Köhler et al., 2008). Sapropel formation
was triggered by periodic (ca 22 kyr) changes in solar energy re-
ceived in the northern tropics and mid-latitudes during summer inso-
lation maxima, which corresponds to precession minima (Hilgen,
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1991; Lourens et al., 1996; Emeis et al., 2000). During periods of
sapropel formation, intensification (Rossignol-Strick, 1983; Lourens
et al., 2001; Rohling et al., 2004) and enhanced northward penetra-
tion (Rohling et al., 2002a; Larrasoaña et al., 2003a) of the African
monsoon, coupled with wetter conditions in Europe (Rohling and
Hilgen, 1991; Tuenter et al., 2003; Kotthoff et al., 2008), led to in-
creased freshwater discharge into the eastern Mediterranean along
both the north African and eastern European margins. Tzedakis
(2007, 2009) argued that pollen data may suggest the persistence of
considerable summer aridity in the European. Whether from the
monsoon alone, or from the monsoon and from European margins,
however, the freshwater input resulted in a surface water buoyancy
increase, which led in turn to deterioration of deep-water ventilation
(see Rohling, 1994 for an overview). In any case, the episodes of
reduced deep-water ventilation appear to have coincided with
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enhanced export productivity to the sea floor (Rohling and Gieskes,
1989; Thomson et al., 1995, 1999), which favoured production and
preservation of organic matter in basins typically deeper than ~300 m
(Rohling and Gieskes, 1989; Rohling et al., 2006). Periods of sapropel for-
mation also coincided with a marked decrease in airborne dust input
(Calvert and Fontugne, 2001; Lourens et al., 2001; Larrasoaña et al.,
2003a) from the savannah-covered Sahara desert (Krom et al., 1999;
Wehausen and Brumsack, 2000; Weldeab et al., 2002; Larrasoaña et al.,
2003a). High-resolution studies have shown that periods of decreased
bottomwater ventilation at times of sapropel formationwere episodical-
ly interrupted during periods of increased northerly winter air incursions
from continental Europe (Rohling et al., 1997, 2002a; Mercone et al.,
2000; Casford et al., 2003). It remains to be established whether these
centennial-scale periods were also characterized by significant changes
in atmospheric circulation at the low latitudes.

Here we present a detailed rock magnetic, geochemical and diffuse
reflectance spectroscopy (DRS) dataset for three distinctive sapropels
that typify the range of paleoclimatic and paleoceanographic conditions
that prevailed in the eastern Mediterranean during periods of sapropel
formation since the intensification of the northern hemisphere glacia-
tion at around 0.9 Ma (Emeis et al., 2000). Sapropels S1 and S5 accumu-
lated at the beginning of the current interglacial (~6–10 kyr BP; marine
isotopic stageMIS 1; insolation cycle Si2; Langereis et al., 1997; Emeis et
al., 2000; Mercone et al., 2000) and during the last interglacial
(~124 kyr BP; MIS 5e; Si12; Langereis et al., 1997; Emeis et al., 2000;
Rohling et al., 2002a, 2004, 2006; Osborne et al., 2008, 2010), respec-
tively. Sapropel S6 accumulated during a glacial period (~172 kyr BP;
MIS 6; Si16; Langereis et al., 1997; Emeis et al., 2000; Calvert and
Fontugne, 2001; Casford et al., 2003). By studying sapropels that accu-
mulated during both glacial and interglacial periods and that were
linked to tropical summer insolation peaks of different amplitudes, we
aim to elucidate the role of high-latitude (glacial–interglacial variabili-
ty) versus low-latitude (tropical insolation) mechanisms that drive
sapropel formation.

Geochemical data have been used to infer paleoclimatic and
paleoceanographic scenarios during periods of sapropel formation.
For example, Ba/Al ratios have been used to indicate variations in
organic carbon flux to the seafloor, and therefore to provide a proxy
for productivity (Pruysers et al., 1993; Thomson et al., 1995, 1999;
Wehausen and Brumsack, 2000; Calvert and Fontugne, 2001; Mercone
et al., 2001). Ti/Al ratios have been used to distinguish the relative
contributions of riverine supply and Saharan aeolian dust (Wehausen
and Brumsack, 2000; Calvert and Fontugne, 2001; Lourens et al.,
2001). V/Al ratios have been used to indicate bottomwater oxygen con-
tents and hence the strength of bottom water ventilation (Calvert and
Fontugne, 2001). Fe/Al and Ni/Al ratios have been used to determine
the strength of sulphate-reducing (i.e. sulphidic) conditions and to
identify diagenetic mobilization of these redox sensitive elements that
result from degradation of organic matter in sapropels (Thomson et
al., 1995; van Santvoort et al., 1997; Warning and Brumsack, 2000;
Calvert and Fontugne, 2001).

