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17. THE FORMATION OF PLIOCENE MEDITERRANEAN SAPROPELS: CONSTRAINTS
FROM HIGH-RESOLUTION MAJOR AND MINOR ELEMENT STUDIES

R. Wehausen? and H.-J. Brumsack?2

ABSTRACT

Two Pliocene Mediterranean sediment cores from Sites 964 (Pisano Plateau, lonian Basin) and 967 (lower northern slope of
Eratosthenes Seamount, south of Cyprus), which comprise atotal of 428 samples, have been analyzed for major and minor ele-
ments (Si, Ti, Al, Fe, Mg, Ca, K, Ba, Cr, Ni, V, Zn, and Zr) by X-ray fluorescence analysis at a depth resolution of 3+é cm. Co
160-964C-9H comprises five sapropels with up to 9.7% total organic carbon (TOC), one 2.5-m-thick turbidite, and a 50-cm
segment of a second turbidite, whereas Core 160-967B-9H contains eight sapropels with TOC content of up to 6.7%.

Cyclic variations in carbonate content and detrital-matter composition are evident at both sites. At Site 964 (Pisano Plateau)
terrigenous detrital matter chemistry reflects periods of stronger Saharan dust input alternating with fluvial input from the
northern borderlands (higher K/Al and Mg/Al ratios). Cyclicity is not that well expressed at this location because turbidites o
other short-term resedimentation processes occur. Site 967 (Eratosthenes Seamount) sediments are strongly influenced by dis-
charge from the Nile River during humid periods (low K/Al and Mg/Al ratios).

At Site 967 sapropels are occurring only during periods of enhanced Nile discharge and the corresponding lower Si/Al, Ti/
Al, Mg/Al, K/Al, and Zr/Al ratios. Accumulation rates of carbonate and terrigenous detrital matter were 30% lower during such
episodes because of the reduction in eolian input, carbonate production, and/or carbonate dissolution. Ba enrichments, which
are not only seen in the sapropels, but also very periodically in every K/Al minimum, document the triggering effect of
enhanced bioproductivity on sapropel formation. As calculated from excess Ba concentrations, productivity increased by up to
a factor of five during time intervals of intensified Nile runoff. Fluviatile discharge seems to be responsible for an enhanced
input of nutrients and suspended matter containing low Mg/Al and K/Al ratios.

Based on organic-carbon concentrations, episodes of sapropel formation did last at least from 1000 to 4000 yr at Site 964
and from 2000 to 6000 yr at Site 967. Periods of enhanced bioproductivity, as defined by Ba enrichments, did last from 8000 to
12,000 yr at Site 967. Episodes of high river discharge and corresponding nutrient input, as well as conditions of sapropel for
mation, seem to have lasted longer in the eastern part of the Eastern Mediterranean (Site 967) as compared to the ®isano Platea

(Site 964).

INTRODUCTION

Pliocene to Holocene M editerranean sediments contain numerous
dark colored layers, termed sapropels, which are characterized by
high total organic carbon (TOC = 2%), S, and Fe content and signif-
icant enrichments in various trace elements (Calvert, 1983; Pruysers
etal., 1991; Thomson et al., 1995; Nijenhuiset a., Chap. 16, thisvol-
ume). Different approaches have been made to elucidate the pale-
oceanographic scenario that led to their formation.

The occurrence of sapropelsis of cyclic nature and seemsto cor-
respond closely with minimain the precessional index when perihe-
lion occurred in the northern hemisphere summer (Rossignol-Strick,
1983, 1985; Prell and Kutzbach, 1987; Hilgen, 1991). Rossignol-
Strick (1983) demonstrated that the temporal distribution of the East-
ern Mediterranean sapropels correlates with maximum potential
strength of the African monsoon, a function of orbital precession,
which would have resulted in maximum discharge from the Nile Riv-
er. Rohling and Hilgen (1991) postul ated that increased precipitation
aong the northern borderlands of the Eastern Mediterranean, because
of increased activity of Mediterranean summer depressions, could
have been an additional precession-related factor for reduced salini-
ties at sea surface during sapropel formation. By studying the 61%0
signatures of planktonic foraminifers, it could be shown that surface-
water salinities must have been lower during times of sapropel for-
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mation (Williams and Thunell, 1979; Vergnaud-Grazzini et .,
1986).

Carbonate cycles found in Pliocene to Holocene Mediterranean
sediments have been well examined by use of micropaleontological
(DeVisser et ., 1989; Howell et al., 1990) and magnetostratigraph-
ical (Langereisand Hilgen, 1991; Hilgen, 1991) as well as geochem-
ical (Van der Weijden, 1993; Van Oset a., 1994) methods. The con-
sensusisthat carbonate cycles, including intercal ated sapropels, cor-
respond closely with minima in the precessional index (e.g.
Rossignol-Strick, 1983; Prell and Kutzbach, 1987; Hilgen, 1991;
Lourenset a., 1992).

