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19. PALEOPRODUCTIVITY AND CLIMATE VARIATIONS DURING SAPROPEL DEPOSITION
IN THE EASTERN MEDITERRANEAN SEA!

Liselotte Diester-Haass,? Christian Robert,® Herve Chamley*

ABSTRACT

At four sites from the Eastern Mediterranean, three to five sapropel layers and surrounding oxygenated sediments from the
late and early Quaternary and Pliocene were investigated by a multidisciplinary approach which included analyses of coarse
fraction, carbon and sulfur contents, grain size, and clay-minerals. Clay-mineral associations are comparable at all sitesand in
all time periods, in all sapropels, and oxygenated sediments. There is no diagenetic alteration of clay minerals in the sapropels.
The relative importance of the different clay species varies with location of the sites and with time. African and European
provenance can be distinguished. In the sapropels clay-mineral associations show changes that suggest increased precipitation
in Southern Europe (increase in chlorite, illite, and mixed-layer clays) and intensified atmospheric circulation over Northern
Africaand the Middle East (increased amounts of palygorskite and sepiolite).
In al sapropels silt-sized particles increase at the expense of clay-sized particles in relation to higher energy of circulation.
Sand-sized terrigenous parti cles have maximum accumulation rates just prior to sapropel deposition.
Export productivity during deposition of oxygenated sediments has been cal culated from benthic foraminifer numbers. Itis
highest just prior to sapropel deposition than above the sapropels. Paleoproductivity decreases from west to east and from the
Pliocene to the Quaternary. Values from the late Quaternary (30—60 gC/m?2-yr) are comparable to values obtained from oceano-
graphic measurements (Bethoux, 1989). On top of Eratosthenes Seamount values are much higb6ergCag-yr).
The degree of carbonate dissolution reflects three types of sapropels: (1) nonbioturbated sapropels with excellent carbonate
preservation; (2) increase in carbonate dissolution towards the top of the sapropel because of “burning down” phenomena; (3)
bioturbated Pliocene sapropels with carbonate dissolution as strong as in surrounding oxygenated sediments.

INTRODUCTION

Sapropels are a major characteristic of Pliocene and Quaternary
sediments of the Mediterranean. They are identified mostly by their
gray to dark-gray or black color, a conseguence of a high content of
organic matter. Other features include presence of sulfides and/or
sulfates, assemblages of microplankton, and clay minerals somewhat
different from those in the adjacent sediment (Chamley, 1971; Citaet
a., 1977).

A main objective of Ocean Drilling Program Leg 160 has been to
find out which factors lead to the formation of sapropels during the
Neogenein the Eastern Mediterranean Sea. Sapropel occurrencesare
cyclic and correspond to minimain the precession index when peri-
helion occurs in the northern hemisphere summers (Rossignol-Strick
et a., 1982; Rossignol-Strick, 1983, 1985), especially when minima
of precession occurs during maxima of eccentricity (Hilgen et al.,
1993). Generally, sapropelslag minimaof precession by ~3k.y.; this
lag may correspond to the response time of the Mediterranean envi-
ronment to the original forcing (Hilgen et al., 1993). However, some
differencesinthe occurrence of sapropels have been observed (Emeis
and Shipboard Scientific Party, 1996).

1. Sapropels are more frequent in lower Pliocene sediments than
in upper Pliocene and Quaternary deposits where they are of-
ten associated in clusters.

2. Early Pliocene sapropels occurred simultaneously over the
whole basin, independently of the water depth, whereas inten-
sity of late Pliocene and Quaternary sapropels (as established
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from their content of organic carbon) changes with water
depth.

3. Changes in sapropel occurrence seem to take place at ~2.6
Ma., closeto major development of the Arctic ice sheet and as-
sociated modification of global climate.

Moreover, several hypotheses for the origin of sapropels are dis-
cussed (op. cit.), which focus on two main lines: (1) increasein fresh-
water input could have resulted in the development of alow-salinity
surface-water layer, which reduced deep-water circulation and led to
anoxiaat the seafloor, and (2) increased productivity, caused by high-
er nutrient input either by eurasian rivers and the Nile River, or by a
reversal of the circulation in the Eastern Mediterranean to an estua-
rinetype (Sarmiento et al.,1988; seelit. review in Rohling, 1994; Van
Oset a., 1994; Emeis and Shipboard Scientific Party, 1996).
Although sapropel occurrence seems clearly related to global cli-
mate forcing, development and intensity of individual sapropels ap-
pear as somewhat dependent of interaction within the climate and
ocean system. Theaim of the present investigation is: (1) to gather in-
formation on sapropels that developed in different areas of the East-
ern Mediterranean and at different periods of the Pliocene and Qua-
ternary; (2) to search for general environmental conditions (and local
peculiarities) that allowed development of sapropels; and (3) to find
support for one or several of the arguments used in the theories for
sapropel formation. Four sapropel layers and surrounding oxygenat-
ed sediments have been studied in each of four ODP drillholes along

a west—east profile in the Eastern Mediterranean. Our multidisci-
plinary approach includes estimation of paleoproductivity, variations
of organic carbon and sulfur, grain size of terrigenous particles, min-

eralogy of clays, and morphology of clay particles.

MATERIAL AND METHODS

France The sapropel units investigated are from Sites 964, 966, 967, and
+Sedimentologie et Geodynamique, Universite de Lille 1, 59655 Villeneuve d’Ascqgef9 (for location and water depth see F'g-l and Table 1). At each site,
Cedex, France. Pliocene and Quaternary sapropel units of comparable ages (but not
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coeval; Table 2) have been sampled at 2- to 10-cm intervals. The
Quaternary sapropels are not affected by bioturbation, whereas
Pliocene sapropels are generally bioturbated (only at Site 969 is the
late Pliocene sapropel also undisturbed; see core photographs in
Emeis, Robertson, Richter, et al., 1996). Burrowing has been marked
on figures showing composition of the sand fraction.

NooT
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)

Asia

Eratosthenes
Levantine 66 Seamount

A quantitative coarse-fraction analysis has been carried out fol-
lowing the method described in Diester-Haass (1995). Furthermore,
in the >150 pnfraction, the number of benthic foraminifers per gram
of sediment was counted, and their mass accumulation and export
productivity was calculated according to the formula of Herguera and
Berger (1991):

PP= Z a+ b BFAR/100x (k+ rx /2) , (6N

where Z is water depth in meters, and BFAR is the accumulation rate
of benthic foraminifers >150 um. Parametrization of the constants a,
b, k, and r followed that of Herguera and Berger (1991): a and b
were set to 31 and 1.06, respectively. These factors describe the rela-
tion between the organic flux (Jz) arriving at the seafloor and benthic
foraminifer accumulation rates. k is defined as a function of primary

Table 1. L ocation of investigated sites.

Africa

20° 28° 36°

Figure 1. Location of the four sites (Sites 964, 966, 967, and 969) investi-

gated (contours in meters).

Table 2. Linear sedimentation rates, dry bulk density, and mass accumulation rates.