Magnetic properties provide complementary information on the
paleoclimatic and paleoceanographic scenarios during periods of
sapropel formation. The anhysteretic remanent magnetization (ARM)
has been used to detect changes in magnetite contents in sapropels
and their underlying sediments. The concentration of magnetite in
these sediments is governed by the strength of reductive dissolution,
which is in turn linked to the strength of sulphidic conditions during
sapropel formation. Since the latter depends on the interplay between
the amount of organic carbon reaching the sediment and the oxygen
content of the bottomwaters, the ARM can provide additional informa-
tion on these two paleoceanographic variables (Langereis et al., 1997;
van Santvoort et al., 1997; Roberts et al., 1999, 2010; Kruiver and
Passier, 2001; Passier et al., 2001; Passier and Dekkers, 2002;
Larrasoaña et al., 2003b, 2006). The magnetic parameter κfd%, which is
based on measurement of the magnetic susceptibility at different
frequencies, can provide insights into the concentration of ultrafine
superparamagnetic (SP) particles that occur within a narrow grain
size range (~15–25 nm) (Oldfield et al., 1985; Dearing et al., 1996),
that is linked to the strength of sulphidic conditions in sapropels. Alter-
natingfield (AF) demagnetization at 150 milliTesla (mT) of an isothermal
remanent magnetization imparted at 1 T (labelled IRMAF@150 mT; see
Larrasoaña et al., 2003a, 2006) helps to portray variations in the supply
of hematite-rich aeolian dust derived from the Sahara desert and,
hence, paleoclimate variations in north Africa in response to monsoon
dynamics. IRMAF@150 mT represents an improvement with respect to Ti/
Al ratios because it provides information on absolute dust contents in-
stead of relative variations between aeolian and fluvial terrigenous
sources (Larrasoaña et al., 2003a).

In addition to such parameters, we here use DRS data to esti-
mate total concentrations of aeolian hematite and goethite
(Balsam et al., 1995; Torrent et al., 2007). This is important because
goethite is likely to fingerprint different paleoclimatic conditions in
the source area (Maher, 1986; Balsam et al., 1995) and its occurrence
has remained elusive to standard rock magnetic techniques (Heslop et
al., 2007). A comparison of proxies for aeolian dust and riverine supply
with goethite (Heslop et al., 2007) and hematite (Heslop et al., 2007;
Larrasoaña et al., 2008) abundances further demonstrate the link
between these two minerals with the supply of Saharan dust and not
to riverine supply.

Previous combined rock magnetic and geochemical studies of
sapropels have been based on data measured at lower resolutions
(e.g., van Santvoort et al., 1997; Köhler et al., 2008), on data from
u-channel samples (e.g., Larrasoaña et al., 2003a, 2003b, 2006,
2008) whose resolution is limited by the ~4 cm-wide magnetometer
response function (Roberts, 2006), or on much higher resolution stud-
ies of S1 only where magnetic and geochemical data were not reported
from its observed interruption intervals (Kruiver and Passier, 2001;
Passier et al., 2001; Passier and Dekkers, 2002; Garming et al., 2004).
Our study has been conducted at sufficiently high resolution to detect
interruptions and provides insights into the underlying mechanisms
that drive sapropel formation, and of the paleoclimatic significance of
these short-lived interruptions of sapropels that accumulated under
distinctive paleoclimatic scenarios.
2. Sampling and experiments

