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9. CALCAREOUS NANNOFOSSILSIN THE BASAL ZANCLEAN OF THE EASTERN

MEDITERRANEAN SEA: REMARKS ON PALEOCEANOGRAPHY AND SAPROPEL FORMATION!

Davide Castradori2

ABSTRACT

This paper presents the results of a study on nannofossil assemblages in the uppermost Messinian and basal Zanclean sedi-
ments recovered from Ocean Drilling Program (ODP) Holes 969B (south of Crete) and 967A (north of the Eratosthenes Sea-
mount) located in the Eastern Mediterranean Sea. Focus of the research is on (1) the micropaleontological signature of the
basically nonmarine facies of the uppermost Messinian interval; (2) the correlation of the Messinian/Zanclean boundary outside
the Mediterranean by means of nannofossil biostratigraphy; and (3) the mechanism of sapropel formation in the earliest
Pliocene. The main results are summarized as follows:
1. The Messinian sediments are characterized by assemblages dominated by diagenetic resistant and long-ranging Neogene
species, absence of typical upper Tortonian—Messinian species, high abundance of reworked taxa of Cenozoic and Cretaceous
age, and high abundance of gypsum crystals and dolomite. All evidence listed above point to the absence of a primary marine
signature in the nannofossil assemblages of the sediments. A noticeable exception, constituted by anomalous abundance of

Sphenolithus spp, which suggests a possible (marginal) marine signature, is documented.

2. The recovery of some specimengiofuetrorhabdulus rugosus and ofCeratolithus acutus overlapping each other in the
basal Zanclean suggests that, contrary to what has been reported by most authors, the last appearance datdnrgéD) of
sus and the first appearance datum (FADYXofcutus do not exactly coincide. This was already reported from the Ceara Rise
(ODP Leg 154), where the FAD 6f acutus was found immediately below the cyclostratigraphically correlated position of the
Messinian/Zanclean boundary. These closely spaced bioevents can be considered as a valuable tool, in addition to magneto-
stratigraphy and astrocyclostratigraphy, for the recognition and worldwide traceability of the Messinian/Zanclean boundary.

3. Based on a model by Molfino and Mclintyre, fluctuation in abundanE&dsphaera profunda, a peculiar nannoplank-
ton species living in the lower part of the photic zone, is interpreted to represent nutrient availability within diffelenf lev
the photic zone. Thus, positive peakd=gprofunda were connected by the author to the presence of a deep chlorophyll maxi-
mum (DCM) at times of sapropel formation, a concept previously introduced by Rohling and Gieskes for the mid-Pleistocene

to Holocene time interval.

Abundance peaks &forisphaera profunda are recorded in all five sapropel layers recovered in the basal Zanclean of ODP
Hole 969B. Therefore, the DCM model may be tentatively applied also to the earliest Pliocene and probably to the whole
sapropel sequence of the Mediterranean area, since the late Miocene.

The recovery of abundance peak®adcoaster pentaradiatus in most sapropels (together with the decreased abundance of
Coccolithus pelagicus in some of them), suggests that these sapropels probably correlate with the marls (and not the lime-
stones) of the rhythmically bedded sedimentary sequences of the land sections in Sicily and Calabria (southern Italy), thus con
firming previous assumptions by De Visser, Hilgen, and others.

BACKGROUND AND OBJECTIVES

This paper illustrates part of the results of a multidisciplinary
study on the Messinian/Zanclean boundary based on data from four
Ocean Drilling Program (ODP) sites, two from the Western Mediter-
ranean (Leg 161, Sites 975 and 978) and two from the Eastern Med-
iterranean (Leg 160, Sites 967 and 969). The sites were selected to
form atransect that may show different geographic, geologic, and pa-
lecenvironmental settings.