Only afew studies exist that deal with sources and distribution of
terrigenous detrital matter in the Mediterranean Sea sediments. In-
vestigations by Venkatarathnam and Ryan (1971) and Dominik and
Stoffers (1978) are based on clay mineralogical studies of surface-
sediment cores. Foucault and Méliéres (1995) analyzed the mineral-
ogy of cyclic sediments from the Narbone Formation in Sicily. They
found varying amounts of eolian and fluvially derived minerals,
which, according to their interpretation, were controlled by alterna-
tion of humid and dry periods on both the northern and southern bor-
derlands of the Western Mediterranean.

In this paper, high-resolution geochemical studies of Pliocene
sedimentary sequences from Ocean Drilling Program (ODP) Sites
964 and 967 in the Eastern Mediterranean are presented. This is the
first attempt to investigate longer sedimentary sequences from the
Eastern Mediterranean that contain several sapropels by high-resolu-
tion major- and minor-element geochemistry. The basic idea behind
such an approach is that any change in paleoenvironmental or climat-
ic conditions should be reflected in major- and minor-element abun-
dances. In particular, the question will be addressed, if cyclic chemi-
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Samples were taken from Cores 160-964C-9H and 160-967B-9H
at a resolution of 3—4 cm (distance between the tops of the sampli ;
intervals), with each sample including 2 or 1 cm of sediment, respe *°* ,, 20 20 °E 0
tively. The Hole 964C core was sampled over its full length (27
samples in total). From Hole 967B, 160 samples were taken from ﬂ]f'r'gure 1. Locations of ODP Sites 964 (Pisano Plateau) and 967 (Eratosthenes
upper 6.4 m (Sections 1-5). Seamount)

According to ODP Leg 160 shipboard biostratigraphic studies '
both cores are of Pliocene age and ~2.6-2.8 Ma (Emeis, Robertson,

Richter, et al., 1996; see also for further information about stratigraich in Si (quartz) may be caused by particle size fractionation caused

oW
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L

phy and lithology). by bottom-current—induced resuspension processes (winnowing).
In this contribution, the chemical composition of the sediments is
Sample Preparation and Analytical Methods discussed on the basis of element/Al ratios (Table 1). Element/Al ra-

tios are used to compensate for carbonate dilution. Significant differ-

Before analysis, the samples were freeze dried and then grouedces in the lithogenic sediment fraction of the two sites are evident:
and homogenized in an agate ball mill. For X-ray fluorescence analyFi/Al ratios are higher at Eratosthenes Seamount, whereas Si/Al, Mg/
sis (XRF), 600 mg of the sample powder were mixed with 3600 m@\, and K/Al ratios are higher in the lonian Basin. Intervals that are
lithium tetraborate (LB,O,;, Spektromelt), preoxidized at 500°C referred to as sapropels (Emeis, Robertson, Richter, et al., 1996) are
with NH,NO;, and fused to glass beads. The beads were analyzed blgaracterized by their typical enrichment in Fe and specific trace el-
a Philips PW 2400 X-ray spectrometer. Analytical precision, agments, such as Ba, Co, Cr, Ni, V, and Zn (Calvert, 1983; Sutherland
checked by parallel analysis of one international (GSR-6) and several al., 1984; Thomson et al., 1995; Nijenhuis et al., Chap. 16, this vol-
in-house standards, was better than 1% for major (except for Na, 2%ine). Maximum values for those elements and higher enrichments
and better than 3% for the minor elements. relative to average shale (Table 1) are attained in or around sapropel

TOC content of sapropel samples were determined by couloméiyers. The core from the lonian Basin (Site 964) contains five indi-
ric titration following combustion with a Stréhlein instrument after vidual sapropels with TOC content ranging between 2.2% and 9.7%.
removal of the carbonates with hydrochloric acid (analytical preciThe investigated interval of Core 160-967B-9H (Eratosthenes Sea-
sion was better than 4% for sapropels and better than 8% for samplesunt) comprises eight sapropels with TOC values between 1.8%
with TOC <2%). and 6.7%.