Discrete sampleswere collected (using standard 8 cm3 paleomagnetic
cubes) back-to-back across the three selected sapropels (S1, S5, and S6)
and their surrounding sediments from Ocean Drilling Program (ODP)
Hole 967C, which was recovered on the northern slope of Erathostenes
Seamount at a water depth of 2553 m (Shipboard Scientific Party, 1996)
(Fig. 1). Samples were collected over stratigraphic intervals of 0.65 m
and 2.08 m through sapropels S1 and S5–S6, respectively. The visual ex-
pressions (dark colouration) of sapropels S1, S5 and S6 are about 20, 29
and 39 cm thick in this core, respectively. They have frequent mm- to
cm-thick laminations, which are occasionally burrowed at their tops,
and contain no visible evidence for interruption by organic-poor sedi-
ments (Shipboard Scientific Party, 1996; Emeis et al., 2000) (Figs. 2
and 3). These sapropels are interbedded between grey and yellowish
brown clayey nannofossil oozes that are often bioturbated. Some
0.50 m above S6, a 10-cm-thick ash-rich turbidite is found. Available
geochemical data for S5 indicate a maximum total organic carbon
(TOC) content of 4.3 wt.%, with values >2% throughout the whole
sapropel (Emeis et al., 1998). Lower resolution data from neighbouring
Hole 967A indicate comparable TOC values of 4.27 wt.% for S6, and
lower TOC values of 2.38 wt.% for S1 (Shipboard Scientific Party,
1996). Based on the age of S6 (172 ka; Emeis et al., 2000) and the strat-
igraphic thickness above it, a mean accumulation rate of 5.2 cm/kyr for
the studied sapropels and surrounding sediments can be inferred
(Emeis et al., 2000).
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For each collected sample, low-field magnetic susceptibility (κ)
was measured at frequencies of 470 (κlf) and 4700 Hz (κhf) using a
Bartington Instruments MS-2 magnetic susceptibility meter. κfd% is
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field, and has been used as a proxy for the concentration of magnetite,
which is the dominant low coercivity ferrimagnetic mineral in eastern
Mediterranean sediments (van Santvoort et al., 1997; Roberts et al.,
1999; Kruiver and Passier, 2001; Passier et al., 2001; Passier and
Dekkers, 2002; Larrasoaña et al., 2003b, 2006). IRMAF@150 mT was deter-
mined by AF demagnetizing at 150 mT an IRM that was imparted in an
applied field of 1 T. The coercivity of goethite is typically larger than 1 T,
therefore IRMAF@150 mT is likely to respond only to the concentration of
aeolian hematite. The magnetic properties of hematite depend also on
the degree of Al-for-Fe isomorphous substitution (Liu et al., 2004). We
therefore used the L-ratio, which is defined as (IRM1 T+IRM-300 mT)/
(IRM1 T+IRM-100 mT) (where IRM-300 mT and IRM-100 mT indicate the
remanence resulting after applying back-fields of 300 and 100 mT, re-
spectively, to an IRM applied at 1 T), to detect coercivity variations in
hematite (Liu et al., 2007). IRMAF@150 mT is a reliable proxy for hematite
content only when the L-ratio is relatively stable.

Room temperature hysteresis loops for all samples were measured
using a Princeton Measurements Corporation vibrating sample mag-
netometer (VSM 3900). The saturation field was 1 T. Saturation mag-
netization (Ms), saturation remanence (Mrs), and coercivity (Bc) were
obtained after subtracting the high-field paramagnetic contribution,
whichwas calculated between 0.7 and 1 T. The coercivity of remanence
(Bcr) was obtained using back-field demagnetization curves.Mrs/Ms and
Bcr/Bc were used to assess the domain state of magnetic minerals (Day
et al., 1977; Dunlop, 2002). All rockmagnetic propertiesweremeasured
for all samples at a mean resolution of 2 cm.

Mass concentrations of hematite (Hm) and goethite (Gt) were
estimated by DRS on samples that were treated with 1 M HCl to elim-
inate carbonate and acid-soluble Fe oxide and sulphide phases, and
with H2O2 to remove organic matter. Spectra were acquired with a
Varian Cary 1E spectrophotometer equipped with a BaSO4-coated
integrating sphere 73 mm in diameter (Varian Inc., Palo Alto, CA) at
a scan rate of 30 nm min−1 in 0.5 nm steps. The second derivative of
the Kubelka–Munk (K-M) remission function at each wavelength
within the 380–660 nm range was calculated using a cubic spline pro-
cedure based on segments of 30 data points; this number of points
provides good resolution of the characteristic hematite and goethite
absorption bands (Torrent et al., 2007). The Hm/(Hm+Gt) ratio was
then estimated from the I535/(I535+ I425) ratio (where I535 and I425
are the intensities of the hematite and goethite characteristic bands
at 535 and 425 nm, respectively, in the second derivative spectrum
of the remission function) using the calibration curve of Torrent et
al. (2007). Absolute concentrations of hematite and goethite were
calculated from the Hm/(Hm+Gt) ratio by assuming that the citrate/
bicarbonate/dithionite (CBD)-extractable Fe (Fed), which is a quantita-
tive measure of the Fe contained in Fe oxides (Mehra and Jackson,
1960), can be assigned to the Fe contained in stoichiometric hematite
and goethite (i.e., Fed=Hm/1.43+Gt/1.59). The method of Mehra
and Jackson (1960) was used to determine Fed except that the extrac-
tion temperature was 25 °C and the extraction time was 16 h.

Concentrations of major (wt.%) and minor (ppm) elements were
determined using ICP-MS (ELEMENT, Finnigan MAT). Uncertainties in
the analysis were b±5%. Elements useful for marking paleoceano-
graphic and diagenetic changes during sedimentation of eastern Medi-
terranean sediments were normalized by Al to account for changes in
clay content (Pruysers et al., 1993; Thomson et al., 1995; Warning and
Brumsack, 2000; Wehausen and Brumsack, 2000; Calvert and
Fontugne, 2001; Lourens et al., 2001), which results in unit-less ratios.
Elemental concentrations and ratios were produced for every second
sample, which gives a mean resolution of ca 4 cm.

