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Abstract

Eastern Mediterranean sapropels are organic-rich sediments whose formation is related to variations in the Earth’s orbit. They
are therefore important for reconstructing past climatic variations and for producing astronomically tuned geological timescales.
Previous studies have suggested that the distinctive magnetic properties of sapropels, which result from non-steady-state diagenetic
reactions related to degradation of organic matter, might be used for identifying sapropels that have escaped visual identification
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fter being completely erased during post-depositional oxidation. We present a high-resolution multi-proxy magnetic, geochemical
nd paleontological data set from selected intervals of Ocean Drilling Program Sites 966 and 967. Our results demonstrate that mag-
etic properties can be unambiguously used for identifying oxidized sapropels, and also for determining whether suspected intervals
ctually correspond to oxidized sapropels, because they enable detection of the former presence of organic matter and of climatic and
ceanographic conditions suitable for sapropel formation. Systematic application of high-resolution magnetic analyses to future cor-
ng efforts in the eastern Mediterranean should allow determination of the original distribution of sapropels through long sedimentary
equences, which will improve our knowledge of paleoceanographic and paleoclimatic conditions that led to their formation.
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. Introduction

In the eastern Mediterranean, distinctive organic-
ich sediments called sapropels are cyclically interca-
ated with organic-poor sediments. Sapropels are dark-
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coloured layers that usually vary from 1 to 60 cm in
thickness, contain up to 25% organic carbon (by weight),
are usually enriched in pyrite, and often display clear
colour and textural laminations. Sapropels are important
because they mark the pace of an orbitally driven cli-
matic system that was exceptionally amplified due to
the semi-enclosed nature of the Mediterranean basin.
Formation of sapropels was controlled by ca. 22 kyr peri-
odic changes in the amount of solar energy received
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in the northern low- and mid-latitudes during summer
insolation maxima (precession minima) (Hilgen, 1991;
Lourens et al., 1996; Emeis et al., 2000). At these times,
intensification (Rossignol-Strick, 1983; Lourens et al.,
2001) and enhanced northward penetration (Rohling et
al., 2002; Larrasoaña et al., 2003a) of the African mon-
soon led to an increase in the freshwater discharge into
the eastern Mediterranean, not only via the Nile but also
via the north African margin. This resulted in decreased
dust production in the Sahara, enhanced riverine input
and primary productivity in the surface waters and
restricted ventilation of the eastern Mediterranean bot-
tom waters, which favoured the production and preser-
vation of organic matter in the deep basins (Rohling,
1994; Cramp and O’Sullivan, 1999). In contrast, drier
climates in northern Africa prevailed during intervening
insolation minima (precession maxima). This resulted in
deposition of nannofossil oozes under (present-day type)
conditions of low monsoon water discharge, low surface
water productivity, efficient bottom-water ventilation
and increased airborne dust delivery from the Sahara.

Since sapropel formation is related to changes in the
Earth’s orbit, the occurrence of sapropels allows the
tuning of the sedimentary record to astronomical target
curves (Hilgen, 1991; Lourens et al., 1996). This results
in accurate age models of unprecedented resolution that
can be used to date a variety of geological processes
such as geomagnetic events (Hilgen, 1991; Langereis
et al., 1997) and paleoclimatic and paleoceanographic
variations (Rossignol-Strick et al., 1998; Emeis et al.,

observed, oxidized sapropels may remain undetected
unless analytical techniques are used to infer their pres-
ence in the sedimentary record.

One of the techniques used to identify oxidized sapro-
pels is geochemistry. Ti/Al ratios in sapropels show
distinctive minima that are related to decreased input of
Saharan (Ti-rich) and increased riverine (Al-rich) supply
that result from enhanced monsoon intensity (Wehausen
and Brumsack, 2000; Lourens et al., 2001; Calvert and
Fontugne, 2001). Sapropels are also characterized by
high Ba/Al ratios that are related to increased productiv-
ity of the surface waters (Thomson et al., 1995; Langereis
et al., 1997; van Santvoort et al., 1997; Wehausen and
Brumsack, 2000; Calvert and Fontugne, 2001). In addi-
tion, sapropels are often enriched in redox-sensitive
trace metals (e.g., V, Mo) that provide evidence for low
bottom water oxygen concentrations (Pruysers et al.,
1993; Thomson et al., 1995; van Santvoort et al., 1997;
Warning and Brumsack, 2000; Wehausen and Brumsack,
2000; Calvert and Fontugne, 2001). Moreover, sapro-
pels are enriched in calcophilic elements such as Fe
and Ni, which attest to the formation of iron sulphide
minerals, mostly pyrite, under sulphate-reducing con-
ditions derived from the accumulation and degradation
of organic matter (Pruysers et al., 1993; Thomson et al.,
1995; van Santvoort et al., 1997; Warning and Brumsack,
2000; Calvert and Fontugne, 2001). Thus, low Ti/Al and
high Ba, V, Mo, Fe, Ni to Al ratios provide evidence for
the occurrence of oxidized sapropels.