The idea of a multidisciplinary stratigraphic research originated
from the need to address, on a previously unavailable marine record,
the problem of the restoration of open-marine conditions at the end of
the Messinian salinity crisis. This event is of key importance from
both pal eoceanographic and chronostratigraphic points of view. Con-
cerning the latter, the problem of the selection of an appropriate Glo-
bal Standard Stratotype-section and Point (GSSP) of the Zanclean
Stage strongly depends upon the demonstration of the absence of a
significant hiatus across the Messinian/Zanclean boundary. This
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boundary was formally proposed in the Capo Rossello section by
Cita (1975a) and subsequently proved to correlate with the fifth pre-
cession-related astronomical cycle below the Thvera magnetic event
(Zijderveld et al., 1991; Hilgen, 1991b; Hilgen and Langereis, 1993).
From a biostratigraphic point of view, the Messinian/Zanclean
boundary is usually regarded as poorly constrained in the Mediterra-
nean area, because of the basically nonmarine nature of the upper
Messinian sediments (e.g., Arenazzolo Formation in Sicily) and of
the lack of globally recognized nannofossil and foraminiferal bio-
events in the very basal Zanclean. In particular, nannofossil species,
such as Triquetrorhabdulus rugosus, Ceratolithus acutus, and C.
rugosus, which define the zonal boundary of the oceanic standard zo-
nation (Martini, 1971; Okada and Bukry, 1980), arerarein the Med-
iterranean stratigraphic record.

The discussion in the scientific community about the Messinian/
Zanclean boundary isreally animated (see Berggren et al., 1995b, for
areview). To summarize, there are three possible options for the for-
malization of a GSSP of the Zanclean Stage (as base of the Pliocene
Series): (1) the base of the Trubi in the Capo Rossello areg; (2) an ap-
propriate level in an extra-Mediterranean section selected to corre-
spond to the base of the Trubi (counting five precession-related cy-
cles below the Thveramagnetic event); (3) an appropriate level in an
extra-M editerranean section selected to correspond approximately to
the base of the Gilbert epoch (Benson and Hodell, 1994), thus decou-
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pling the Messinian/Zanclean stage boundary from the Miocene/
Pliocene series boundary (see discussions in Berggren et al., 19953,
1995h).

Whatever option will be preferred by the International Commis-
sion on Stratigraphy (ICS) (and ratified by the International Union of
Geological Sciences), the position of the Messinian/Zanclean bound-
ary in the Mediterranean with respect to biohorizons recognized in
theworld oceansisrelevant to the solution of the problem. This paper
presents some information on this matter, together with quantitative
and semiquantitative data on nannofossil assemblages that character-
ize the sapropdl layers intercalated in the basal Zanclean of Sections
160-969B-11H-5 and 6.

and Pestiaux, 1987; Chepstow-Lusty et al., 1989), will provide addi-
tional information on the paleoenvironmental conditions at times of
sapropel formation.

MATERIAL AND METHODS

Site 969 is located on the Mediterranean Ridge, some 100 km
south of Crete, at a water depth of about 2200 m (Fig. 1). The location
was selected to recover a sedimentary record of sapropel formation
on the ridge that separates the lonian (to the west) and the Levantin
(to the east) basins. A secondary goal was the recovery of a well-