3. Results

3.1. Geochemical data

Stratigraphic variations of various geochemical parameters for the
studied intervals are summarized in Figs. 2 and 3. Ba/Al ratios exhibit
peaks within sapropels, with no evidence for Ba enhancement at the
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top of the sapropels that might indicate diagenetic remobilization under
extremely sulphidic conditions (e.g. Pruysers et al., 1993; Thomson et al.,
1995). S1, S6 and S5 are characterized by maximum Ba/Al ratios of 90,
125 and 350×10−4, respectively, which suggest a progressive increase
of organic carbon export to the seafloor for these sapropels during their
deposition (Pruysers et al., 1993; Thomson et al., 1995; Wehausen and
Brumsack, 2000; Calvert and Fontugne, 2001). Higher than background
Ba/Al ratios up to 10 cm above visible sapropels mark the original thick-
ness of sapropels prior to their post-depositional oxidation (Pruysers et
al., 1993; Thomson et al., 1995; Mercone et al., 2001). Such oxidized
parts are evidenced also by distinctively lighter than background colours
(higher L* values, where L* indicates lightness, see Sakamoto et al., 1998)
coupledwithmarked changes in the green versus red hue (a*).We here-
after use the term sapropel to indicate the original thickness of sapropels
unless otherwise specified. Below sapropels, lighter than background
greenish colours (i.e. higher than background L* and low a* values) en-
able delineation of dissolution intervals whose bases mark the location
of downward diffusion fronts of excess sulphide from the sapropels into
previously deposited oxic sediments (van Santvoort et al., 1997; Passier
et al., 2001; Larrasoaña et al., 2003b).

V/Al ratios are also progressively enhanced for S1, S6 and S5,
which suggests progressively greater depletion of bottom water oxygen
during their deposition (Figs. 2 and 3) (Warning and Brumsack, 2000).
Progressively enhanced sulphidic conditions developed during deposi-
tion of S1, S6 and S5, respectively, as demonstrated by Fe and Ni to Al
ratios, as a result of the progressively more restricted bottom water
ventilation and increased export production (Thomson et al., 1995; van
Santvoort et al., 1997; Warning and Brumsack, 2000; Calvert and
Fontugne, 2001).

Ti/Al minima, with values as low as 0.06, are found either within
visible sapropels (i.e. S1 and S5) and/or within their oxidized parts
(i.e. S1 and S6) (Figs. 2 and 3). This indicates minima in aeolian
dust inputs during sapropel formation (Wehausen and Brumsack,
2000; Calvert and Fontugne, 2001; Lourens et al., 2001). However,
in both the middle of S1 and the lower part of S6, Ti/Al peaks of up
to 0.1 are as high as those within non-sapropelic sediments, which
are characterized by Ti/Al ratios between 0.07 and 0.09. This indicates
that increased aeolian dust inputs prevailed not only between sapropels,
but also at certain positions within sapropels. In particular, sapropel S6
has two prominent Ti/Al peaks, between 0.10 and 0.20 m thick, in its
middle and lower part. S1 has a peak in its middle part. The relatively
low resolution of the geochemical data prevents accurate delineation of
the thickness of the Ti/Al peak. Fed data oscillate on comparable time-
scales to Ti/Al ratios. Thus, Fed minima of 3–5 mg/g within sapropels
broadly coincide with low Ti/Al values, whereas maxima of up to
8–14 mg/g within non-sapropelic sediments coincide with higher Ti/Al
values.

3.2. Magnetic and DRS data

ARM and Ms values drop by two orders of magnitude within
sapropels and their underlying dissolution intervals, which indicates
that virtually all pre-existing magnetite has dissolved under reductive
conditions triggered by degradation of organic matter within sapropels
and the subsequent downward diffusion of excess sulphide into the un-
derlying sediments (van Santvoort et al., 1997; Roberts et al., 1999;
Kruiver and Passier, 2001; Passier et al., 2001; Larrasoaña et al., 2003b,
2006) (Figs. 4 and 5). High Bc and Mrs/Ms values within sapropels and
dissolution intervals likely result from preferential dissolution of mag-
netite, which enables relatively higher-coercivity minerals to dominate
the hysteresis properties. Down-core ARM and Ms variations indicate
that the thickness of dissolution intervals increases progressively be-
tween 0.10, 0.20 and 0.45 m for sapropels S1, S6 and S5, respectively.