Paleontological data also enable identification of

2000; Lourens et al., 2001; Larrasoaña et al., 2003a),
among others. Typically, correlation is made to curves
of summer insolation at 65◦N, with sapropels tuned to
even-numbered insolation maxima (i-cycles) assuming
a 3-kyr lag between the insolation maximum and the
sapropel mid-point (Hilgen, 1991; Lourens et al., 1996).
Unfortunately, identification of sapropels can be made
difficult by their complete removal via post-depositional
oxidation (Higgs et al., 1994; Thomson et al., 1995; van
Santvoort et al., 1997; Emeis et al., 2000; Calvert and
Fontugne, 2001). Their paleoclimatic and geochronolog-
ical relevance makes it useful to be able to distinguish
between situations where sapropels had formed but were
subsequently removed by post-depositional oxidation
and situations where the prevailing conditions did not
promote sapropel formation (Emeis et al., 2000; Calvert
and Fontugne, 2001). Visual identification of oxidized
sapropels might be possible if they preserve remnants
of the original laminated fabric and/or if they develop
a distinctive reddish colour resulting from intense post-
depositional flushing of the bottom waters (e.g., Emeis
et al., 2000). When such characteristic features are not
oxidized sapropels. Due to increased productivity in
the surface waters, planktic foraminiferal abundances
are usually larger in sapropels than in background
sediments (Rohling et al., 1993). If organic matter is
transferred to the seafloor, it is available for consumption
by benthic foraminifera who might, as a result, increase
significantly in abundance. When the amount of organic
matter arriving to the seafloor becomes high, available
oxygen will be consumed during degradation of organic
carbon and populations of benthic foraminifera might
decrease significantly, so that they might become extinct
(Rohling et al., 1993). Thus, identification of high
numbers of planktic foraminifera simultaneously with
marked variations in the amount of benthic foraminifera
may provide additional evidence for the presence of an
oxidized sapropel.

Magnetic measurements also provide useful informa-
tion about paleoceanographic conditions during sapropel
formation because magnetic minerals are highly sensi-
tive to non-steady-state diagenetic reactions related to
accumulation and degradation of organic matter (van
Hoof et al., 1993; Dekkers et al., 1994; Tarduno and
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Wilkinson, 1996; Roberts et al., 1999; Robinson et al.,
2000). When sapropels form, accumulation and burial
of organic matter leads to sulphate-reducing conditions
that cause reductive dissolution of magnetite, which is
the main low coercivity magnetic mineral in eastern
Mediterranean sediments (Passier et al., 2001; Kruiver
and Passier, 2001; Larrasoaña et al., 2003b), and for-
mation of iron sulphides, mostly pyrite (Pruysers et al.,
1993; Passier et al., 1996; van Santvoort et al., 1997;
Roberts et al., 1999). If sulphate-reducing conditions are
strong, excess sulphide produced in the sapropel will
diffuse downward into previously deposited oxic sedi-
ments, causing simultaneous pyritization and dissolution
of magnetite (van Hoof et al., 1993; Passier et al., 1996,
2001; van Santvoort et al., 1997; Roberts et al., 1999;
Kruiver and Passier, 2001; Larrasoaña et al., 2003b).
When bottom waters are reoxygenated after sapropel for-
mation, the organic matter within the sapropel oxidizes
and promotes diagenetic formation of magnetite at paleo-
oxidation fronts that develop on top of the sapropels (van
Hoof et al., 1993; Higgs et al., 1994; Thomson et al.,
1995; Passier et al., 2001; Kruiver and Passier, 2001;
Larrasoaña et al., 2003b). Besides the sensitivity of mag-
netic properties to non-steady-state diagenesis, magnetic
properties also provide information about depositional
processes. Thus, comparison of magnetic data with Ti/Al
results have demonstrated that variations in the amount
of hematite, the main high-coercivity magnetic mineral
in eastern Mediterranean sediments, reflect variations
in the input of aeolian (Saharan) dust. These variations
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able for sapropel formation, magnetic properties have
been proposed as a useful tool for identifying oxidized
sapropels (van Santvoort et al., 1997; Larrasoaña et al.,
2003b). However, they have never been studied in combi-
nation with both geochemical and paleontological data.
Such a combination is appealing because it can pro-
vide information about the three main variables that
condition sapropel formation, namely primary produc-
tivity, bottom water ventilation and intensity/penetration
of the African monsoon. In this paper, we adopt such a
multi-disciplinary approach to show that the magnetic
properties of eastern Mediterranean sediments can be
used to distinguish between situations where sapropels
formed and were later removed by post-depositional oxi-
dation and situations where prevailing conditions did not
promote sapropel formation. Our data set includes high-
resolution (1 cm) magnetic measurements obtained from
u-channel samples as well as geochemical and paleon-
tological data from selected intervals of Ocean Drilling
Program (ODP) Leg 160 sediment cores. These inter-
vals include: (1) a visible, partially oxidized sapropel
representative of most sapropels recovered during ODP
Leg 160 (see Larrasoaña et al., 2003b); (2) an additional
interval that has been interpreted as an oxidized sapropel
according to its visual appearance (Emeis et al., 2000)
and (3) two additional intervals whose visual character-
istics do not suggest the possible presence of oxidized
sapropels. The multi-proxy data set is shown for all inter-
vals at two sites (Fig. 1). Site 966 was drilled on top of
the Eratosthenes Seamount at a water depth of 926 m,