Core, section, Depth LSR DBD MAR
interval (cm) (mbsf) (cm/k.y.) (glen?®)  (glem-k.y.)
160-964-
2H-1, 80-82 7.6 5.23 0.98 5.13
2H-1, 85-87 7.65 5.23 1 5.23
2H-1, 92-94 7.72 5.23 1 5.23
2H-1, 96-98 7.76 5.23 1.02 5.33
2H-1, 100-102 7.8 5.23 1.03 5.39
2H-1, 105-107 7.85 5.23 1.04 5.44
2H-1, 108-110 7.88 5.23 1.05 5.49
2H-1,112-114 7.92 5.23 1.05 5.49
5H-1, 105-107 36.35 3.49 1.16 4.05
5H-1, 110-112 36.4 3.49 1.16 4.05
5H-1, 115-116 35.45 3.49 1.16 4.05
5H-1, 120-122 36.5 3.49 1.16 4.05
5H-1, 125-127 36.55 3.49 1.16 4.05
5H-1, 130-132 36.6 3.49 1.16 4.05
9H-5, 23-25 79.53 1.76 1.27 2.24
9H-5, 28-30 79.58 1.76 1.27 2.24
9H-5, 31-33 79.61 1.76 1.27 2.24
9H-5, 34-36 79.64 1.76 1.27 2.24
9H-5, 38-40 79.68 1.76 1.27 2.24
9H-5, 41-43 79.71 1.76 1.27 2.24
9H-5, 46-48 79.76 1.76 1.27 2.24
160-966A-
1H-3, 110-112 4.1 1.77 1.2 2.12
1H-3, 122-124 4.22 1.77 1.2 2.12
1H-3, 127-129 4.27 1.77 1.2 2.12
1H-3, 134-136 4.34 1.77 1.21 2.14
1H-3, 145-147 4.45 1.77 1.21 2.14
3H-4, 110-112 20.9 2.99 1.13 3.38
3H-4,123-125 21.03 2.99 1.13 3.38
3H-4,127-129 21.07 2.99 1.13 3.38
3H-4, 130-132 21.1 2.99 1.13 3.38
3H-4, 141-143 21.21 2.99 1.13 3.38
160-966C-
3H-4, 31-33 23.81 2.99 1.12 3.35
3H-4, 37-39 23.87 2.99 1.12 3.35
3H-4, 41-43 23.91 2.99 1.12 3.35
3H-4, 47-49 23.97 2.99 1.12 3.35
3H-4, 53-55 24.03 2.99 1.12 3.35
3H-4, 61-63 24.11 2.99 1.12 3.35
5H-2, 0-2 39.5 1.37 1.13 1.55
5H-2, 5-7 39.55 1.37 1.13 1.55
5H-2, 14-16 39.64 1.37 1.12 1.53
5H-2, 16-18 39.66 1.37 1.12 1.53
5H-2, 18-20 39.68 1.37 1.12 1.53
5H-2, 26-28 39.76 1.37 1.12 1.53
5H-2, 30-32 39.8 1.37 1.11 1.52
7H-5, 5-7 63.05 2.86 1.25 3.58
7H-5, 9-11 63.09 2.86 1.23 3.52
7H-5, 18-20 63.18 2.86 1.22 3.49
7H-5, 28-30 63.28 2.86 1.2 3.43
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Water depth Position

Hole (m) N E

964A 3770 36°15.523' 17°44.990'

966A 1044 33°47.799' 32°42.095'

966C 1064 33°47.779 32°42.089

967A 2705 34°04.098' 32°43.523'

969A 2320 33°50.399' 24°53.065'
Core, section, Depth LSR DBD MAR
interval (cm) (mbsf) (cm/ky.) (g/lem?)  (gler-k.y.)
7H-5, 38-40 63.38 2.86 1.19 3.40
7H-5, 48-50 63.48 2.86 1.18 3.37
7H-5, 58-60 63.58 2.86 1.16 3.32
7H-5, 68-70 63.68 2.86 1.14 3.26

160-967A-
1H-5, 135-137 7.35 3.47 0.73 2.53
1H-5, 140-142 7.4 3.47 0.74 2.57
1H-5, 148-150 7.48 3.47 0.75 2.60
1H-6, 3-5 7.53 3.47 0.77 2.67
1H-6, 8-10 7.58 3.47 0.78 2.71
1H-6, 13-15 7.63 3.47 0.79 2.74
1H-6.18-20 7.68 3.47 0.81 2.81
1H-6, 23-25 7.73 3.47 0.82 2.85
1H-6, 28-30 7.78 3.47 0.84 291
5H-1, 148-150 39.28 2.85 1.07 3.05
5H-2, 2-4 39.32 2.85 1.07 3.05
5H-2, 10-12 39.4 2.85 1.07 3.47
5H-2, 19-21 39.49 2.85 1.07 3.05
5H-2, 25-27 39.55 2.85 1.06 3.02
5H-2, 34-36 39.64 2.85 1.06 3.02
5H-2, 47-49 39.77 2.85 1.05 2.99
9H-4, 87-89 81.17 2.01 1.17 2.35
9H-4, 95-97 81.25 2.01 0.84 1.69
9H-4, 101-103 81.31 2.01 1.17 2.35
9H-4, 107-109 81.37 2.01 1.17 2.35
160-969A-

1H-5, 100-102 7 2.93 0.96 2.81
1H-5, 110-112 7.1 2.93 0.97 2.84
1H-5, 113-115 7.13 2.93 0.97 2.84
1H-5.118-120 7.18 2.93 0.98 2.87
1H-5, 124-126 7.24 2.93 0.98 2.87
3H-6, 87-89 25.57 1.58 1.17 1.85
3H-6, 94-96 25.64 1.58 1.16 1.83
3H-6, 97-99 25.67 1.58 1.16 1.83
3H-6, 105-107 25.75 1.58 1.14 1.80
3H-6, 114-116 25.84 1.58 1.14 1.80
7H-1, 39-41 55.59 2.02 1.24 2.50
7H-1, 52-54 55.72 2.02 1.23 2.48
7H-1, 58-60 55.78 2.02 1.22 2.46
7H-1, 64-66 55.84 2.02 1.21 2.44
7H-1, 76-78 55.96 2.02 1.2 242
10H-2, 140-142 86.6 1.89 1.31 2.48
10H-2, 144-146 86.64 1.89 1.3 2.46
10H-2, 148-150 86.68 1.89 1.29 2.44
10H-3, 3-5 86.73 1.89 1.28 242
10H-3, 7-9 86.77 1.89 1.28 242
10H-3, 12-14 86.82 1.89 1.27 2.40
10H-3, 16-18 86.86 1.89 1.26 2.38

Note: LSR = Linear sedimentation rate; DBD = dry bulk density; and MAR = mass

accumulation rate.



PALEOPRODUCTIVITY AND CLIMATE VARIATIONS

productivity (PP): k = PP/4 (i.e., k is defined by the unknown that is % s % c i R

to be calculated from equation (1), and therefore it had to be ob- Core 160-964A-2H
tained by ten iterative steps starting with an arbitrary value of 80). 4 8
Coefficient r was set to 0.5, following Herguera and Berger (1991).

Estimated primary productivity (PP) is given in units of gram carbon -
per square meter and year (g C/m?-yr).

The formula of Herguera and Berger (1991) has been establist , 4 |
in recent and subrecent sediments based on the observation
benthic foraminifer numbers are linked to surface-water productivit
levels. It is assumed that this relation is a fundamental biologic
principle that is also valid in the past. However, the absolute produ

tivity scale that we have derived by applying the paleoproductivit 0 0 ? : . , . ; Depth
formula to the benthic abundance record from Mediterranean se 7.6 7.7 78 7.9 (mbsf)
ments remains debatable. Several factors, such as changes in terr

ature and oxygenation of deep waters, or a change in the depende Core 160-969A-7H

of benthic foraminifers on food supply may have influenced th
abundance pattern of benthic foraminifers (see discussion in Diest 6 24 -
Haass and Zahn, 1996). Therefore, the benthic flux record is usec
a monitor of relative paleoproductivity fluctuations.

Sedimentation rates had to be interpolated between biostre 4 16 -
graphic data points provided from nannofossil studies by Di Stefai
(Chap. 8, this volume) and Staerker (Chap. 7, this volume). Bulk de
sities used for calculation of mass accumulation rates are from Eme2 8 -
Robertson, Richter, et al. (1996).