The origin of sapropelsis another problem that gave rise to many developed Messinian—Zanclean sequence to address the problem of
different genetic theories in the last decades (see Rohling, 1994, for the restoration of open-marine conditions following the Mediterra-
an overview). In synthesis, sapropels, which are organic matter—richean “salinity crisis” (Emeis, Robertson, Richter, et al., 1996).
dark-colored pelagic layers interbedded in the land and marine Med- Site 967 is located on the northern slope of the Eratosthenes Sea-
iterranean record since middle Miocene times (and particularly in thenount, at a water depth of 2552 m, in a position critical for testing the
Pliocene and Pleistocene; Kidd et al., 1978), may have originatdaypothesis of tectonic underthrusting of the Seamount beneath the is-
from increased primary production in the photic zone (e.g., Calveriand of Cyprus (Fig.1). Subsidiary goals of Site 967 were the recon-
1983; Sutherland et al., 1984; Pedersen and Calvert, 1990; Calvertsttuction of paleoenvironments at the Messinian/Zanclean boundary
al., 1992), from anoxia in the bottom waters (e.g., Olausson, 196and the recovery of a Pliocene/Pleistocene succession more expand-
Ryan, 1972; Thunell, 1979; Thunell and Williams, 1983; Thunell eted and better resolved with respect to that of Site 966, which is locat-
al., 1977; Cita et al, 1977; Muerdter, 1984), or from a complex intered on top of the Eratosthenes at a much shallower depth (Emeis, Rob-
play of the two (e.g., Rohling and Gieskes, 1989; Rohling, 1991ertson, Richter, et al., 1996).

Rohling and Hilgen, 1991; Castradori, 1993; Rohling, 1994). Sampling for this study was limited to the uppermost meters of

Even if anoxia of the bottom waters was the primary mechanisnmyiessinian sediments and to the lowermost meters of the basal Zan-
it was probably triggered by decreased salinity of the surficial waterslean. Twenty-four samples were collected from Sections 160-969B-
that are, therefore, the environment where the entire process origindttH-5 through 11H-7, and 22 samples from Sections 160-967A-
ed. That is why studies of planktonic microfossils living in the upperl4X-1 through 13H-1. In particular, sampling of the basal Zanclean
part of the water column may play a critical role for unraveling theat Hole 969B was focused on the alternation of sapropels and normal
whole story. Since the 1960’s, the assemblage composition and ispelagic marls to obtain a preliminary picture of their peculiar nanno-
topic signature of planktonic foraminifers have been investigated ifiossil assemblages. In contrast, the absence of sapropel layers in the
detail, initially in mid-Pleistocene to Holocene sapropels (e.g.basal Zanclean of Site 967 suggested a more regular sampling inter-
Olausson, 1961; Cita et al., 1977, Rohling and Gieskes, 1989), thenal (2-3 samples per section) throughout foraminifer Zones MPI 1
in those of mid-Pliocene to Pleistocene age that outcrop on land (paand basal MPI 2 (Cita, 1975b).
ticularly in southern Italy; e.g., Lourens et al., 1992), and lastly in up- For each sample, a smear slide was prepared and analyzed with an
per Miocene sapropels of Crete (Nijenhuis et al., 1996). optical microscope at 1080However Discoaster abundances were

Recently, calcareous nannofossils (the fossil calcareous cover détermined at 630magnification. No special technique was applied
planktonic algae) have also been studied to decipher the formatida clean or concentrate the biogenic fraction to retain the original
mechanisms of mid-Pleistocene to Holocene sapropels (Castradocipmposition of the nannofossil assemblages.

1993). This study highlighted increased abundande aisphaera Distribution of calcareous nannofossils in the basal Pliocene of
profunda (the only species of calcareous nannoplankton that inhabithe Mediterranean area is rather poorly known, possibly because of
the lower part of the photic zone) in most sapropel layers, with rethe local scarcity of oceanic marker species (see above). Therefore, a
spect to the underlying and overlying normal pelagic marls. Based asemiquantitative description of the whole nannofloral assemblage
a study by Molfino and Mclintyre (1990a, 1990b) that demonstrated

a clear link between the abundance variatiorfs. pf ofunda and the .
nutrient availability at different depths of the photic zone, it was pro
posed that the increased abundancds. pfofunda in the sapropel
layers witnessed the presence of a Deep Chlorophyll Maximur
(DCM). The presence of a distinct DCM at times of sapropel forma
tion was initially hypothesized by Rohling and Gieskes (1989), main
ly on the evidence of increased abundance of neogloboquadrinic
The increased primary production in a DCM was then considered i
the triggering mechanism for the formation of most sapropel layet
of mid-Pleistocene to Holocene age (Rohling and Gieskes, 198
Castradori, 1993), although anoxia may have played a key role, p¢
ticularly for the formation of those sapropels with a relatively lower
organic carbon content (Rohling, 1994). A similar scenario has bee[ ™™
hypothesized also for the formation of late Pliocene and early Plei:
tocene sapropels (Lourens et al., 1992) and, recently, for the late M
ocene sapropelites that outcrop on Crete (Nijenhuis et al., 1996).