ARM and Ms values rapidly recover within oxidized sapropels,
where they typically reach maximum values (Figs. 4 and 5). Mrs/Ms

values increase slightly upward within oxidized sapropels. These
features point to authigenic formation of magnetite of probable bio-
genic origin at paleo-oxidation fronts that developed at the top of
sapropels when bottom waters reoxygenated after sapropel forma-
tion (Kruiver and Passier, 2001; Passier et al., 2001; Larrasoaña et
al., 2003b, 2006; Garming et al., 2004). Away from sapropels and
associated sediments affected by diagenetic fronts, Bc and Mrs/Ms

oscillate around 10 mT and 0.2, respectively, which is consistent
with the predominance of detrital pseudo-single domain magnetite
(Passier and Dekkers, 2002; Garming et al., 2004; Larrasoaña et al.,
2008).

κfd% values indicate high SP contents in S5 and S6 and within their
dissolution intervals, and much lower SP contents within S1 (Figs. 4
and 5). Magnetite at these positions has undergone near complete
dissolution as indicated by the lowest ARM and Ms values, therefore
this SP material is interpreted to consist of fine-grained authigenic
greigite. Rowan et al. (2009) demonstrated that greigite growth
begins with formation of SP particles. Low ARM and Ms values within
sapropels and their dissolution intervals exclude significant growth of
stable single domain greigite (Figs. 4 and 5). These data therefore indi-
cate that geochemical conditions, with a large excess of sulphidewith re-
spect to available Fe (Kao et al., 2004), favoured formation of SP greigite
but not its continued authigenic growth into the stable single domain
state.

IRMAF@150 mT minima within sapropels broadly coincide with
Ti/Al and Fed minima, which contrast with the higher IRMAF@150 mT,
Ti/Al and Fed values in non-sapropelic sediments. The overall low
IRMAF@150 mT, Ti/Al and Fed values within sapropels attest to a
reduced aeolian dust supply. In the middle of S1, the base of S5,
and the middle and lower part of S6, distinctive IRMAF@150 mT, Ti/Al
and Fed peaks indicate short periods with enhanced dust contents
(Figs. 4 and 5). DRS-determined hematite contents mimic Ti/Al,
IRMAF@150 mT and Fed curves, which indicates that sapropels are charac-
terized by low hematite concentrations with the exception of short
periods with high dust contents. In contrast, goethite contents are
either relatively stable within sapropel S6 or have a slightly increasing
trend up-core across sapropels S1 and S5 (Figs. 4 and 5). Our results
provide the first evidence for a link between Saharan dust supply and
these two antiferromagnetic minerals.

The L-ratio behaves differently for different sapropels (Figs. 4 and 5).
For S1 and S6, the L-ratio remains relatively stable,which indicates a con-
sistent source of hematite withminimal post-depositional dissolution. In
contrast, the L-ratio oscillateswithin S5. At the base of the dissolution in-
terval, it increases to amaximum (~0.8) and then gradually decreases to
a minimum (~0.5) in the middle of S5. In the oxidized sapropel interval,
the L-ratio increases again before rapidly returning to background values
(~0.65). Correlation between the L-ratio and IRMAF@150 mT is illustrated
in Fig. 6.When IRMAF@150 mTb0.1 A/m (as for S5), the L-ratio is positively
correlated with IRMAF@150 mT. When IRMAF@150 mT>~0.1 A/m, the L-
ratio slightly decreases with increasing IRMAF@150 mT for the interglacial
sapropels S1+S5, but remains relatively constant for the glacial
sapropel S6. Overall, L-ratios oscillate around 0.7 for the whole range
of IRMAF@150 mT variations. This indicates that IRMAF@150 mT can be
used as a proxy for hematite contents throughout most of the
studied sapropels but the exception of the lower part of S5, where
IRMAF@150 mTb0.1 A/m and L-ratiob0.65 are simultaneously found.

The ash-rich turbidite located just above S6 has a geochemical and
magnetic signature similar to that of sapropels (i.e. high κfd% and low
ARM,Ms, Ti/Al, and IRMAF@150 mT; Figs. 2–5).We infer that this turbidite
layer triggered diagenetic reactions similar to those associated with
sapropels during degradation of organic matter within the turbidite
(see Robinson et al., 2000).

4. Discussion

Down-core variations of the most relevant parameters studied are
summarized in Figs. 7 and 8, and provide a basis for discussing the
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paleoclimatic implications of depositional and diagenetic signals associ-
ated with the studied sapropels.