Organic carbon and sulfur analyses have been conducted b
Leco 250 CHNS analyzer, after removal of mineral carbon by HC? 0 & T T : T T T Depth
Results are given in percentages. Grain-size analyses have been 55.6 557 558 55.9 (mbsf)
ducted on the carbonate-free <63-um-sediment fraction using a las
diffusion, Malvern Mastersizer S. Percentages of clay- (<4 um) ar
silt- (>4 um) sized particles have been calculated, as well as the pc
tion of the mode of the distribution curve (in micrometers). Clay
mineral analyses have been conducted on carbonate-free, <2-pum ¢
iment-sized particles (separated by decantation), using a Philips
ray diffractometer equipped with a Cu-radiation source. Three ani
yses were run: (1) untreated sample, (2) glycolated sample, and 04 2
sample heated for 2 hr at 490°C. Semiquantitative evaluations
based on the peak heights and areas. The clay indices have beer
tained from the ratios of the 001 smectite, palygorskite, illite, an
kaolinite diffraction peak heights of the glycolated samples. Sor
samples have been selected for observation of the morphology of ¢ T T T . T T Depth
particles. For this, <2-um particles were scattered into a solution 63.1 63.3 63.5 63.7 (mbsf)
tert-butylamine, and then a drop of the suspension was deposited
evaporated on a copper grid. Observations were made using a Phi Core 160-967A-1H
transmission electron microscope. 3 9

Core 160-966C-7H

08 4

RESULTS 2 6

Contents of organic carbon vary from 0.13% to 8.02%, with on
noticeable exception in Core 160-969A-7H south of Crete, where

sapropel of early Pliocene age contains up to 25.92% organic cark 3

(Fig. 2). Concentrations of sulfur vary from 0% to 3.20%; maximun .

values of both organic carbon and sulfur are recorded in the same |

el. Sediment units that show a gray color and have organic cark 00 T T T ' Depth
contents above 1% are identified as sapropels. There is a relativ 7.4 7.5 7.6 7.7 (mbsf)

good correlation between abundance of organic carbon and sulfu
= 0.84) when sapropels and adjacent oxygenated sediments are ¢
sidered together; in some cases (Core 1H at Hole 966A), an incre Figure 2. Organic carbon and sulfur content of sapropels and adjacent sedi-
in sulfur leads the increase in organic carbon. However, inside t mentsin the lonian Basin (Core 160-964A-2H) on the Mediterranean Ridge
sapropels, organic carbon and sulfur do not covary significantly (r (Core 160-969A-7H) and on the Eratosthenes Seamount (Cores 160-966C-
0.25): highest contents of both elements sometimes coincide & 7H and 160-967A-1H). Sapropels are defined as sediments where content of
sometimes alternate, or percentages show random variations (Fig. organic carbon exceeds 1%.
No relation has been evidenced among the abundance of organic
bon and sulfur, the location of the drill sites in the Eastern Mediterr
nean, or the stratigraphic position of the sapropel layers.

The linear sedimentation rates, dry bulk densities, and calculat
mass accumulation rates are given in Table 2. Percentages of the ¢
fraction investigated reach values of up to 30% (Figs:684. The

Carbon Sulfur
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A Site 964: % sand fraction B Site 964: % benthic and % planktic foraminifers
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Figure 3. Results of coarse-fraction analysis of sedimentsfrom Site 964. Gray signature on right side = sapropel; nb = nonbioturbated; b = bioturbated (informa-
tion from core photographs in Emeis, Robertson, Richter, et al., 1966). A. Percent sand fraction. B. Percent benthic and percent planktic foraminifers of sand
fraction. C. Percent pteropods and percent fish debris of sand fraction. D. Percent terrigenous matter and percent pyrite of sand fraction. (Continued on next

page.)
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E site 964: Accumulation rate of benthic and planktic foraminifers F site 964: Accumulation rate of echinoids, ostracods,and molluscs
AR planktic foraminifers [mg/cmz2x ky] AR molluscs [mg/cm?+ ky]
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Figure 3 (continued). E. Accumulation rate of benthic and planktic foraminifers. F. Accumulation rate of echinoids, ostracods, and molluscs. G. Accumulation
rate of sand-sized, terrigenous material. H. Carbonate dissolution, shown by means of benthic/planktic foraminifer ratios and fragmentation of planktic foramin-
ifers (see text for details). (Continued on next page).
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Site 964: Paleoproductivity
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Figure 3 (continued). |. Paleoproductivity (PP), calculated after the formula
of Herguera and Berger (1991) from benthic foraminifer numbersin 1 g of
sediment (no.b.foram./1 g sed.) and their mass accumulation rates (MAR;
b.foram. [no./cm?-k.y.]). Star = occurrence of radiolaria.

composition of the sand fraction (Figs. 3B, 3C, 3D through 6B, 6C,
6D) shows planktic and benthic foraminifers as main components, in
addition to pteropods, fish debris, terrigenous matter, and pyrite. Mi-
nor components, such as radiolarians, echinoids, ostracods, and lar-
val mollusk shells, are shown only in the accumulation rate curves
(Figs. 3-6G). Planktic foraminifers form >95% of the sand fraction
at the deepest location, Site 964, and 70% at the shallowest location,
Site 966.

Benthic foraminifer percentages (Figs. 3B—6B) increase with de-
creasing water depth of sites from <1% at Site 964 to up to 25% at
Site 966. In general, percent values are zero or close to zero in the
Quaternary-age sapropels, but in the Pliocene bioturbated sapropels,
they increase and may be similar to those of the surrounding oxygen-
ated sediments.

Pteropods (Figs. 3C—6C) occur only in the late Quaternary at the
transition from oxygenated to sapropel sediments, with percentages
up to 30% at Sites 964 and 969, 45% at Site 967, and 20% at Site 966.

Fish debrisisaminor component with maximain sapropels (Figs.
3C-6C). Radiolaria have been found at Sites 967 and 964 in
sapropels (Figs. 3Jand 5J).

The percentage of terrigenous material, mainly quartz, mica, and
some other minerals, isin general between 0.5% and 3% of the sand
fraction, with some exceptions at Sites 964 and 969 (Figs. 3D-6D).
Percentages of terrigenous matter are higher just below than above
the sapropels at Sites 967 and 966 and in the Quaternary-age unit at
Site 969. At Site 964, however, and in the Pliocene-age sediments at
Site 969, highest values are in the sapropels.

Pyrite percentages (Figs. 3D—6D) are in general 0%-5%, with
two exceptions. At Site 967, the uppermost sample has 50% pyrite,
and inthe early Quaternary and Pliocene sediments at Site 969, pyrite
increases up to 20%. In 10 of 15 investigated units, pyrite content is

232

highest below the sapropel. Fecal pellets at Site 966 form 5%—-10%
of the sand fraction in and above the bioturbated sapropel (Fig.6D).

Accumulation rates of severa components have been calculated
to compare fluxes at the four sites and in the 3—4 intervals. We as-
sumed constant sedimentation rates between biostratigraphic bound-
aries. Accumulation rates of planktonic foraminifers show a wide
range between 50 and 600 mg?exry., but most values are between
50 and 300 mg/fyr (Figs. 3E6E). In eight of 15 units they are
highest at the bottom of sapropels and decrease upwards. Benthic for-
aminifer accumulation rates show the well-known decrease with in-
creasing water depth from up to 40 at Site 966 to up to 8 ridlgm
at Site 967, 043 mg/cn?-k.y. at Site 969, and up to 2 mgfekay. at
Site 964 (Figs. 3B6E). Minimum values are in sapropels. Late Qua-
ternary sapropels are barren, or nearly barren, of benthic foramini-
fers, whereas in the Pliocene sapropels, which have been bioturbated,
accumulation rates of benthic foraminifers increase.

Accumulation rates of ostracods are very low at the deeper sites
(<0.8 mg/cri-k.y.) and higher (up to 2 mg/érk.y.) at the shallower
Site 966, where maxima are just below the sapropels. In the sapropels
there are no ostracods (Figs-8F).

Echinoid accumulation rates (Figs.-3#) show an increase with
decreasing water depth from 0.1 at Site 964 to up to 5 Md/gmat
Site 966. At Sites 966 and 967, echinoid maxima precede the
sapropel deposition. The echinoid maximum at Site 969, of late
Pliocene age, is simultaneous to the maximum of terrigenous deposi-
tion during sapropel formation.

Under the term molluscs we include small calcareous shells of
planktic larval stages of molluscs. The accumulation rates of mol-
luscs are <3 mg/ctrk.y. at the deeper sites and increase up to 10 mg/
cm?-k.y. at Site 966 in the sediments of Quaternary age, and they de-
crease to 0 mg/chk.y. in the Pliocene sediments (Figs—8F).

Opaline skeletons of radiolaria have been found only at Site 967
(up to 10 mg/crhk.y. in the late Quaternary and <0.5mg¢ay. in
the early Quaternary sapropel), as well as in the Pliocene sapropel of
Site 964 (Figs. 3l and 5I).