Cyclesand Events
RESULTSAND DISCUSSION
. The most obvious feature discernible in sediments from Site 964
Bulk Chemistry (Fig. 3) are the turbidites. The one in the center of the core (78-76.5
mbsf) consists of an ~50-cm-thick basal layer and an overlying ~2-
The sediments from both sites investigated may be regarded asthick homogenous interval. The basal part is characterized by a
marls or calcareous marls with mean CaCa@ntent (calculated from higher content of elements that are enriched in minerals of the silt or
CaO) of 62% for Site 964 and 51% for Site 967 (Table 1). In a ternaryand fraction and in heavy minerals, e.g. Si, Ti, Mg, Ca, Ba, and Zr.
plot (Fig. 2), which shows the relative proportions of Si@present- The upper homogenous part of the turbidite displays a high content
ing quartz or opaline silica), XD, (representing clay minerals), and of Al (clay fraction). The chemical composition of these sedimentary
CaO (representing carbonate), the sediments can be described“@gents” can easily be explained by a particle sorting effect. Cr and
mixtures of biogenous carbonate with an aluminosilicate componei are not enriched in either the upper or the lower parts of the turbid-
that is similar in composition to “average shale” (Wedepohl, 1971)ite. Therefore, these elements must be evenly distributed over the dif-
Sediments from Site 967 (Eratosthenes Seamount) display slightfgrent particle-size fractions. The basal layer of a second turbidite,
higher ALO; contents than those from Site 964 (lonian Basin), whichwhich shows the same chemical characteristics as mentioned above,
may indicate a slightly different clay mineralogy. Some specific in-is present at the top of the core (72 mbsf).
tervals from Site 964, which are described as “normally graded sec- In the lower part of Core 160-964C-9H variations in Si/Al, Ti/Al,
tions” (Emeis, Robertson, Richter, et al., 1996), show highey SiOMg/Al, Ca/Al, Cr/Al, and Zr/Al ratios display a distinct cyclicity
content. One of these “events” covers the upper 52 cm of the corgigs. 3, 4). The Ti/Al and Zr/Al profiles are mirror images of Mg/Al,
and a second one is located in the center of the core. These and sdda#Al, and Cr/Al. In the upper part of the core this cyclicity is less
other thin layers show huge differences in their chemical compositioavident, as it seems to be disrupted by short-term changes in sedimen-
in comparison to the surrounding sediments. The two large “eventsation. Ca/Al ratios as well as Cag€ontent (calculated from CaO
have to be regarded as turbidites. Similar sedimentary features hav&ues) show a large variability. In contrast to the relatively smooth,
already been described in earlier studies for this area of the lonian Sgglic changes in CaCCrontents, as displayed between 78.1 and
(Kastens and Cita, 1981; Blechschmidt et al., 1982). Thin intervalg9.5 mbsf (Fig. 3), the CaG@ontent decreases drastically by as
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Table 1. Element abundance and element/Al ratio of Core 160-964C-9H (turbidites excluded) and Core 160-967B-9H, Sections 1-5.

Site 964 (lonian Basin)

Site 967 (Eratosthenes Seamount)

Elemental Average
abundance Average  Minimum  Maximum Average  Minimum  Maximum shale

SiO, (%) 19.09 10.03 41.99 22.92 14.72 31.40 58.00
TiO, (%) 0.325 0.172 0.647 0.515 0.309 0.736 0.780
Al,O3 (%) 6.11 2.77 12.78 8.53 5.74 11.00 16.80
Fe,03 (%) 281 0.97 12.59 4.27 2.86 12.90 6.90
MgO (%) 1.97 117 5.56 1.74 1.23 2.33 2.60
Ca0 (%) 34.61 8.27 44.22 28.72 16.96 36.89 2.30
K50 (%) 124 0.70 2.66 1.18 0.74 159 3.40
Ba(ng/g) 179 55 2519 270 80 1060 650
Cr (ug/o) 58 21 281 59 39 103 90
Ni (ng/g) 55 2 649 63 25 394 68
V (ug/g) 74 22 841 105 51 568 130
Zn (ug/g) 38 14 179 52 34 99 95
Zr (Hg/g) 73 33 227 95 46 152 200
CaCOg, (%) 61.8 14.7 789 51.3 30.3 65.8 4.1

Element/Al ratio
Si/Al 2.75 2.46 5.83 2.38 2.10 2.69 3.00
Ti/Al 0.060 0.051 0.115 0.068 0.056 0.084 0.053
Fe/Al 0.60 041 229 0.67 0.52 2.63 0.54
Mg/Al 0.37 0.27 0.75 0.24 0.17 0.33 0.18
CalAl 8.55 1.07 19.17 4.66 2.63 8.25 0.18
K/AI 0.32 0.30 0.41 0.22 0.17 0.26 0.32
Ba/Al x 104 54 26 917 61 19 297 73
Cr/Al x 104 17 10 47 13 10 23 10
Ni/Al x 104 15 1 117 14 5 130 8
V/Al x 104 22 14 152 24 12 148 15
Zn/Al x 104 11 7 34 12 8 24 11
Zr/Al x 104 23 13 155 21 14 29 22

Sapropels:

TOC (%) 22 9.7 18 6.7 0.2

Notes: * = calculated from CaO values. Average shale data set from Wedepohl (1971, 1991).