4.1. Diagenetic signals and their paleoclimatic implications

For sapropels that accumulated at a given setting with similar
sedimentation rates, which is the case for sapropels S1, S5 and S6 at
Site 967 (Emeis et al., 2000), geochemical and magnetic parameters
are likely to provide a reliable relative view of paleoclimatic and
paleoceanographic conditions that govern sapropel deposition.Magnetic
parameters indicate that the thickness of dissolution intervals increase
progressively between 0.10, 0.20 and 0.45 m for sapropels S1, S6 and
S5, respectively (Figs. 7 and 8), and also that S1 has amuch lower SP con-
tent than S5 and S6. These results indicate that progressively enhanced
sulphidic conditions developed during formation of S1, S6 and S5,
respectively, which is confirmed by their progressive enhancement in
Ni to Al ratios. Such enhanced sulphidic conditions developed under
periods of progressively increased export productivities and enhanced
stagnation of bottom waters for S1, S6 and S5, as indicated by Ba and V
to Al ratios, and appear to be linked to enhanced TOC values.

Oxygen and Nd isotopic data from eastern Mediterranean planktic
foraminifera indicate that deposition of interglacial S5 was predomi-
nantly linked to reactivation of northern Sahara drainages rather than
to increased riverine fluxes from the northern borderlands of the east-
ern Mediterranean, thereby supporting a dominant remote effect of an
intensified African monsoon on sapropel formation (Rohling et al.,
2002a, 2004; Scrivner et al., 2004; Osborne et al., 2010). Astronomical
solutions give maximum summer insolation values at 30°N of about
392, 401 and 405Wm−2 for the time intervals represented by sapropels
S1, S6 and S5, respectively (Laskar et al., 2004). This sequence of
increased low-latitude insolation values matches the sequence of
increased productivities and decreased bottom water ventilations, as
well as the concomitant strengthening of sulphate-reducing conditions,
inferred for S1, S5 and S6 from our geochemical and magnetic datasets.
No link is found, however, with the prevailing glacial (S6) or interglacial
(S1, S5) background conditions at the time of sapropel formation. Studies
of eastern Mediterranean sediments deposited at accumulation rates
comparable to those of Site 967 have shown that previous glacial stages
contain intervals with geochemical and/or magnetic signatures identical
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to those of sapropels. This is the case for an oxidized sapropel that formed
during Si26, which has been identified within MIS 8 in cores KC01B (van
Santvoort et al., 1997) and MD 84641 (Calvert and Fontugne, 2001) on
the basis of its high Ba and V contents as well as its low ARM values. A
similar situation was found for another oxidized sapropel identified in
core KC01B within MIS 16 (Si60) (van Santvoort et al., 1997), which
also has high Ba and V contents and low ARM intensities. Our results
and those presented in the above-cited studies indicate that sapropels
formed regardless of glacial or interglacial background conditions.
These results therefore reinforce the idea of a dominant low-latitude
forcing mechanism that controlled sapropel formation, not only during
interglacial periods typified by S5 (Scrivner et al., 2004; Osborne et al.,
2008, 2010) but also during glacial periods, provided that insolation
reached values high enough to promote strengthening of the African
monsoon and reactivation of northern Sahara drainages.

4.2. Depositional signals and their paleoclimatic implications

A combination of magnetic, geochemical and DRS data enables de-
tailed assessment of the effects of diagenesis on hematite and goethite
contents, which is a prerequisite for validating their reliability as re-
corders of paleoclimatic signals. Parallel variations in IRMAF@150 mT,
Fed, Ti/Al and hematite data throughout most of the studied intervals
demonstrate that IRMAF@150 mT is largely unaffected by hematite disso-
lution in this non-steady state diagenetic environment so that it repre-
sents a reliable proxy for aeolian contents in this setting. The only
exception is in the lower part of S5 and its underlying dissolution inter-
val, where hematite dissolution is indicated by a parallel decrease
in IRMAF@150 mT and L-ratios and by striking coincidence of near-zero
IRMAF@150 mT values within the whole dissolution interval (Figs. 7
and 8). Even in this case, the relative minimum in IRMAF@150 mT is only
shifted a few tens of centimetres (i.e. millennia) from its original posi-
tion, which will not affect substantially paleoclimatic interpretations
of long sedimentary sequences that require resolutions at precessional
timescales.