magneti
re driven by enhanced intensity and northward penetra-
ion of the African monsoon over the northern Sahara
Larrasoaña et al., 2003a).

Due to their sensitivity to diagenetic reactions associ-
ted with accumulation and degradation of organic mat-
er in sapropels, and also to their usefulness in identifying
aleoceanographic and paleoclimatic conditions suit-

Fig. 1. Location of ODP Leg 160 Sites 966 and 967 from which
whereas Site 967 was located on the northern slope of
the Eratosthenes Seamount, 30 km to the north of Site
966 but at a much deeper water depth (2553 m) (Emeis et
al., 1996). Use of multi-proxy data for the same intervals
at two different paleoceanographic sites allows indepen-
dent validation of the reliability of magnetic properties
for identifying oxidized sapropels. Identification of oxi-

c, geochemical and paleontological data are shown in this study.



286 J.C. Larrasoaña et al. / Physics of the Earth and Planetary Interiors 156 (2006) 283–293

Table 1
Summary of the terminology used to describe different types of oxidized sapropel in previous studies and here

Reference Term Significance Identification

Emeis et al. (2000) Red interval Oxidized sapropel Visual
Emeis et al. (2000) Ghost sapropel Oxidized sapropel Visual
Calvert and Fontugne (2001) Ghost sapropel Oxidized sapropel Analytical
Langereis et al. (1997) Ghost sapropel Oxidized sapropel Analytical
van Santvoort et al. (1997) Missing sapropel Oxidized sapropel Analytical
Calvert and Fontugne (2001) Missing sapropel Never-formed sapropel None
This study Ghost sapropel Oxidized sapropel Visual
This study Hidden sapropel Oxidized sapropel Analytical
This study Missing sapropel Never-formed sapropel None

dized sapropels using magnetic properties is particularly
interesting because long-core magnetic measurements
allow time-efficient study of long (100’s of m) sedimen-
tary sequences from different paleoceanographic sites.
Therefore, magnetic properties can be used to determine
the original distribution of sapropels on a basin-wide
scale, which is essential for a better understanding of the
paleoceanographic and paleoclimatic conditions that led
to their formation and post-depositional oxidation.

Due to the different approaches and techniques used
to identify oxidized sapropels, a number of different
(and confusing) terms have been proposed to name them
(Table 1). Oxidized sapropels that have been visually
identified because they preserve either their original lam-
inated fabric or because they have a reddish colour as
a result of intense post-depositional flushing have been
termed “ghost sapropels” and “red intervals”, respec-
tively (see Emeis et al., 2000). On the other hand,
oxidized sapropels whose occurrence has been deter-
mined using analytical (e.g., geochemical) techniques
have been considered either as “ghost sapropels” (see
Langereis et al., 1997; Calvert and Fontugne, 2001)
or as “missing sapropels” (see van Santvoort et al.,
1997). The later term has been, however, used by other
authors (e.g., Calvert and Fontugne, 2001) for describ-
ing a different situation in which sapropels did not
form because paleoclimatic and paleoceanographic con-
ditions did not change sufficiently. To avoid confusion,
in this paper we use “ghost sapropels” to refer to oxi-
dized sapropels whose identification relies upon visual

describing cases where the prevailing climatic conditions
at a given insolation maximum did not promote sapropel
formation.