A|203°5

O Site 964

A Site 967

B Average shale

sio, Ca0»2
Figure 2. Ternary plot of SIO, (representing quartz or opaline silica), Al,O3
(representing clay minerals), and CaO (representing carbonate). Average
shale data point from Wedepohl (1971, 1991).

much as 40% in the sapropels, which can be explained by dissolution
of carbonate. The sapropel at 80.6—-80.7 mbsf (Fig. 4) also shows a
decreaseinthe Mg/Al ratio. By leaching two samples of thissitewith
water and 1 mol/L acetic acid, respectively, and analyzing the resi-
dues by XRF, wewere ableto seethat Mg is partly present as seasalt
and partly bound to carbonate phases, which might dissolve during
sapropel formation. However, most of the Mg was still present in the
residue after treatment with acetic acid, and acorrelation between Mg
and Caisnot observed. Therefore, the major fraction of the Mg seems

to be fixed in the detrital clay mineral component of terrigenous ori-
gin.

Aside from the carbonate cycles, which are presumably resulting
from orbital forcing (Hilgen, 1991), rhythmic variations in detrital-
matter composition of the sediments should also have been caused by
Milankovich-type cycles, because they all seem to have the samefre-
quency pattern. This can be seen in the Si/Al, Ti/Al, Mg/Al, Ca/Al,
Cr/Al, and Zr/Al ratios (Figs. 3, 4). Cyclicity in elemental ratiosis of -
ten disturbed by other sedimentary features such asthose found in the
upper part of Core 160-964C-9H. Thesefeatures are, for example, in-
dicated by “spikes” in the Si/Al, Ti/Al, Mg/Al, and Zr/Al ratios (Fig.
3

In Core 160-967B-9H from the Eratosthenes Seamount, cyclicity
is displayed by all elements of a typical lithogenic origin. Depth pro-
files of Si/Al, Ti/Al, Mg/Al, K/Al, and Zr/Al ratios all show very sim-
ilar shapes (Fig. 5). Ca/Al shows a similar pattern as the other ele-
ments with the exception of an interval without sapropels (76.8-74.5
mbsf). This implies that the cyclicity of all element/Al ratios is likely
caused by earth precessional cycles (see above).

Every minimum in element/Al ratio is marked by an enrichment
in Ba/Al. All sapropel layers are enriched in Ba, but not all Ba-
enriched layers are typical sapropels. Four Ba spikes are discernible
in the sapropel-free interval (76.8—-74.5 mbsf) that, as far as we can
notice by our sampling resolution, do not show significant trace metal
enrichments like observed in oxidized (“burned-down”) sapropels as
described by Thomson et al. (1995). Only very slight enrichments in
trace metals and Fe are apparent in the profiles (Fig.5).

From the chemical profiles (Fig. 5), it seems evident that Ba-
enriched intervals, like those typically encountered in sapropels,
were deposited during periods when lithogenic matter with lower Si/
Al, Ti/Al, Mg/Al, K/Al, and Zr/Al ratios was introduced into the
Eastern Mediterranean.

At the Eratosthenes Seamount location (Site 967), cyclic sedi-
mentary changes are more distinctive, and sapropel formation did
take place more regularly than in the lonian Basin (Site 964). Addi-
tionally, sapropels and Ba-enriched layers are more substantial than
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Figure 3. Carbonate content and element/Al ratio of ODP Core 160-964C-9H (Pisano Plateau, lonian Basin).

Gray bars = sapropels; hatched areas = turbidites.
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Figure 4. Depth profiles of element/Al ratios of Core 160-964C-9H, Sections 5 through CC. Dark gray bar = sapropel; light gray/white bars = precession cycles.

those encountered at Site 964. For Site 964 sapropels, it cannot be
ruled out whether they occur exactly within certain minimaor maxi-
ma of detrital element/Al ratios. At Site 967 (Fig. 5), carbonate con-
centrations do not show the extreme variations as observed at Site
964.