A combination of IRMAF@150 mT, Ti/Al, Fed, hematite and goethite
curves enables detection of down-core variations in the amount of
aeolian dust and discrimination of whether hematite or goethite domi-
nates the magnetic mineralogy of the dust fraction. It should be noted
that the following discussion is only valid in the absence of significant
hematite dissolution, which seems to be the case throughout most of
the studied sapropels and their underlying dissolution intervals as in-
ferred from IRMAF@150 mT and L-ratios. Lack of diagenetic remobilization
of Ba around S1, S5 and S6 indicates that these sapropels never under-
went extremely sulphidic conditions at the studied site in response to
moderate TOC contents. For S5, this is somewhat surprising, given
that organic geochemical evidence of truly euxinic (freeH2S) conditions
in the upper water column has been reported for that sapropel in west-
ern Levantine ODP Site 971A (Rohling et al., 2006) and SE Aegean core
LC21 (Marino et al., 2007). Other sapropels recovered at Site 967 and
in other cores (e.g. ODP Site 964, 966 and 969; KC01B), which formed
under similarly low accumulation rates of b~5 cm/kyr, have either
much higher (10–30 wt.%) TOC contents and/or contain evidence of dia-
genetic Ba remobilization, which point to extremely sulphidic conditions
during deposition (van Santvoort et al., 1997; Roberts et al., 1999;
Nijenhuis and de Lange, 2000; Nijenhuis et al., 2001). Reductive dissolu-
tion of hematite is likely to be pervasive within at least parts of those
strongly anoxic sapropels and their associated dissolution intervals. Con-
cerning goethite, its concentrations do not change through the studied
sapropels and underlying dissolution intervals in a way that can be
attributed to reductive dissolution, even in sapropel S5. This can be
explained by substitution of Fe by Al in goethite, which can reach up to
~30 mol% (Cornell and Schwertmann, 2003). Similar to the case for tita-
nomagnetite (Garming et al., 2005), Al-for-Fe substitution decreases the
number of Fe3+ ions (the electron acceptor under anaerobic conditions,
Dillon and Bleil (2006)). High Al-for-Fe substitution therefore means
that aluminous goethite can survive in the relatively enhanced sulphidic
environments such as those of sapropel S5, and probably also of other
sapropels that underwent stronger sulphidic conditions.

A common feature within all three studied sapropels, especially for
S1 and S5, is a broad minimum in IRMAF@150 mT, Ti/Al and Fed values
(Figs. 7 and 8). This indicates low overall dust contents regardless of
underlying glacial (S6) or interglacial (S1, S5) conditions. Similarly
low Ti/Al ratios, which are indicative of decreased dust inputs, are
found in glacial S6 in core MD 84641 (Calvert and Fontugne, 2001).
Based on similar observations, previous studies have suggested that
dust production in the Sahara is largely independent of high-latitude
climate conditions, so that it responds mainly to African monsoon
dynamics, which are driven by the amount of solar energy received at
low latitudes (Larrasoaña et al., 2003a; Trauth et al., 2009). Another
common feature in the three studied sapropels is that the hematite con-
tent mimics IRMAF@150 mT and Fed values, so that it has overall minima of



10 Q. Liu et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 333–334 (2012) 1–12
b2 mg/g within sapropels. In contrast, goethite undergoes no systematic
variations across the studied intervals. Hematite formation in soils and
surface continental sediments is favoured by hot and dry conditions
such as those in the Sahara, whereas goethite formation is favoured by
the relatively wetter conditions of subtropical savannahs within and
south of the Sahel (Maher, 1986; Balsamet al., 1995).We therefore inter-
pret the overall high hematite content of sediments between sapropels
as indicative of present-day-like desert conditions in the NE Sahara,
which is the main dust source for the eastern Mediterranean (e.g.
Prospero et al., 2002). Decreased hematite contents within sapropels at-
test to northward expansion of savannah landscapes into the NE Sahara
during boreal summer insolation maxima, which dampened dust pro-
duction (Larrasoaña et al., 2003a). The occurrence of goethite within
sapropels and surrounding sediments reflects additional aeolian entrain-
ment from goethite-rich iron crusts that formed in the NE Sahara during
previous wetter phases (Nahon, 1980) or from savannahs south of the
Sahara. Northward expansion of savannahs during “green Sahara”
periods and associated formation of goethite-rich crusts might explain
the slight increasing shift to higher goethite contents observed for inter-
glacial sapropels S1 and S5, when wettest regional conditions would
have favoured goethite formation.

Combined magnetic, geochemical and DRS data enable resolution
of short-lived fluctuations in aeolian dust input within sapropels S1
and S6. The most conspicuous pattern within S1 is the presence of
IRMAF@150 mT, Ti/Al and Fed peaks at a depth of ~60 cm (Fig. 7),
which, considering the thickness of its oxidized part, corresponds to
the middle of S1. Deposition of S1 was interrupted for a few centuries
due to abrupt and transient intensification of bottomwater ventilation
at about 8.5–8.0 kyr BP (Rohling et al., 1997, 2002b; Mercone et al.,
2001; Casford et al., 2003; Marino et al., 2009), which was, in turn,
driven by increased intensity and frequency of cold spells over the
northern sectors of the eastern Mediterranean (Rohling et al., 2002b;
Casford et al., 2003). In high sedimentation settings, this interruption
is evident as a less organic-rich layer with contrasting geochemical
and paleontological signatures compared to the sapropel (Mercone
et al., 2000, 2001; Casford et al., 2003). In low sedimentation settings
(b~5 cm/kyr) such as at ODP Site 967, the short interruption is blurred
and does not leave visual evidence of its presence (Mercone et al.,
2000). We interpret IRMAF@150 mT, Ti/Al and Fed peaks in the middle
of S1 as evidence for a shift in paleoclimatic conditions associated
with the interruption of S1. Increased production of dust at that time
attests to a transient return to arid conditions in the northern Sahara
at 8.5–8.0 kyr BP, as has also been shown by Early–Middle Holocene
lake level data (Gasse, 2000). Noticeably, such a shift would not have
been identified in Site 967 if rock magnetic and geochemical analyses
had not been carried out on discrete samples, given that it was hardly
recorded in u-channel-based (i.e. smoothed) rock magnetic studies
(see Larrasoaña et al., 2003a).