Accumulation rates of >63-um-sized terrigenous material are
within the same order of magnitude at the four sites between <1 and
~10 mg/cm-k.y. At Sites 967 and 966, maxima occur just before
sapropel deposition. At Site 969, this distribution is found in both the
early and late Quaternary. In the Pliocene, however, maxima in ter-
rigenous matter are during sapropel deposition at Site 969 (Figs. 3G
6G). At Site 964 there is no clear relation between sapropel and ac-
cumulation rate of terrigenous matter.

Benthic/planktic foraminifer ratios (calculated as [% benthics /
% benthics + % planktics{ 100) and fragmentation of planktic for-
aminifers (calculated as [% fragments / % fragments + % whole
tests]x 100) are considered to be good carbonate-dissolution indices
(Berger, 1976). Both parameters are shown in Figs:68H In the
sapropels, the benthic/planktic ratio is no dissolution index, because
anoxia prevented benthic life. In the oxygenated sediments, the
benthic/planktic foraminifer ratio increases with decreasing water
depth from <1 at Site 964 to <5 at Sites 969 and 967 and up to 15 (in
the Pliocene up to 28) at Site 966. Fragmentation of planktic fora-
minifers varies between <10% and up to 55% fragments, with lowest
values in sapropels of Quaternary age, whereas they increase in the
bioturbated sapropels of Pliocene age. In seven of 15 sapropels,
fragmentation is lowest in the lower part of the sapropels and in-
creases to maximum values in the uppermost part of the sapropels or
in the lowermost section of the overlying oxygenated sediments.

Benthic foraminifer numbers per gram of sediment and their mass
accumulation rates in no./érk.y. are shown in Figures-3l. Paleo-
productivity calculations (Figs. 36l) have been made in all sam-
ples, although they are not significant in the anoxic layers where
benthic life is reduced or disappeared. In Quaternary, nonbioturbated
sapropels, benthic foraminifer accumulation rates are zero, because
no benthic foraminifers have lived, but in Pliocene bioturbated
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Figure 4. Results of coarse-fraction analysis of sedimentsfrom Site 969. Gray signature on right side = sapropel; nb = nonbioturbated; b = bioturbated (informa-
tion from core photographs in Emeis, Robertson, Richter, et al., 1966). A. Percent sand fraction. B. Percent benthic and percent planktic foraminifers of sand
fraction. C. Percent pteropods and percent fish debris of sand fraction. D. Percent terrigenous matter and percent pyrite of sand fraction. (Continued on next

page.)
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Figure 4 (continued). E. Accumulation rate of benthic and planktic foraminifers. F. Accumulation rate of echinoids, ostracods, and molluscs. G. Accumulation
rate of sand-sized, terrigenous material. H. Carbonate dissol ution, shown by means of benthic/planktic foraminifer ratios and fragmentation of planktic foramin-
ifers (see text for details). (Continued on next page.)
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PALEOPRODUCTIVITY AND CLIMATE VARIATIONS

I Site 969: Paleoproductivity Clay minerals include chlorite, illite, random mixed-layer clays,
mbsf smectite, kaolinite, palygorskite, and sepiolite. Average values of the

//Z /’ entire Eastern Mediterranean show very similar clay-mineral associ-

~

®-PP (gC/m2x y)

—+no.b.foram./1 g sed.
finb]

£ MAR b.foram. (no./cm2* ky) P

ations in the sapropels and adjacent sediments (Fig. 9). The sapropels
are not characterized by a specific mineralogy, only minor increases
of mixed-layers and palygorskite, and decreases of kaolinite are ob-
served.

The mineralogy of clays varies mostly according to the position
of the sites in the Eastern Mediterranean (Table 3). The dominant
clay minerals are illite, smectite, and kaolinite in the lonian Basin
(Hole 964A); illite, smectite, kaolinite, and palygorskite on the Med-
iterranean Ridge (Hole 969A); and smectite and kaolinite on the Er-
atosthenes Seamount (Holes 966A, 966C, and 967A). The only no-
ticeable difference among the sites on the Eratosthenes Seamount is
a higher content of smectite and lower content of kaolinite at the
I deeper Site 967.

At any given site, the clay-mineral association remains the same
for the entire Pliocene and Quaternary section, but the proportion of
most clay species vary in relation to the age of the sediment.
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1. In the lonian Basin (ODP Site 964), average contents of kao-
linite decrease from 37.2% in lower Pliocene sediments to
30% in the Quaternary, and those of illite and palygorskite de-
crease from 25% to 20.75% and from 10.8% to 5.25%, respec-
tively. Mean smectite contents increase from 18.5% to 28.7%.
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Figure 4 (continued). |. Paleoproductivity (PP), calculated after the formula

of Herguera and Berger (1991) from benthic foraminifer numbersin 1 g of the early Pliocene to the Quaternary, whereas the mean con-

sediment (no.b.foram./1 g sed.) and their mass accumulation rates (MAR; tent of illite increases from 18% to 23%.

b.foram. [no./cm?k.y.]). 3. On the Eratosthenes Seamount south of Cyprus, roughly simi-
lar evolutions are observed at Sites 966 and 967. At the shal-
lowest Site 966, average percentages of kaolinite decrease

sapropel s, benthic foraminifer accumulation rates are similar or even
higher in sapropels than in the surrounding sediments.

In the oxygenated sediments paleoproductivity is highest on the
Eratosthenes Seamount, Site 966, with 130—-360 gC/m?-yr. At the
other sites, values vary between 30 and 60 (80) §@/nm the late
Quaternary and up to 110(964) and 180 (967) §@mn the early
Quaternary and Pliocene. In the late Quaternary, paleoproductivity
decreases from west to east (Site 9648B80yC/n%-yr; Site 969: 40

from 32% (early Pliocene) to 21% (Quaternary), whereas
smectite increases from 37% to 49%. At the deeper Site 967,
average percentages of kaolinite decrease from 30.5% (early
Pliocene) to 18.4% (Quaternary), whereas smectite increases
from 46% to 51%. Only palygorskite behaves in a different
way at both sites: its mean abundance decreases from 13.2%
(early Pliocene) to 7.4% (Quaternary) at the shallowest Site
966, and increases from 7.3% to 11.9% at the deeper Site 967.

50 gC/ni-yr; Site 967: 3550 gC/n?-yr). At Sites 964, 967, and 966,
paleoproductivity in the oxygenated sediments increases with time. In each area, similar clay-mineral associations are present in the
In 11 of 15 investigated units, paleoproductivity is higher in the oxysapropels and adjacent oxidized sediments. However, significant
genated sediments just before sapropel deposition than in the overlyariations in the average abundances of some clay minerals in the
ing oxygenated sediments. sapropels and adjacent sediments are observed, and the minerals in-
The grain-size analysis of the terrigenous fraction <63 pm showolved differ with the position of the sites in the Eastern Mediterra-
that percentages of silt (4—63 um) and clay (below 4 um) are roughhyean (Fig. 10). In the lonian Basin (Site 964), sapropels are enriched
equivalent in sediments overlying and underlying the sapropels. Tha chlorite and random mixed-layer clays, depleted in kaolinite and
mean percentage of silt increases in the sapropels (65%), whereas pladygorskite, and illite and smectite are constant. On the Mediterra-
abundance of the clay decreases (Fig. 7). This is supported by thean Ridge (Site 969), the content of random mixed-layer clays, paly-
variation of the mode of the particle distribution from a mean valugjorskite, and sepiolite increases in the sapropels, whereas smectite
of 3.4 pm in oxidized sediments to a mean value of 7.6 um in thend kaolinite decrease, and chlorite and illite are constant. A similar
sapropels (Fig. 7). A good correlation (r = 0.90) has been evidencerend is observed on the Eratosthenes Seamount (Sites 966, and 967):
between abundances of silt and organic carbon in sapropels and adiundances of random mixed-layer clays and palygorskite increase,
cent oxidized sediments. Detailed analysis also shows that increageercentages of kaolinite decrease, and the other clay minerals do not
and decreased values of organic carbon are associated with simitrow any significant variation.
trends of the silt content, for example, in Core 160-966C-7H (Fig. 8). The detailed mineralogy (percentages of clays, clay indices smec-
No relation has been observed between grain-size variations and tite/illite, kaolinite/illite, kaolinite/smectite) of the sapropels and sur-
distribution of pyrite because (1) maxima of pyrite in the sand fracrounding sediments illustrates the evolution of the clay-mineral asso-
tion do not correlate with increases in grain size; and (2) only traceiations in relation to the development of the sapropels (Fig. 11). In
amounts of pyrite have been episodically found in the fine fraction othe lonian Basin (Site 964), the clay indices indicate that smectite in-
the sapropels where they do not coincide with maxima of grain sizereases relative to both illite and kaolinite, and illite increases relative
No relation has been found between the grain size of the terrigenotes kaolinite in the sapropel. Comparison with the percentage of or-
fraction and the stratigraphic position of the sapropels, or the locatioganic carbon clearly shows the association of the mineralogical
of the site in the Eastern Mediterranean. change with the sapropel and that it persisted for some time after ter-
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E Site 967: Accumulation rate of benthic and planktic foraminifers
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F Site 967: Accumulation rate of echinoids, ostracods and molluscs
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Figure 5 (continued). E. Accumulation rate of benthic and planktic foraminifers. F. Accumulation rate of echinoids, ostracods, and molluscs. G. Accumulation
rate of sand-sized, terrigenous material. H. Carbonate dissol ution, shown by means of benthic/planktic foraminifer ratios and fragmentation of planktic foramin-