Paleoproductivity

Bahasfor along time been under discussion as an indicator ele-
ment for paleoproductivity (Goldberg and Arrhenius, 1958; Dehairs
et a., 1980; Schmitz, 1987; Lea and Boyle, 1990; Dymond et al.,
1992). Eastern Mediterranean sapropels always show enrichmentsin
Ba (Calvert, 1983; Sutherland et al., 1984; Higgs et al., 1994; Thom-
son et a., 1995). Van Os et . (1991) stated that sedimentary barite
might undergo diagenetic changes and should, therefore, be used
carefully as a paleoproductivity indicator. However, Bamobilization
will only be possible under conditions of severe sulfate depletion
(Brumsack and Gieskes, 1983; Brumsack, 1986; Brumsack et al.,
1992). Although they could demonstrate that sediments had under-
gone diagenetic changes, Thomson et al. (1995) found approximately
Gaussian-shaped Ba profilesin sedimentsin and around the most re-
cent sapropel, S1. Our sampling resolution is not high enough to see
a Gaussian-shaped Ba distribution, but the Ba peaks seem to be sym-
metrical (Fig. 5). Therefore, we suggest that Baisindeed useful asa
paleoproductivity indicator and that productivity increases are evi-
dent at Site 967 during those time periods when detrital matter exhibit
lows in element/Al-ratios, even when sapropels were not deposited
(Fig. 5). In such intervals, enrichments in Fe and trace elements are
only very minor, and it is questionable whether there have formerly
been real sapropels (TOC = 2%) or sapropelic layers (TOC between

Ba content may be used to estimate paleoproductivity according
to an algorithm given by Dymond et al. (1992). For performing such
a calculation, the fraction of nonlithogenic Ba (Ban the sediments
has to be known. This fraction is easily obtained when Ba and Al con-
centrations are known. The biogenic Ba fraction is calculated accord-
ing to

Bayio = Baga — [Al X (Ba/Al)geit ],
where (Ba/Al)i; represents the Ba/Al ratio of the detrital fraction.
For the Eastern Mediterranean Pliocene sediments from Site 967 a
minimum Ba/Al ratio of 0.0019 has been analyzed for the homoge-
nous, nonsapropel sections, which is identical to the value given by
Van Os et al. (1994). The accumulation rate of biologically mediated
Ba (Ba,,_ac) Can be obtained from

Bablo acc.™ B%.o[ppm] x MAR/]-OG

where MAR is the mass accumulation rate. The biogenic Ba flux to
the seafloor is computed using the following equation of Dymond et
al. (1992):

Ba, flux = Bayj,_oc/(0.209 x log MAR — 0.213).

Finally, the new (or export) production (f), as defined by Sarn-
thein et al. (1988), is calculated according to

Prew = {[(Bay, flux x 0.171 Bgh 218 x 20476000478 x B2) 2056504},

0.5% and 2%) that were “burned down” by an oxidation front. At Site

964 we have detected several intervals with enhanced Ba/Al ratiaghere Ba is the concentration of dissolved barium in the water
(see Fig.3; ~74.5 mbsf and ~79.8 mbsf), but low organic-carbon comepth z. For z, a value of 1700 m is recommended (Dymond et al.,
tent. Since the elements Fe, Cr, Ni, and V are clearly enriched withit992), and a value of 11 pg/L dissolved Ba has been taken from Ber-
or above these layers, this might indicate the former occurrence oft et al. (1972). The new productiongP derived from this equa-

sapropels, which now have been completely oxidized.

tion for the sapropels of Site 967 amounts to values from 26 to 62
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Figure 5. Carbonate content and element/Al ratio of ODP Core 160-967B-9H, Sections 1 through 5 (Eratosthenes Seamount). Gray bars = sapropels.
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gC/m?-yr, and for the nonsapropelic, but Ba-enriched layers, to valmember is possibly an eolian component represented by Saharan dust
ues ranging from 2 to 29 gCfyr. Compared with data given by (Rachold, 1991) or Damascus dust (Cornille et al., 1990). For Site
Béthoux (1989; R, = 12 gC/m-yr) or Krom et al. (1992; B, = 964, a similar eolian component may be important as one end mem-
16.7 gC/m-yr) for the modern Eastern Mediterranean, the exporber, and a component with higher Mg/Al and slightly higher K/Al ra-
production during times of sapropel formation amounts to five timesios, probably fluvial material from the northern borderlands with
the present value. Time intervals of increased productivity withouhigher chlorite contents, is the second end member.
corresponding sapropel formation are characterized by a new pro- The elements Si (representing quartz) and Zr (representing the
duction of up to two or three times the modern values. Unrealisticaheavy mineral zircon) are enriched in desert sands, because their host
ly small values of 2 gC/fryr or less, calculated for the intervals be- minerals are extremely resistant against weathering (Wedepohl,
tween the Ba spikes, show that the productivity determination using967; Matthes, 1993). Quartz has been investigated in eolian dust
the Dymond et al. (1992) algorithm is not very accurate in our casérom southern provenances by several authors (Chester et al.,1977;
Dymond et al. (1992) established and tested their equations on sa@anor and Mamane, 1982; Tomadin et al., 1984). The Element Zr is
ples from the western Atlantic, equatorial Pacific, and Californiaenriched in loess, an eolian deposit (Schnetger, 1992), and Saharan
current. dust (Rachold, 1991). The fact that Site 967 sapropels generally ex-
Howell and Thunell (1992) found, based on organic-carbon accuhibit lower Zr/Al and Si/Al ratios further supports the assumption
mulation rates, a 10-fold increase in primary productivity for time ofthat the sediments have received lower proportions of eolian dust dur-
sapropel formation. Our calculated productivity values are at leasbg time intervals when sapropels were formed. Rhythmic fluctua-
suitable to recognize differences between individual productivitytions in Si/Al and Zr/Al, which are possibly caused by variations in
events within one site. New production did not reach such high valugke eolian contribution to sedimentation, have also been found in sed-
during productivity events without the presence of sapropels coniments from Site 964 (Fig. 4).
pared to those intervals where sapropels are present. Furthermore, itFurther evidence for higher Nile discharge and lower eolian input
must be noted that K/Al ratios on average do not show such extrenairing times of sapropel formation is given by Sr-isotope investiga-
minima in the nonsapropelic productivity events as they do in th&ons. Nonsapropel samples from the Eastern Mediterranean and Sa-