The most conspicuous features within S6 are two IRMAF@150 mT,
Fed, and Ti/Al peaks (Fig. 8), which, considering the thickness of its
oxidized part, correspond to the lower and middle sapropel. Based
on visual inspection of the sediment cores, only one sapropel interrup-
tion has been reportedwithin S6 (Calvert and Fontugne, 2001). Howev-
er, up to three centennial-scale intervals characterized by bottom-water
ventilation events have been identified in the middle of S6 in ODP Site
971 on the basis of detailed benthic foraminiferal abundance distribu-
tions, which are not accompanied by visual evidence for an interruption
(Casford et al., 2003). We interpret the two short periods of enhanced
dust supply revealed by IRMAF@150 mT and Fed data as correlative to
the two most intense periods of bottom-water ventilation reported by
Casford et al. (2003). DRS data enable identification of hematite and
goethite contents. It appears that the lowermost dust peak in S6 is
dominated by hematite, whereas the second is dominated by goethite
(Fig. 8). The hematite-dominated peak likely indicates a return to desert
climate conditions in the NE Sahara after a short shift to wetter condi-
tions during the onset of S6 accumulation, when goethite formation
was not yet promoted. In contrast, goethite dominance in the second
dust peak likely reflects stabilization of NE Saharan savannah land-
scapes, and hence in situ goethite production.

Previous studies have linked sapropel interruptions to an increased
intensity and frequency of cold spells over the eastern Mediterranean
and its northern borderlands (Rohling et al., 2002b; Casford et al.,
2003). Our data from S1 and S6 provide a link between short-lived
periods of sapropel interruption and increased dust contents that are
indicative of a transient return to arid conditions in the northern Sahara.
These results therefore suggest that periods of sapropel interruption
involved reorganization of atmospheric circulation not only over the
eastern Mediterranean basin and its northern borderlands, but also
over the subtropical regions of North Africa. In addition to S6, short-
lived periods of higher dust inputs and decreased TOC and Ba contents
have been identified also within S8, which accumulated during Si20
within interglacial MIS 7 (Calvert and Fontugne, 2001), and within
some Pliocene sapropels such as the Si156 sapropel (Nijenhuis and de
Lange, 2000). This reinforces the notion, typified by the interruption
of interglacial S1, that short-lived events involving the reorganization
of atmospheric circulation over the whole circum-Mediterranean
region were not restricted to periods of large polar ice volume.
5. Conclusions

Our results demonstrate that different magnetic minerals within
sapropels reveal contrasting responses to different depositional and
diagenetic processes. Reductive dissolution of detrital (likely aeolian)
magnetite and authigenic formation of superparamagnetic greigite
within sapropels and dissolution intervals are linked to the strength
of sulphidic conditions during sapropel formation. These conditions,
in turn, appear to be driven by maximum boreal summer insolation
regardless of glacial (S6) or interglacial (S1, S5) climates. In contrast,
goethite and, to a lesser extent hematite, appear to be largely unaffected
by reductive dissolution. These minerals can therefore be used to trace
Saharan dust inputs into the Mediterranean Sea.

Regardless of the prevailing paleoclimatic background conditions
(glacial or interglacial), all three studied sapropels have low overall
dust contents. However, we have observed one and two short periods
of high dust contents in the middle of S1 and in lower S6, respectively,
that may have formed concurrently with centennial-scale high lati-
tude cooling events identified within these sapropels. The fact that
such short-lived large-scale atmospheric reorganizations affected
not only glacial sapropels, but also interglacial and Pliocene sapropels,
reinforces the idea that they were not restricted to periods of large
polar ice volume. Our results indicate that such cooling events
resulted in a reorganization of the atmospheric circulation not only
over the eastern Mediterranean Sea and its northern borderlands as
shown by previous studies, but also over the subtropical regions of
North Africa.
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