ifers (seetext for details). (Continued on next page.)
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| Site 967: Paleoproductivity
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Figure 5 (continued). |. Paleoproductivity (PP), calculated after the formula
of Herguera and Berger (1991) from benthic foraminifer numbersin 1 g of
sediment (no.b.foram./1 g sed.) and their mass accumulation rates (MAR;
b.foram. [no./cm?-k.y.]). Star = occurrence of radiolaria.

mination of the sapropel. Electron microscope observations indicate
that the preservation of particlesis poorer in the sapropels, where in-
creased abundances of fleecy particles could reflect increased rela-
tive abundance of smectite. On the Mediterranean Ridge (Site 969),
increased percentages of fibrous clays (palygorskite + sepiolite) are
closely related to higher content of organic carbon. Also, increased il-
literelative to both smectite and kaolinite, and increased kaolinite rel -
ative to smectite, are associated with the maximum val ue of organic
carbon. Most particlesin the sapropels display subrounded contours.
Fibers of palygorskite and sepiolite are shorter in the sapropel thanin
the adjacent oxidized sediments. Clusters of fibers are also observed
in the sapropels. On the Eratosthenes Seamount, increased contents
of illite relative to both smectite and kaolinite, and of smectite rela
tive to kaolinite, are closely associated with increased organic car-
bon: maximum deviation of the clay indices and maximum content of
organic carbon generaly coincide. Short fibers of palygorskite and
sepiolite are poorly preserved in the sapropels, where fleecy particles
of smectite are also present. A better preservation of the particlesis
observed in the oxidized sediments, where neat, sharp boundaries of
particles are frequent.

DISCUSSION

The results presented help to better understand the processes that
might lead to sapropel deposition, including information on paleo-
productivity before and after sapropel deposition; terrestrial input,
which might act asafertilizer; grain size; and origin of terrestrial ma-
terial. These parameters also provide information on changes in
transport paths and transport energy of continental clastic material,
carbonate dissolution, and postdepositional changesin sapropels.

Terrigenous I nput
Origin and Significance of Terrigenous Particles

The homogeneity of the clay-mineral associations throughout the
Eastern Mediterranean during the entire Pliocene and Quaternary is
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remarkable (Table 3) and reflects the perenniality of the sources of
particles. This association includes seven clay minerals, suggesting a
variety of sources and transport processes to the areas of sedimenta-
tion.

1. Chlorite and illite are derived from the erosion of parent rock

and poorly weathered substrates, such as cold and/or desert ar-

eas, and uplifted areas with active mechanical erosion (Cham-

ley, 1989; Weaver, 1989). In the Eastern Mediterranean,
chlorite and illite can originate from the northern side where
uplifted areas are common in Italy, Greece, and Turkey, as

well as from the southern side where desert areas are wide-
spread. They are ubiquitous in the Eastern Mediterranean ba-

sins, but they are more abundant close to the northern margin
where they represent 40%—80% of the clay fraction for the late
Quaternary-age sediments (Chamley, 1971; Venkatarathnam
and Ryan, 1971).

. Random mixed-layer clays form when precipitation allows

only a weak development of chemical weathering (Millot,
1970; Chamley, 1989). In the Eastern Mediterranean, random
mixed-layer clays are more frequent near the northern margin
where heavy precipitation occurs in the winter (Chamley,
1971; Cita et al., 1977).

. Smectite develops in warm, poorly drained continental areas

where precipitation and water spreading are followed by evap-
oration and concentration (i.e. monsoonal climates [Millot,
1970; Chamley, 1989]). In modern Mediterranean areas, steep
relief on the northern margins and absence of precipitation on
the southern margins prevent significant development of
smectite in the soils, except in some areas of the Middle East
and Asia Minor. The mineral is partially derived from erosion
of sedimentary sequences that outcrop in Southern Europe and
Northern Africa, but its major source is the Nile River (Cham-
ley, 1971; Venkatarathnam and Ryan, 1971; Weaver, 1989),
which flows through large, semi-arid areas of low relief in the
upper and middle parts of its drainage basin: highest percent-
ages of smectite in modern Mediterranean sediments are ob-
served on the Nile cone.

. Kaolinite originates from warm continental areas, where steep

relief or high rainfall ensure an intense leaching of substrates
and evacuation of the solutions by runoff (Millot, 1970;
Chamley,1989). These conditions are present only locally in
Southern Europe and in the upper drainage basin of the Nile.
In addition, some kaolinite is eroded from sedimentary se-
quences that outcrop in desert areas of North Africa and trans-
ported by winds to the sea (Venkatarathnam and Ryan, 1971;
Weaver, 1989).

. Formation of palygorskite and sepiolite has not been described

in modern continental environments; however, palygorskite
has been found in calcareous pedogenic crusts of subarid Qua-
ternary Saharan environments (Millot et al., 1977). Palygors-
kite and sepiolite have been mostly described in Paleogene
peri-marine and shallow-marine environments where chemi-
cal elements (Mg, Si, and others) supplied by running conti-
nental waters are concentrated by intense evaporation (Millot,
1970; Weaver, 1989). Sediments containing abundant pa-
lygorskite and sepiolite widely formed in the Paleogene
Tethys environments and now principally outcrop in desert ar-
eas of North Africa (Millot, 1970; Chamley, 1971). The last
episode of widespread formation of palygorskite and sepiolite
in Mediterranean areas occurred during the Messinian Salinity
Crisis (Chamley, 1989). Low amounts of detrital palygorskite
and sepiolite are known in most upper Quaternary deposits of
the Eastern Mediterranean, but higher contents (up to 25%)
occur off desert areas of Libya (Chamley, 1971).

Variations of the relative proportion of the clay species according
to the position of the sites (Table 3) illustrate the relative contribution
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tion from core photographs in Emeis, Robertson, Richter, et al., 1966). A. Percent sand fraction. B. Percent benthic and percent planktic foraminifers of sand
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Figure 6 (continued). E. Accumulation rate of benthic and planktic foraminifers. F. Accumulation rate of echinoids, ostracods, and molluscs. G. Accumulation
rate of sand-sized, terrigenous material. H. Carbonate dissol ution, shown by means of benthic/planktic foraminifer ratios and fragmentation of planktic foramin-
ifers (seetext for details). (Continued on next page.)
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Figure 6 (continued). |. Paleoproductivity (PP), calculated after the formula
of Herguera and Berger (1991) from benthic foraminifer numbersin 1 g of
sediment (no.b.foram./1 g sed.) and their mass accumulation rates (MAR;
b.foram. [no./cm2-k.y.]).
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Figure 7. (A) Average abundance of silt and clay and (B) mode of grain-size
distribution in sapropels and adjacent oxidized sediments at all sites. Note
higher mode and percentage of silt in the sapropels.

of the different sources of particles to Eastern Mediterranean sedi-
ments during the Pliocene and Quaternary.