2. Methods

Rock magnetic properties were measured at 1 cm
intervals from u-channel samples using a shielded
narrow-access 2G Enterprises cryogenic magnetometer
(Weeks et al., 1993) at the National Oceanography Cen-
tre, Southampton (noise level of about 4 × 10−12 Am2).
U-Channel samples were collected by pushing rigid, u-
shaped plastic liners (2 cm × 2 cm cross section, up to
1.5 m in length) into the archive halves of the cores. The
samples were freed from the cores by guiding a nylon
fishing line under the plastic liners. To minimize sedi-
ment dehydration, u-channels were sealed using tightly
fitting caps. Magnetic properties measured include: (1)
an anhysteretic remanent magnetization (ARM), applied
in a dc bias field of 0.05 mT parallel to an axially ori-
ented peak AF of 100 mT while the u-channel was passed
through the demagnetizer at 1 cm/s and (2) an isother-
mal remanent magnetization applied at 0.9 T and later
AF demagnetized at 120 mT (IRM@AF). ARM values
have been used as a proxy for the concentration of mag-
netite, whereas IRM@AF values have been used as a
proxy for the concentration of hematite (see Larrasoaña
et al., 2003a,b for a detailed explanation). To avoid edge
effects at the ends of the u-channels, which result from
the Gaussian shape of the magnetometer response func-
recognition, and we use the term “hidden sapropel”
for describing oxidized sapropels whose identification
is based on analytical techniques. Though the paleo-
climatic and paleoceanographic significance of ghost
and hidden sapropels might be comparable, the later
deserve special attention because failure to recognize
them implies the loss of detected beats in the Mediter-
ranean climate rhythm and of tie points for astronomical
tuning. Finally, we use the term “missing sapropels” for
tion (Weeks et al., 1993), data from the uppermost and
lowermost 4 cm of each u-channel sample were removed
from the data set.

Geochemical data shown in this paper include the
ratios of abundances of different elements (Ba, V, Mo,
Ti, Fe and Ni) to Al, and have been partially published in
previous papers (Wehausen and Brumsack, 1998, 2000;
Lourens et al., 2001; Larrasoaña et al., 2003a,b). Paleon-
tological data include abundances of planktic and benthic
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foraminifera. Samples were dried at 40 ◦C and weighed
to obtain a total sample dry weight. Samples were then
disaggregated in demineralized water and wet sieved
through a 63 �m mesh before drying. Finally, each sam-
ple was dry sieved through a 150 �m mesh. Using a ran-
dom splitter, planktonic and benthic foraminifera from
the >150 �m size-fraction were counted from aliquots
of approximately 250 foraminifera. Faunal counts are
expressed in absolute abundances per gram of dry sedi-
ment.

3. Results and discussion

3.1. Representative sapropels

Magnetic, geochemical and paleontological data for
sapropel i-272 (∼2.83 Ma), recovered at Sites 966 and
967, are shown in Fig. 2. Sapropel i-272 is characterized
by a six- to 10-fold increase in Ba/Al ratios compared to
background sediments located away from the sapropel,
which indicates that primary productivity was signifi-
cantly enhanced during its formation (Thomson et al.,
1995; Langereis et al., 1997; van Santvoort et al., 1997;
Wehausen and Brumsack, 2000; Calvert and Fontugne,
2001). High Ba/Al ratios also appear up to ∼15 cm above
the visible part of the sapropel, which indicates that
sapropel deposition under high productivity conditions
also occurred above the current visible upper boundary
of the sapropel. Planktic foraminifera in the sapropel

undergo a four-fold increase compared to background
sediments, concomitant with a decrease in the number
of benthic foraminifera. This indicates that the increased
number of planktic foraminifera is not an artefact con-
ditioned by decreased sedimentation rates at the time of
sapropel formation, but rather that it reflects enhanced
primary productivity, as suggested by the Ba/Al ratios.