sapropelic ones (Fig. 5). haran dust samples have high&rf°Sr ratios than sapropels and
Nile sediments, because Nile suspended matter largely originates
Origin and Transport Paths of Detrital Matter from the erosion of relatively young Ethiopian volcanics with low

87SrfSSr ratios (Michard et al., 1995; Strohle et al., 1996). Saharan

Sediments of the Eratosthenes Seamount are deposited relativellyst particles, by contrast, are formed by erosion of old Archaean
close to the Nile Cone. Therefore, a strong influence of Nile-derivedtrata with more radiogenféSrFeSr ratios. First’SrfSr measure-
suspended matter can be expected for this location. According taents on the noncarbonate fraction of our samples from Site 967 re-
Venkatarathnam and Ryan (1971), Nile suspended matter, which v&al values of 0.7086 and 0.7094 for K/Al minima (humid periods)
characterized by high smectite contents, presently is dispersed main-contrast to 0.7092 and 0.7103 for K/Al maxima (arid periods),
ly in the eastern Levantine Basin. It is transported by the easterly divhich correspond with the findings of others (Michard et al., 1995;
rected surface-water currents that form part of a counter-clockwistréhle et al., 1996).
gyre, whereas the deep parts of the lonian Basin are fed by deep water
and particularly bottom currents from the Aegean and Adriatic Seas, Sedimentation and Accumulation Rates
which contain high illite and chlorite contents. These hypotheses are
supported by other authors. Dominik and Stoffers (1978), for exam- At Site 964 the Cr/Al ratio profile displays the most regular cy-
ple, identified high abundances of illite and chlorite in the clay frac<clicity record and is used to determine the sedimentation rate. Assum-
tion of the lonian Basin sediments. Adjacent to the Nile Cone, thang a Milankovitch periodicity of 21 k.y. (Fischer and Bottjer, 1991),
samples are dominated by smectite. lllite and kaolinite have a minor
role with each contributing about 10% of the clay fraction.

Aside from fluvial sources (e.g., the Nile, rivers entering th 0.8
Black Sea, the Po, and other rivers of the northern borderlands), th A ODP Site 964 A
exists an important eolian contribution to the detrital matter that is ¢ O  ODP Site 967
posited in the Eastern Mediterranean (Ganor and Mamane, 1982) B nNile suspended matter A
The high K/Al and Mg/Al ratios we observed in the lonian Basit 0.6 ¥ Damascus dust (>2})
HH saharan dust

sediments correspond well with the regionally higher input of illitt
(K-rich) and chlorite (Mg-rich) by fluvial (Dominik and Stoffers, =
1978) or eolian (Tomadin et al., 1984) sources. Levantine Sea sesS
ments, like those from Site 967, are influenced by the Nile River, a 0
therefore contain higher abundances of clay minerals that have lo\
K/Al and Mg/Al ratios, like smectite and kaolinite (Venkatarathnan
and Ryan, 1971).