1. In the lonian Basin (Site 964), dominance of chlorite, illite,
and random mixed-layer clays (39% of the clay fraction), to-
gether with some kaolinite, shows the importance of particles
from Europe, mostly supplied by runoff and further transport-
ed by intermediate waters from the Adriatic (Chamley, 1971;
Dominik and Stoffers, 1979; Malanotte-Rizzoli and Hecht,
1988). Palygorskite and sepiolite (8% of the clay fraction) are
supplied from North Africa by winds, as shown by their pres-

Figure 8. Detail of grain-size analysisin the lonian Basin (Core 160-964A-
2H), on the Mediterranean Ridge (Core 160-969A-7H) and on the Era-
tosthenes Seamount (Cores 160-966C-7H and 160-967A-1H). Note higher
mode of grain-size distribution in sapropels and negative correlation between
percentage of clay and silt.

ence in eolian dusts, together with other claysincluding some
smectite, kaolinite, and illite (Tomadin et al., 1984).

2. On the Mediterranean Ridge (ODP Site 969), chlorite, illite,
and random mixed-layer clays still dominate the clay fraction
(33%), indicating important contribution of European sources
of particles and runoff (including from Crete). Significant
amounts of palygorskite and sepiolite (18% of the clay frac-
tion) show the importance of detrital supply from Africa by
winds.

3. Onthe Eratosthenes Seamount (ODP Sites 966 and 967), dom-

inance of smectite (43%—48%) is a consequence of the dis-
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persal in the Mediterranean of the suspended load of the Nile.
Surface and Levantine intermediate-water circulation ensure
the distribution of the particles into the Levantine Basin (Ma
lanotte-Rizzoli and Hecht, 1988; Weaver, 1989). Slightly low-
er percentages of smectite (and higher amounts of chlorite,
illite, random mixed-layer clays, and kaolinite) at the shallow-
est Site 966 result probably from some dilution by particles
eroded from uplifted areas from nearby Cyprus. Significant
amounts of palygorskite and sepiolite at both sites suggest
some supply by wind from arid areas of North Africa and the
Middle East.

Although the clay-mineral association remainsthe same at al lo-
cations during the Pliocene and Quaternary, slight variations in the
abundance of the different clay species suggest an evolution of the
conditions of formation and distribution of the particles through time.
At all sites, decreased contents of kaolinite are observed in the sedi-
ments from the early Pliocene to the Quaternary. This is associated
with increased abundance of smectite. A similar evolution has been
described in different areas of the world ocean, including the central
Atlantic off West Africa (Robert and Chamley, 1987). Illite contents
decrease in the lonian Basin, where it is partly transported from Eu-
rope by deep waters from the Adriatic, but increase on the Mediter-
ranean Ridge, where the mineral is partly derived from North Africa.
On the Eratosthenes Seamount, palygorskite decreases at the shal-
lowest site but increases at the deepest site. This evolution of the clay
association through time suggests decreased humidity and stronger
seasonality of precipitation and some reorganization of the pattern of
circulation, which could be related to the development of the Arctic
glaciation and associated cooling during the Pliocene.

Terrigenous Particles and Development of Sapropels
Comparison of the clay-mineral association in the sapropels and

adjacent sediments (Figs. 9, 10) clearly showsthe permanence of the
main characteristics of sedimentation in the Eastern Mediterranean
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Figure 9. Average abundance of clay mineralsin sapropels and adjacent oxi-
dized sediments at all sites. Note similarity of clay associations and varia-
tions in percentages of individual clay minerals.

during the Pliocene and Quaternary. No specific mineral characteriz-
esthe sapropels. The clay minera that is the most sensitive to diage-
netic ateration by organic acids is palygorskite (Sigl et a., 1978).
However, palygorskite has been observed in all sedimentary se-
quences, where its abundance is sometimes higher in the sapropels
than in adjacent sediments. Moreover, maximum abundance of paly-
gorskite and sepiolite has been recorded in the sapropel that contains
the maximum percentage of organic carbon (Figs. 2, 11). This obser-
vation suggests the absence of any significant diagenetic aterationin
the sapropels investigated here. Preservation of clay particles is
sometimes poorer in the sapropels than in adjacent sediments; how-
ever, thisis combined with the presence of short fibers of palygors-
kite and sepiolite, sometimes associated in clusters, and with sub-
rounded contours of some particles (Fl. 1, 2). Therefore, poorer pres-
ervation of clay particles in some sapropels could result from weak
alteration during early diagenesis or transport (Sigl et al., 1978). Asa
consequence, clay-mineral associations in the sapropels contain in-
formation on conditions of formation on the continent (climate, mor-
phology) and of transport (circulation) to the area of sedimentation.

Comparison of the clay-mineral association in the sapropels and
adjacent sediments (Figs. 9, 10) also indicates that the sources of ter-
rigenous particles remained the same during the Pliocene and Quater-
nary. However, variationsin the abundance of the clay speciesare not
identical at all sites(Fig. 10) or sometimesin all sapropelsat any giv-
ensite.

In the lonian Basin (Site 964), chlorite and random mixed-layer
claysincreasein the sapropels, indicating increased erosion of poorly
weathered substrates. Kaolinite is present in lower amounts than in
the adjacent sediments, but is still abundant (23%). Also, the abun-
dance of palygorskite (~9% on the averagein oxidized sediments) de-
creasesto lessthan 5% in the sapropels, indicating lower contribution
of African sources. Detailed analyses (Fig. 11) show adight increase
of smectite (from smectite/illite and kaolinite/smectite ratios), and
suggest increased erosion of sedimentary sequences that outcrop in
Southern Europe. It islikely that intensified erosion of European up-
lifted areas has been associated with sapropel deposition, with the
particles being transported principally by runoff and then by Adriatic
watersto the deep lonian Basin. A similar observation has been made
for Sapropel Sl in the Aegean Sea, where accumulation of terrige-
nous particles results from erosion processes during disintegration of
continental ice sheets and transport by meltwater flow (Aksu et al.,
1995). In the deep lonian Basin, the same evolution of the clay asso-
ciation has been observed in all sapropels, including a sapropel of
mid-Pliocene age that was deposited before full development of the
Arctic cryosphere. Therefore, we suggest that increased runoff in Eu-
ropean areas close to the Adriatic and lonian Basin resulted from in-
tensified precipitation, at least during Pliocene deposition of
sapropels.

On the average, sapropels from the Mediterranean Ridge (ODP
Site 969) are characterized by increased contents of palygorskite and
sepiolite (Fig. 10). The detailed study (Fig. 11) clearly shows that
maximum abundance of these mineras occurred when the sapropel
environment reached full development. This observation indicates
that increased erosion of sediments in North Africa (especially Lib-
ya) and transport of particles by winds have been associated with the
sapropels of the Mediterranean Ridge. Concomitant, slight increases

Table 3. Percentages of the main clay minerals at the four investigated sites.

Mixed-layer
Chlorite Illite clays Smectite Kaolinite  Palygorskite  Sepiolite
Site (%) (%) (%) (%) (%) (%) (%)
964A 9 22 8 24 29 7 1
969A 10 20 3 29 20 15 3
966A and 966C 4 9 4 43 28 10 2
967A 4 8 4 48 23 10 3
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Figure 10. Average abundance of clay minerals in sapropels and adjacent
oxidized sediments, for the lonian Basin (Hole 964A), Mediterranean Ridge
(Hole 969A), shallow-water depth of the Eratosthenes Seamount (Holes
966A and 966C), and intermediate-water depth of the Eratosthenes Sea-
mount (Hole 967A). Note similarity of clay association at all locations, vari-
aions in relative abundance of individual clay minerals according to the
location, and specific changes of the percentages of individual clay minerals
in sapropels for each location.

of the percentages of chlorite and random mixed-layer clays (Fig.
10), and decreases of smectite/illite and kaolinite/illite indices (Fig.
11), suggest increased erosion of poorly weathered substrates. Most
particles probably come from Southern Europe, and especially from
Crete (located ~100 km north of the site) by runoff. All the sapropels
at this site do not share the same pattern of evolution of the clay min-
era association. In asapropel of early Pliocene age (Core 160-969A -
10H) increased percentages of palygorskite and sepiolite are associ-
ated with slight increases of smectite and kaolinite (instead of chlo-
rite, illite, and random mixed-layer clays). Becausethe early Pliocene
was awarm interval (Crowley and North, 1991), additional moisture

PALEOPRODUCTIVITY AND CLIMATE VARIATIONS
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Figure 11. Detail of clay-mineral analysis in the lonian Basin (Core 160-
964A-2H), on the Mediterranean Ridge (Core 160-969A-7H), and on the
Eratosthenes Seamount (Cores 160-966C-7H and 160-967A-1H). Note simi-
larity of clay association in sapropels and adjacent oxidized sediments, and
detailed variations of the percentages of clay mineralsand clay mineral ratios
with the content of organic carbon.

may haveled to increased chemical weathering in the source areas of
the particles.