Sapropel i-272 is characterized by enrichments in
trace metals such as V and Mo, which indicates that
bottom water oxygen was depleted as a result of
restricted ventilation conditions (Pruysers et al., 1993;
Thomson et al., 1995; van Santvoort et al., 1997; Warning
and Brumsack, 2000; Wehausen and Brumsack, 2000;
Calvert and Fontugne, 2001). In addition, Ti/Al ratios
reach a minimum within sapropel i-272 compared to
background sediments. This indicates a simultaneous
increase of riverine input and a decreased supply of Saha-
ran dust at the time of sapropel deposition as a result of
enhanced intensity (Lourens et al., 2001) of the African
monsoon.

As a result of the paleoceanographic and paleocli-
matic conditions prevailing at the time of sapropel i-272
formation, oxygen in the bottom waters was rapidly con-
sumed by microbes as they degraded the enhanced con-
centrations of organic matter that arrived at the seafloor.
These anoxic conditions enabled preservation and burial
of organic matter in the sediments. Geochemical and
paleontological data attest to this depletion of oxy-
gen in the bottom waters. Enrichment of Fe and Ni in

F entative
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ig. 2. Magnetic, geochemical and paleontological data from a repres
66. Dark grey shading indicates the position of the sapropel. Light gre
ark grey shading above the sapropel indicates the position of an oxid
sapropel (i-cycle 272; ∼2.83 Ma) recovered at sites (A) 967 and (B)
g below the sapropel marks the position of a dissolution front whereas

ont. Sapropel stratigraphy is after Emeis et al. (2000).
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the sapropel indicates that formation of iron sulphides,
mostly pyrite, occurred under sulphate-reducing diage-
netic conditions. Oxygen depletion is also reflected by
the decrease, and even disappearance in some levels, of
benthic foraminifera in the sapropel.

Distinctively low ARM intensities (<0.05 A/m) below
sapropel i-272 indicate low concentrations of magnetite
at a dissolution front that extended 15 cm below the
sapropel. Dissolution fronts formed when excess sul-
phide was produced in the sapropels, which happens
under strongly anoxic conditions at the time of sapropel
formation (Passier et al., 1996, 2001). In contrast, high
ARM intensities are found up to 15 cm above the sapro-
pel. This indicates that magnetite concentrations are
highest at these positions as a result of magnetite forma-
tion at a paleo-oxidation front that developed above the
sapropel as a result of post-depositional reoxygenation of
the bottom waters (Kruiver and Passier, 2001; Passier et
al., 2001; Larrasoaña et al., 2003b). Notably, sediments
from the oxidized part of the sapropel are characterized
by high Ba/Al ratios, and ARM and Ba/Al ratios reach
background values at the same position above the sapro-
pel. This indicates that both parameters give consistent
results in delineating the original, upper boundary of
the sapropel prior to post-depositional oxidation. Due
to the expense of producing high-resolution records of
Ba/Al for long sedimentary sequences, high-resolution
ARM data might provide a useful constraint on the orig-
inal thickness of sapropels, which would reduce errors
introduced by tuning the mid-point of the (visible parts

ered during ODP Leg 160 (Emeis et al., 1996, 2000)
is consistent with this interpretation. Geochemical data
indicate that, in the case of sapropel i-272, both restricted
bottom water ventilation and enhanced productivity were
responsible for the burial of organic matter in the sapro-
pel and for the resulting anoxic diagenetic conditions.

Variations in IRM@AF mimic the decrease in Ti/Al
ratios observed across sapropel i-272. Decreased Ti/Al
ratios at the time of sapropel formation reflect an increase
in the riverine input and a decrease in the amount of Saha-
ran dust supply, which would be related to an enhanced
intensity of the African monsoon (Lourens et al., 2001).
Hematite in eastern Mediterranean sediments is sourced
in the eastern Saharan regions north of the central Saha-
ran watershed. Thus, variations in the supply of hematite
into the eastern Mediterranean indicate that not only an
enhanced intensity (Rossignol-Strick, 1983; Lourens et
al., 2001), but also enhanced northward penetration of
the African monsoon (Rohling et al., 2002; Larrasoaña
et al., 2003a), conditioned climatic conditions in north-
ern Africa during formation of sapropels.

Available magnetic and geochemical data for sapro-
pel i-272 are similar at both Sites 966 and 967, which
indicates that paleoceanographic and paleoclimatic con-
ditions during its formation were similar at both paleo-
ceanographic settings.

3.2. Ghost sapropels

The magnetic signature described above in relation to

of the) sapropels to astronomical target curves. While
this might only result in adjustment of age models by
less than a few (<1–2) thousand years, it is important to
keep in mind when studying high-resolution (millennial
and sub-millennial scale) records and when performing
between-site correlations.