During times of sapropel deposition at the Eratosthenes Se
mount, K/Al and Mg/Al ratios were lower (Fig. 5). This could have
been caused by an intensification of Nile suspended-matter delivt ——
(Rossignol-Strick, 1983, 1985), a decreasing influence of fluvial 0.2 0.3 04
eolian detrital-matter contribution from the northern borderlands, ' ' )
restricted easterly directed currents, which may carry more illite-ric K/AI
clay minerals from the west. A plot of Mg/Al vs. K/Al (Site 964 tur-
bidites are excluded) shows a correlation for each of the two sampie
sets (Fig. 6). This correlation implies that Mg/Al and K/Al ratios areFigure 6. Plot of Mg/Al vs. K/Al ratios. Arrows indicate changes in sediment
controlled at both sites by two end members. For Site 967, one epemposition during times of sapropel formation. Turbidites are excluded
member is represented by a data point for Nile suspended matterftesn the Site 964 data set. Damascus dust data from Cornille et al. (1990);
described by Martin and Meybeck (1979), whereas the other erfgharan dust datafrom Rachold (1991).

>
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K/AI
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Figure 7. Calculation of sedimentation rates at T
Core 160-967B-9H. It is assumed that the K/Al ] ( 31 * Sum of SiOy, TiO,, AlyO3, MgO, K0.
curve represents a 21-k.y. precessional cyclicity. 2 1 * Caleulated from Ca0-values.
The curve isdivided into time dices of ~10.5k.y. 1 ) 5
(based on the assumption that 21 k.y. = one full i
precessional cycle). Boundaries between these 78 $
zones of minimaand maximaof the K/Al curve are i Thickness
the points of inflection. fnem

the resulting sedimentation rate equals 2.38 cm/k.y. Thisvalue seems
to below in comparison to ODP L eg 160 shipboard biostratigraphical
studies (Emeiset a., 1996), where a higher value of 2.7 cm/k.y. was
determined. Thishigh valueis possibly caused by enhanced sediment
accumulation because of turbidite deposition, which is not consid-
ered in our cyclochemostratigraphic approach.

In sediments from Site 967, Si/Al, Ti/Al, Mg/Al, K/Al, and Zr/Al
do not display regular sinusoidal curves. The profiles look com-
pressed in the sapropel intervals. One reason for this could be a de-
crease in the supply of carbonate during sapropel deposition or car-
bonate dissolution, which would lead to lower sedimentation rates.
But, it should be noted that intervals without sapropels do also show
an asymmetric pettern (Fig. 5).

With our data set we are able to give an estimate of the total
amount of carbonate and terrigenous detrital matter accumulation per
timeinterval. The sedimentary cycles, which are best seen in the K/
Al record, are divided into minimaand maxima. Boundaries between
highs and lows are the points of inflection of the K/Al curve (Fig. 7).
From the part of the core investigated, the average mass accumula-
tionrate (MAR) is calculated. The mean sedimentation rate, based on
a21k.y. periodicity of the cycles (Fischer and Bottjer, 1991), is 2.63
cm/k.y. For the K/Al maximaand minima, mean sedimentation rates
of 2.77 cm/k.y. and 1.95 cm/k.y., respectively, were calculated (Fig.
7). Considering dry bulk densities from ODP Leg 160 shipboard
measurements (Emeis, Robertson, Richter, et al., 1996), a mean

sapropels were lower than in the surrounding sediments. Dominik
and Stoffers (1978) found a different clay-mineral assemblage in the
sapropels as compared to adjacent intervals. We assume that the sed-
imentation rate decreased because of a lower carbonate productivity
and partial dissolution of carbonate, and additionally, by simulta-
neous and rapid changes in supply of terrigenous detrital matter. Ac-
cording to Van Os et al. (1994), Pliocene and Pleistocene carbonate
cycles are caused by variations in productivity. Carbonate production
collapsed during high-productivity episodes because of a faster
growth of more opportunistic organisms, which probably were more
tolerant against rapidly changing oceanographic conditions. Van Os
et al. (1994) showed by calculations that the decrease in carbonate
could not be explained by dissolution or dilution alone.

One might expect a higher accumulation rate of terrigenous detri-
tal matter at Site 967 during time intervals of high Nile discharge. As
shown, this is not the case and even a reduction by 30% during these
time periods did occur. Therefore, we propose that the input of eolian
matter must have decreased dramatically during times of enhanced
Nile discharge. Ganor and Mamane (1982) estimated that 20—40 mil-
lion tons of dust annually reach the Eastern Mediterranean. Dispersed
over an area of ~1 million khthis would result in an accumulation
rate of 20 to 40 g/fyr, which is of the same order of magnitude as
the calculated MAR (2.92 g/énk.y. = 29.2 g/riryr), and therefore,
possibly a gross overestimation. Loye-Pilot et al. (1986) computed a
mass accumulation of 14 gfiyr of Saharan dust in the northwestern

MAR of 2.92 g/lcm?-k.y. is obtained. Furthermore, the accumulationMediterranean. Such enormous amounts of dust, which are presum-
rates of detrital matter and carbonate may be calculated for K/Al mirably transported into the Mediterranean at present, must have a dras-
ima and maxima respectively (Fig. 7). The overall result of the calcuic influence on variations of sediment accumulation rates, particular-
lations is that the accumulation of terrigenous detrital matter and caly during more humid climates.

bonate was reduced by 30% during intervals with low K/AI ratios

(i.e., during times of sapropel formation).