On the Eratosthenes Seamount (Sites 966 and 967), the average
evolution of the clay-mineral association in the sapropels relative to
the adjacent sediments is roughly similar at both sites. Slightly in-
creased contents of chlorite and random mixed-layer clays in the
sapropels at both sites (Fig. 10) suggest enhanced erosion of poorly
weathered substrates, most probably in nearby Cyprus. Also, increas-
es of palygorskite in the sapropels suggest intensified erosion in
North Africaand the Middle East and transport of particles by winds
tothe areaof sedimentation. However, detailed study of the sapropels
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illustrates the variability of the sedimentation on the Eratosthenes
Seamount (Fig. 11).

Late Quaternary oxygenated sediments yield results that are sim-
ilar to those from oceanographic investigations in the Eastern Medi-
terranean Sea (Bethoux, 1989)=38 gC/n?-yr. Thus they prove the

1. At the Site 966, Quaternary and late Pliocene sapropels also validity of the method of Herguera and Berger (1991) for those areas

show slight increases in kaolinite, illite, or smectite, as seen
from the clay-mineral ratios. Increased smectite is associated
with higher content of palygorskite. This suggests that distal
terrigenous supply from the Nile and eolian particles have
been diluted by dominant input of particles of proximal origin
(Cyprus) by runoff during deposition of some sapropels. Early
Pliocene sapropel s show increased contents of smectite, an ob-
servation that indicates that during this warm interval deposi-
tion of sapropels was associated with intensified chemica
weathering in the source areas and with enhanced contribution
of the Nile to the sedimentation of the Eastern Mediterranean.

2. At Site 967, all the sequencesinvestigated show an increasing

trend of smectiterelative to bothillite and kaolinite, evidenced
from the clay-minerd ratios. The trend starts with the sapropel
and persistsin the oxidized, overlying sediment (Fig. 11). We
hypothesize that this trend could indicate a continuoudly in-
creasing contribution of the detrital supply of the Nile at 2500
mwater depth. It could be the consequence of an evolving pro-
duction and circulation of Levantine intermediate water, a
characteristic of the modern Mediterranean, produced espe-
cialy in winter by the sinking of cold surface waters in the
easternmost Mediterranean (Malanotte-Rizzoli and Hecht,
1988).

where lateral transport of benthic foraminifers is minor or absent. The
surprisingly high values on the Eratosthenes Seamount are difficult
to understand, because the present-day oceanography shows down-
welling (Emeis, pers. comm., 1996).

The slight decrease in late Quaternary paleoproductivity from
west to east can be a signal of nutrient decrease towards the Eastern
Mediterranean.

Two sites reflect an increase in paleoproductivity from the late
Quaternary to early Quaternary and Pliocene.

In all but three units, the benthic foraminifer numbers and related
paleoproductivity values are higher before than after sapropel depo-
sition (Figs. 3t+6l), as are accumulation rates of echinoids, ostracods,
and molluscs at Site 966 (Fig. 6F; at the sites from greater water
depths accumulation rates of the latter organisms are factor 10 lower
and statistically not significant). It might be concluded that produc-
tivity and related benthic numbers increased until a threshold value
was reached, and anoxia started. Benthic numbers dropped to zero.
When productivity decreased, anoxia ceased, and benthos reappeared
at the seafloor. Radiolarian occurrences only in sapropels (at Sites
964 and 967) are in favor of higher productivity during sapropel dep-
osition, although dissolution of silica had altered the original signal
(Schrader and Matherne, 1981).

Nolet and Corliss (1990) describe similar distributions of benthic

foraminifer numbers for Sapropel S5 (3286 k.y.), where 510 cm

The major pattern of the grain-size distribution of the fine terrig- below the sapropel, benthic foraminifer numbers show a maximum.
enous fraction (<63 um) is a significant increase of the silt fractioBut their conclusion differs from that presented here. They conclude
(4-63 pum) in the sapropels (Fig. 7). Absence of relation to occurrenthat productivity had been increased, but it could not be the critical
es of pyrite suggests that authigenesis did not play a role in the vafactor causing anoxia, because higher benthic foraminifer numbers
ations of grain size in the sapropels and adjacent sediments. Thee not associated with increased organic carbon values.
sapropels may have developed in a higher energy environment than This hypothesis of gradually increasing paleoproductivity leading
the adjacent sediments. Larger grain size of the terrigenous fractida anoxia when a threshold is attained is comparable to that presented
of the sediment has already been correlated to strengthened circulgr Castradori (1993), Emeis et al. (1991), and van Os et al. (1994).
tion in the North Atlantic (McCave et al., 1995; Fagel et al., 1997). In  Accumulation rates of sand-sized terrigenous matter can give a
the Eastern Mediterranean, increased terrigenous supply by precipiint as to one factor contributing to the observed productivity varia-
tation and runoff from proximal (Southern Europe, Crete, and Cytions. At Sites 966, 967, and the Quaternary sediments at Site 969,
prus) and distal (Nile) sources has probably been associated witthich are all sites that receive terrigenous detritus mainly from Afri-
intensified marine and/or atmospheric circulation; this allowed transea, maxima of >63-um-sized terrigenous matter are at the boundary
port and deposition of coarser particles to the sites. We have no indietween oxygenated sediments and sapropels, simultaneous to paleo-
cation that the grain size of the terrigenous particles evolvegroductivity maxima. Accumulation rates of terrigenous matter are
significantly before the beginning of the sapropels. These findingsery low in the sapropels and increase slightly above. The sand-sized
are corroborated by the variations of the mode of the grain-size digerrigenous matter is the coarsest part of total terrigenous input, but it
tribution (Fig. 7), which is higher in the sapropels (7.6 um) than in thés assumed that fine fractions vary in parallel. Grain-size data of the
adjacent sediments (3.4 um). As the sources of particles remained firge-terrigenous fraction point to increased runoff during sapropel
same during the Pliocene and the Quaternary, variations in the intesleposition.
sity of marine and atmospheric circulation could be responsible for Sapropel deposition (after Rossignol-Strick, 1983) is related to an
most of the mineralogical variations observed in the sapropels.  increase in summer insolation over the northern hemisphere, intensi-
fication of Indian-summer monsoons, and high fresh-water discharge
of the Nile River, as well as to increased Eurasian river discharge
(Shaw and Evans, 1984; Rossignol-Strick, 1983). The present results

Increase in export productivity during periods of sapropel depoare in agreement with these interpretations and with analyses of or-
sition has been assumed as one possible factor leading to increaggmhic facies by Mukhopadhyay (1990) and with analyses of a
organic carbon content of sapropels (see discussion in Rohlingliocene-age sapropel by Rohling et al. (1993). It can be concluded
1994). Here we try to reconstruct export productivity in the oxygenthat increased river discharge contributed to nutrient increase, which
ated sediments surrounding sapropels by means of the accumulatigrreflected in increasing productivity. Sites 966 and 967, which are
rates of benthic foraminifers, assuming that they depend on food superth of the Nile delta, show an increase in coarse-terrigenous supply
ply from production in surface waters (Herguera and Berger, 1991hefore sapropel formation. When productivity reached a certain
The aim is to investigate whether productivity was different in perithreshold value, probably combined with a change in deep-water
ods shortly before sapropel deposition than afterwards. This methaentilation or development of an oxygen minimum zone (Emeis et
does not give hints as to productivity during sapropel deposition, bel., Chap. 26, this volume), anoxia started. Some thousand years later,
cause anoxia prevented benthic life. Bioturbated sapropels contaierrigenous input, and thus nutrient release, decreased as did produc-
some benthic foraminifers, but they do not give any hint as to produdivity until anoxia ceased. In the post-younger Dryas Sapropel S1 the
tivity. same finding is described by Troelstra and van Hinte (1995): in-