ARM values within sapropel i-272 decrease from the
high values at the oxidation front to the low values at the
dissolution front. This steady decline observed between
horizons with contrasting magnetizations is due to the
smoothing of the magnetic signal inherent to u-channel
measurements, and cannot be considered as a real indica-
tion of variations in the concentration of magnetic miner-
als within the sapropel. Low ARM values measured for
discrete samples of many other sapropels indicate that
the concentration of magnetite is low as a result of reduc-
tive dissolution that occurred under sulphate-reducing
conditions at the time of sapropel formation (Langereis
et al., 1997; van Santvoort et al., 1997; Roberts et al.,
1999; Passier et al., 2001; Kruiver and Passier, 2001;
Larrasoaña et al., 2003b). The ubiquitous presence of
pyrite in most eastern Mediterranean sapropels recov-
accumulation and degradation of organic matter in sapro-
pel i-272 is representative of most sapropels recovered
during ODP Leg 160, regardless of age (see Larrasoaña
et al., 2003b). Since this is the case, magnetic properties
should be useful for determining whether layers that have
been interpreted as ghost sapropels actually represent
oxidized sapropels. One of these layers is a red interval
found at 77.94 rmcd (revised metre composite depth, see
Sakamoto et al., 1998) at Site 967 (Emeis et al., 2000)
(Fig. 3A). This red interval can be correlated to insolation
cycle 246 based on the age and position of the char-
acteristic underlying Gauss/Matuyama (i-250 to i-260;
∼2.6–2.7 Ma) sapropel cluster (see Emeis et al., 2000).
Ba/Al ratios and planktic foraminiferal abundances indi-
cate that enhanced primary productivity, as expected at
times of sapropel formation, prevailed during deposition
of the red interval. It is also characterized by low Ti/Al
ratios and IRM@AF values similar to those found for
sapropel i-272, which indicates that the enhanced inten-
sity and northward penetration of the African monsoon
during its deposition were comparable to those prevail-
ing at the time of sapropel i-272 formation. The absence
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Fig. 3. Magnetic, geochemical and paleontological data for insolation cycle 246 (∼2.54 Ma) recovered both at sites (A) 967 and (B) 966. Dark
grey shading indicates the position of the oxidised sapropel. Light grey shading at Site 967 indicates the position of a dissolution front. Sapropel
stratigraphy is after Emeis et al. (2000).

of V and Mo enrichments within the red interval indicates
that oxygen concentrations in the bottom water were not
severely depleted. ARM values in the red interval are
comparable to those that characterize the oxidized part of
sapropel i-272 at the same site. This indicates that accu-
mulation of organic matter must have occurred since high
ARM values are related to high concentrations of mag-
netite formed during post-depositional oxidation, which
requires the presence of pyrite and/or dissolved Fe2+

that must have been formed under previous sulphate-
reducing conditions. Enrichments of Fe and Ni in the
same interval are consistent with the former presence
of pyrite. Low ARM values underneath the red inter-
val indicate that sulphate-reducing conditions at the time
of deposition were severe enough to allow production,
and subsequent downward migration, of excess sulphide
(Fig. 3A). Benthic foraminiferal abundances are rela-
tively low in the lower and upper part of the red interval
and increase significantly in its middle part. This sug-
gests that higher availability of organic matter in the
middle part of the red interval compensated for the rela-
tively low oxygen concentrations at the onset and end
of deposition of the red interval, which favoured the
flourishing of benthic populations. Variations in benthic
foraminifera abundances are significantly different from
the changes in the numbers of planktic foraminifera,
suggesting that this is a genuine signal rather than an

artefact related to variations in sediment accumulation
rates. Overall, magnetic, geochemical and paleontolog-
ical data indicate that the red interval shown in Fig. 3A
corresponds to a former sapropel (i-246), which has
been removed by post-depositional processes and has
been correctly identified as a ghost sapropel after visual
inspection of the core.