Duration of Sapropel Events

Mangini and Dominik (1979) determined the sedimentation rates

of Eastern Mediterranean sediments?$fh budget calculations.

It is not easy to give an accurate estimate for the duration of a

According to their measurements, sedimentation rates in thsapropel event, because reliable criteria for the onset and end of such
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eventshaveto be established. A sapropel layer isdefined by sedimen- At Site 964, sapropel formation does not clearly correspond with
tological parameters, like color, thickness, and TOC content (Kidd et changes in detrital matter input. One possible reason might be that
a., 1978). It is difficult to determine how far diagenetic processes, sapropel-forming conditions did develop first in the most eastern part
such as oxidation of organic matter, might have reduced the thickness of the Eastern Mediterranean in close vicinity to the Nile cone. Sub-
of the original sapropel. Fe/Al and Ni/Al ratios of Site 967 samples sequently those conditions were established in the deep lonian basin.
give an idea about diagenetic influences. Below sapropel layers, the

Fe- and Ni-contents are elevated, which, according to Passier et al.

(1996), is caused by downward migration of HS™ and precipitation of CONCLUSIONS
sulfides. Upward-migration effects, similar to the ones described by
Pruyserset al. (1991) or Thomson et a. (1995), can be seen in the Fe/ The chemical composition of the terrigenous detrital component

Al or Ni/Al profile of Site 964 (Fig. 3). Based on the thickness of the of Pliocene sediments from the Eastern Mediterranean (Sites 964 and
dark-colored intervals and the sedimentation rates calculated above, 967) exhibits cyclic changes, which are caused by precession-
values of 1000—4000 yr (Site 964) or 2000—6000 yr (Site 967) are olnduced climatic variations. Periodicity in major element abundances
tained for the duration of a sapropel event. reflects episodes of either enhanced eolian or fluviatile input.

If Ba serves as a reliable productivity indicator and if horizons At Site 964 (Pisano Plateau), terrigenous detrital matter chemistry
with increased amounts of bio-barite have not been altered too mucéflects periods of stronger Saharan dust input alternating with fluvial
by diagenesis, we can use the thickness of the Ba spikes to evaluatput from the northern borderlands. Site 967 (Eratosthenes Sea-
the duration of periods with enhanced productivity, if sedimentatiomount) sediments are strongly influenced by discharge from the Nile
rates are known. At Site 964 the duration of these productivity eveniiver during humid periods (low K/Al ratio).
varies between 1000 and 4000 yr. For Site 967, values of 8000— At Site 967, sapropels are occurring only during periods of en-
12,000 yr are obtained; here the Ba peaks are wider than the sapropahced Nile discharge. Accumulation rates of carbonate and terrige-
layers. It must be noted that Ba peaks seem to indicate periods of ereus detrital matter were 30% lower during such episodes because of
hanced productivity, but they do not inevitably indicate the originathe reduction in eolian input and carbonate production and/or disso-

thickness of a sapropel. lution.
Bioproductivity, as calculated from excess Ba concentrations, in-
Scenario of Sapropel Formation creased by a factor of up to 5 during time intervals of enhanced fresh-

water discharge. Not every productivity event is manifested in a

We suggest that the flux of eolian dust simultaneously decrease@propel layer.
when Nile discharge and fluvial input from the northern borderlands Based on organic-carbon concentrations, episodes of sapropel
increased periodically (Fig. 6). When perihelion occurs during théormation did at least last from 1000 to 4000 yr at Site 964 and from
northern hemisphere summer, monsoonal influence on equatorial A2000 to 6000 yr at Site 967. Periods of enhanced bio-productivity, as
rica becomes more intense (Prell and Kutzbach, 1987). Large partsasdfined by Ba enrichments, did last from 8000 to 12,000 yr at Site
the Sahara and important draining areas of the Nile (e.g., the Ethio@67.
an highlands) may be under the influence of tropical monsoon rains
when the trade-wind zone is shifting northwards, which is the case
when sun insolation in the northern hemisphere reaches maximum ACKNOWLEDGMENTS
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