Paleoproductivity and its Relation to Terrigenous I nput
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creased Nile discharge before sapropel formation, and reduction in dized sediments indicates the absence of significant diagenetic alter-
Nile influence at the end. The Pliocene-age sapropels at Site 969, ation and modification of the sources of terrigenous particles during
which are mostly influenced by eolian input from Italy, and the Qua- development of the sapropels.
ternary-age sapropels at Site 964 probably had different triggering Relative importance of the clay species vary according to the lo-
mechanisms for sapropel deposition, because here terrigenous input cation of the sites: chlorite, illite, and random mixed-layer clays from
was highest not before, but during, sapropel deposition, as are silt southern Europe dominate in the lonian Basin; palygorskite and sepi-
grain sizes. olite from North Africa characterize the sediments of the Mediterra-
nean Ridge; and smectite from the Nile River dominates on the Era-
Carbonate Dissolution tosthenes Seamount.
The abundance of some clay minerals vary according to the age
Carbonate dissolution in the oceans varies as a function of water of the sediment: kaolinite and smectite increase in lower Pliocene
depth, bottom-water chemistry, and surface-water productivity. The sediments, indicating intensified chemical weathering and increased
decay of organic matter sinking down from surface waters and the terrigenous supply from the Nile during this warm interval.
“respiratory calcite dissolution” (Archer and Maier-Reimer, 1994)  The clay-mineral association shows minor but diversified chang-
lead to carbonate dissolution above the lysocline (Emerson areb in the sapropels. Chlorite, illite, and random mixed-layer clays,
Bender, 1981). With increasing paleoproductivity and increasing oreroded from Southern Europe by precipitation and runoff increase in
ganic carbon to calcium carbonate rain ratio (Emerson and Archemost sapropels at all sites. Increased amounts of palygorskite and se-
1990), dissolution becomes stronger (Diester-Haass, 1995) as longislite from North Africa and the Middle East are carried by intensi-
oxygen is available at the seafloor. In anoxic sediments, sulfate réied atmospheric circulation to the Mediterranean Ridge, and some-
duction increases alkalinity, and this can lead to calcium carbonatenes to the Eratosthenes Seamount. On the Eratosthenes Seamount,
fossils being excellently preserved (Berger and Soutar, 1970). At tharticles from the terrigenous load of the Nile (smectite) increase in
sites investigated, different water depths do not exert a major infllsome sapropels that are of early Pliocene age principally, but most
ence on carbonate dissolution: Sites 969, 964, and 967 have compgapropels of early Pliocene age show increased contents of kaolinite
rable and very low fragmentation values of planktic foraminifers, deand smectite indicative of intensified chemical weathering on land
spite different depths (Figs. 3#8H). Fragmentation is stronger only (i.e., higher temperatures and/or precipitation).
at Site 966 because of much higher productivity over this seamount All sapropels are characterized by increased silt-sized and de-
(Fig. 6H). creased clay-sized particles and a higher mode of the grain-size dis-
Carbonate dissolution controls accumulation rates of planktic fortribution, indicating higher energy during deposition of sapropels.
aminifers. These are highest in the best preserved units and decreaseAt intermediate water depth on the Eratosthenes Seamount, an in-

in general with increasing dissolution. creasing trend in the abundance of smectite begins in the sapropels
Three types of response of carbonate dissolution to sapropel degad persists in the oxidized overlying sediments. This may indicate
osition can be differentiated. evolving production and circulation of Levantine intermediate water,

marked by the terrigenous load of the Nile.

1. Excellent carbonate preservation of planktic foraminifers and Export productivity has been calculated from benthic foraminifer
even aragonitic shells of pteropods and highest accumulatioaccumulation rates. It is higher before sapropel deposition and might
rates of planktic foraminifers in the late Quaternary sapropesuggest that productivity increased until a threshold value was at-
of Site 966, due to anoxia and no “burning down” phenomenaained and anoxia started. Decrease of productivity below a certain
(Higgs et al., 1994; Rohling, 1994) in the uppermost part of thehreshold contributed to restore oxic conditions, whereas deep-water
sapropel. exchange is probably the most important factor for the return to oxic

2. Excellent carbonate preservation at the bottom of the saprope&onditions (Emeis et al., Chap. 26, this volume).
with high accumulation rates of planktic foraminifers and  Paleoproductivity decreases from west to east during deposition
preservation of pteropods, and with an increase in dissolutionf late Quaternary oxygenated sediments. It is higher in the Pliocene
towards the top of the sapropel and the disappearance of pterhran in the Quaternary.
pods (late Quaternary of Site 964 and 967, early Pliocene of The coarse-grained terrigenous particles (>63 pm) have highest
Site 966). This phenomenon is explained by downward proaccumulation rates before sapropel deposition at the sites north of the
gressing oxygenation (Higgs et al., 1994; Rohling, 1994) andNile delta, an observation that suggests an increase in river-born nu-
following bacterial respiratory activity after return to oxygen- trient supply, which is supposed to have stimulated productivity. Car-
ated conditions. bonate preservation is excellent in the nonbioturbated sapropels, with

3. In sapropels that have been bioturbated after return to oxygepreservation even of aragonitic pteropod shells. In some sapropels,
ated conditions (marked “b” in Figs;y8) carbonate dissolu- carbonate preservation is excellent at the bottom and decreases to-
tion is higher or as high as in overlying and underlyingward the top because of “burning down” phenomena. Pliocene
oxygenated sediments (Figs. 36H). sapropels are bioturbated because of higher Pliocene export produc-

tivity. Here carbonate dissolution is as strong as in surrounding oxy-

The Quaternary-age sapropels investigated are not bioturbategknated sediments.

whereas in the Pliocene age, the burrowing of sapropels destroyed thelntensified precipitation and circulation and an associated in-
sapropel signals. One factor might be the observed higher Pliocegesase in productivity are compatible with sapropel occurrence dur-
paleoproductivity when compared to the Quaternary: higher expoihg minima of precession, periods of high meridional gradient of in-
productivity in the Pliocene allowed higher density of burrowingsolation, and thermal exchanges.

benthos after sapropel deposition.
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Plate 1. lonian Basin: 1. Sample 160-964A-2H-1, 85 cm, 7.65-m sub-bottom depth, oxidized sediment, 12,825x. 2. Sample 160-964A-2H-1, 105 cm, 7.75-m
sub-bottom depth, sapropel (1.3% organic carbon), 9,450%. Note better contours of particles in oxidized sediment, greater abundance of fleecy particles in
sapropel, and presence of fibers (palygorskite, sepiolite) in both samples. Mediterranean Ridge: 3. Sample 160-969A-7H-1, 39 cm, 55.59-m sub-bottom depth,
oxidized sediment, 19,575x%. 4. Sample 160-969A-7H-1, 52 cm, 55.72-m sub-bottom depth, sapropel (5.3% organic carbon), 19,575%. Note shorter individual
fibersin sapropel, together with bundles of fibers, and greater abundance of subrounded particles in sapropel.

247



L. DIESTER-HAASS, C. ROBERT, H. CHAMLEY

Plate 2. Eratosthenes Seamount: 1. Sample 160-966C-7H-5, 9 cm, 63.09-m sub-bottom depth, oxidized sediment, 19,575x. 2. Sample 160-966C-7H-5, 18 cm,
63.18-m sub-bottom depth, sapropel (2% organic carbon), 19,575x. 3. Sample 160-966C-7H-5, 48 cm, 63.48-m sub-bottom depth, sapropel (1% organic car-
bon), 9,450x. 4. Sample 160-966C-7H-5, 68 cm, 63.68-m sub-bottom depth, oxidized sediment, 9,450x. Note greater abundance of fibersin oxidized sediments,
presence of shorter fibers, and some bundles of fibersin sapropels. Thereis also a greater abundance of opague particles with neat contours in the oxidized sed-
iments.
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