At Site 966, sedimentary cycle i-246 is represented by
a possible ghost sapropel (Emeis et al., 2000) (Fig. 3B).
Magnetic, geochemical and paleontological data from
this possible ghost sapropel are comparable to those
of the red interval at Site 967. High Ba/Al ratios, low
Ti/Al values and lack of significant Mo and V enrich-
ments within the possible ghost sapropel indicate that its
deposition occurred under conditions of high productiv-
ity, with relatively suppressed bottom water ventilation
and enhanced intensity/penetration of the African mon-
soon. Relatively high ARM values indicate that mag-
netite formed as a result of post-depositional oxidation.
This process requires pyrite and/or dissolved Fe2+ that
derive from sulphate-reducing conditions, and therefore
indicates that some burial of organic matter must have
occurred. However, lack of a dissolution front suggests
that organic matter was buried in lower amounts than at
the same interval at Site 967, which has a dissolution
front associated with it. This agrees with an enrichment
in Fe in i-cycle 246 at Site 966, which is not as marked
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as that found in the same interval at Site 967 and which
therefore attests to weaker sulphate-reducing conditions.
Available data indicate that the possible ghost sapropel
found at i-cycle 246 at Site 966 also represents a former
sapropel that has been post-depositionally oxidized and
correctly identified as a ghost sapropel.

It is likely that weaker sulphate-reducing conditions
during deposition of i-cycle 246 at Site 966 might
have occurred in response to alternating (e.g., sea-
sonal) anoxic and oxic conditions rather than to contin-
uous moderate sulphate-reducing conditions prevailing
throughout sapropel formation. This idea is in line with
the dynamic concept for sapropel formation envisaged
by Casford et al. (2003). In this dynamic concept, it is
argued that intermittent ventilation of the bottom waters
at the time of sapropel formation is one of the main fac-
tors conditioning development of anoxia (e.g., sulphate-
reducing conditions), because it controls the amount of
oxygen at the seafloor and hence the amount of organic
matter that can be degraded before it is buried. It also
accounts for the short timescales at which the processes
that drive bottom water ventilation operate. Following
this argument, different intensities of sulphate reduc-
tion will develop at different locations depending on the

intensity of bottom water ventilation. This dynamic con-
cept provides a reasonable mechanism for explaining the
differences found for deposition of i-246 cycle at Sites
966 and 967. Site 967 is located at 2553 m water depth,
whereas Site 966 is located at shallower depths (926 m).
Productivity of surface waters and export production to
deeper water masses may be considered similar since
both sites are close to each other. Thus, the most rea-
sonable explanation for interpreting the overall stronger
sulphate-reducing conditions at Site 967 is that ventila-
tion of the deep waters potentially decreases with depth.
This circumstance is supported by TOC values of the
youngest sapropel (sapropel i-2; ∼8 ka), whose TOC
content increases progressively with depth probably in
response to lower bottom water oxygen concentrations
(Murat and Got, 2000).

3.3. Hidden sapropels

Magnetic, geochemical and paleontological data sim-
ilar to those characterising i-cycle 246 at Site 966 are
also found for two other intervals at Sites 966 (40.70 and
41.20 rmcd) and 967 (83.04 and 84 rmcd) (Fig. 4). Astro-
nomical tuning of Ti/Al curves (Lourens et al., 2001)

cycles
ropels.
01).
Fig. 4. Magnetic, geochemical and paleontological data for insolation
and (B) 966. Dark grey shading indicates the position of oxidized sap
correlation of sedimentary cycles to i-cycles is after Lourens et al. (20
264 (∼2.75 Ma) and 268 (∼2.79 Ma) recovered both at sites (A) 967
The position of the red intervals is after Emeis et al. (2000) and the
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enables correlation of the two intervals at Site 967, and
hence of those at Site 966, with i-cycles 264 (∼2.75 Ma)
and 268 (∼2.79 Ma). Overall, magnetic, geochemical
and paleontological data indicate that these two inter-
vals at both sites correspond to former sapropels that
have been post-depositionally oxidized. Of these two
intervals, only the uppermost one at Site 967 has been
previously identified as a red interval (Emeis et al., 2000).
Our data agree with visual inspections of the core in
determining the presence of a ghost sapropel at that posi-
tion. On the contrary, the lowermost interval at Site 967
and the two intervals at Site 966 have not been previ-
ously recognized as oxidized sapropels (see Emeis et al.,
2000). Our multi-proxy data set indicates that these inter-
vals can thus be considered as hidden sapropels whose
occurrence might have remained ignored unless analyt-
ical techniques were used in their detection after having
escaped visual inspection.

These hidden sapropels have similar properties to
those of the ghost sapropels shown above. They were
formed under conditions of high surface water produc-
tivity, as indicated by high Ba/Al ratios and high planktic
foraminiferal abundances, and of enhanced intensity and
penetration of the African monsoon, as indicated by low
Ti/Al ratios and IRM@AF values. The only paleoceano-
graphic scenario that distinguishes the formation of these
ghost and hidden sapropels from sapropel i-272 and other
visible sapropels (see Larrasoaña et al., 2003b) is the lack
of severe oxygen depletion in the bottom waters, which
is indicated by the absence of V and Mo enrichments.
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governing deposition of typical (e.g., visible) sapropels.
Given the sensitivity of magnetic data for detecting oxi-
dized sapropels and conditions suitable for their forma-
tion, we consider that magnetic analyses could also be
used for the identification of insolation cycles where cli-
matic and oceanographic conditions were insufficient to
promote sapropel formation (e.g., missing sapropels).

To conclude, we notice that, in the same stratigraphic
section of Site 967 shown in Fig. 4, another red inter-
val located at 83.60 rmcd has been reported (Emeis et
al., 2000). This red interval does not have any prop-
erties typical of sapropels. Instead, it coincides with a
prominent peak in the Ti/Al and IRM@AF curves. This
indicates that the colour of this red interval does not
derive from intense post-depositional oxidation of an
insolation maximum-related sapropel, but instead from
the occurrence of high concentrations of aeolian, north-
ern Saharan hematite that probably accumulated during
an insolation minimum. This circumstance implies that:
(1) the red interval at 83.60 rmcd at Site 967 seems to be
mistuned by half an insolation cycle because it is likely
related to an insolation minimum instead of to an insola-
tion maximum; (2) visual identification of red intervals,
and probably of ghost sapropels, is not straightforward
and should be validated by analytical techniques; and (3)
reddish colouring of eastern Mediterranean sediments
(determined by the a* parameter) is controlled by two
different processes, so that colour should not be used
alone to make inferences about bottom water ventilation
or Saharan dust supply.
s a result of relatively efficient bottom water ventila-
ion, diagenetic conditions within most ghost and hidden
apropels seem to have been only moderately anoxic, as
ndicated by relatively low Fe and Ni to Al ratios and
he general lack of dissolution fronts. This is consis-
ent with the continued presence of benthic foraminifera
cross ghost and hidden sapropels, which do not undergo
xtinction but instead show an overall increase in their
bundance. Benthic foraminiferal abundances decreased
ignificantly in intervals where significant depletion of
xygen in the bottom waters likely occurred (e.g., the
ower part of sapropel i-268 at Site 966 and the middle
art of sapropel i-264 at Site 967). We stress, how-
ver, that some burial of organic matter in the ghost
nd hidden sapropels must have occurred, albeit proba-
ly restricted to intermittent episodes (e.g., the dynamic
oncept of Casford et al., 2003), in order to explain
ulphate-reducing conditions and subsequent oxidation
f pyrite and/or dissolved Fe2+. Based on the above,
e consider that ghost and hidden sapropels represent

ormer sapropels that were deposited under climatic
nd oceanographic conditions less favourable than those
4. Conclusions

A combination of magnetic, geochemical and pale-
ontological data for selected intervals of ODP Leg 160
Sites 966 and 967 demonstrates that magnetic methods
provide a sensitive tool for identifying oxidized (ghost
and hidden) sapropels and for determining whether inter-
preted ghost sapropels correspond to former sapropels
that were erased by post-depositional oxidation. This
is due to the sensitivity of magnetic minerals to non-
steady-state diagenetic reactions related to the former
presence of organic matter and also to paleoceanographic
and paleoclimatic conditions that led to sapropel forma-
tion (e.g., the interplay between productivity/ventilation
and the intensity/northward penetration of the African
monsoon). In particular, ARM data indicate variations in
magnetite content that result from non-steady-state dia-
genetic processes associated with degradation of organic
matter, whereas AF demagnetization (at 120 mT) of an
IRM indicates variations in hematite content related to
climatically modulated supply of Saharan dust. ARM
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values can also be used to determine the original thick-
nesses of partially oxidized sapropels, which represent
the majority of sapropels recovered during ODP Leg
160 (Larrasoaña et al., 2003b). Magnetic measurements
performed with u-channels are much faster, yet they
are still as sensitive, as geochemical and paleontologi-
cal methods. Thus, systematic high-resolution magnetic
analyses of eastern Mediterranean sediment cores should
enable documentation of complete records of sapropel
deposition, which can be cross-checked where necessary
with geochemical and paleontological data. Determina-
tion of the original distribution and thickness of sapro-
pels throughout long sedimentary sequences in differ-
ent paleoceanographic settings will improve age models
based on astronomical tuning and also our knowledge of
the spatial and temporal characteristics of paleoceano-
graphic and paleoclimatic conditions that led to sapropel
formation and oxidation.
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