In this paper, | will try to prove or disprove whether the DCM
model may be applied also to the formation of earliest PliocenBigure 1. Location map of the two sites studied. Site 969 is located on the
sapropels. To do so, the abundance variatioifs pfofunda will be ~ Mediterranean Ridge (at awater depth of 2200 m) on atopographic high that
analyzed across five sapropel layers. In addition, the abundance flueparates the lonian (to the west) and the Levantin (to the east) basins. Site
tuations of differenDiscoaster species, a group with peculiar paleo- 967 islocated on the northern slope of the Eratosthenes Seamount (at a water
ecological preferences extinct since the late Pliocene (e.g., Backmegpth of 2552 m), just to the south of the inferred subduction front.
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was considered suitable. Results are reported in Tables 1 and 2 (in-
cluding a visua evaluation of presence and relative abundance of
mineral components, such as gypsum and dolomite). The total abun-
dance of nannofossils is recorded as abundant (A = more than 30
specimens/1 field of view), common (C = 10-30 specimeng/1 field of
view), or scarce (S = 1-10 specimens/1 field of view) and the overall
preservation is qualitatively classified as good (G), moderate (M), or
poor (P). Semiquantitative abundance of single species is reported
according to the following classes:

A = abundant (more than 10 specimens per field of view);
C = common (1-10 specimens per field of view);

S = scarce (1 specimen every 1-10 fields of view);

R = rare (1 specimen in more than 10 fields of view); and
RR = very rare (1 specimen in standard analysis).

In addition, a quantitative analysis was performed on the Dis-
coaster and Amaurolithus groups and on Florisphaera profunda.
Discoaster and Amaurolithus were counted on a fixed area of each
slide (10 mm?; Backman and Shackleton, 1983; Rio et a., 1990). In
Tables 1 and 2, the abundance of single species of Discoaster and
Amaurolithus is reported as number of specimens/mm?, whereas in
Figures 2 and 3, percentage val ues of each specieswith respect to the
entire group are reported to avoid discrepancies caused by the differ-
ent quantity of sediment smeared onto adide.

The variations in abundance of F. profunda were recorded on
what is probably more a semiquantitative than atruly quantitative ba-
sis. Following Castradori (1993) and also partially Matsuoka and
Okada (1989), the abundance of this species in a given sample is
computed as number of its specimens compared to 100 specimens of
all other species. This counting procedureisjustified by the peculiar
morphologic features of F. profunda (thin, gray, small calcite plates
of polygonal shape; PI. 2, Fig. 1) and by its unique habitat, the lower
part of the photic zone (compared to the middle and upper parts
where all the other specieslive).

RESULTS AND DISCUSSION

In this section, the analytical data (Tables 1, 2; Figs. 2, 3) will be
presented and discussed according to their relevance for: (1) paleon-
tological and sedimentological characteristics of the uppermost
Messinian; (2) biostratigraphy and chronostratigraphy of the Messin-
ian/Zanclean boundary; and (3) pal eoceanography and mechanism of
sapropel formation in the basal Zanclean.

Paleontological and Sedimentological Characteristics
of the Uppermost M essinian

The stratigraphic intervals from Samples 160-969B-11H-7, 40—
42 cm, to 11H-6, 128-129 cm, and from Samples 160-967A-14X-1,
119-122 cm, to 13H-4, 78-80 cm, are assigned to the Messinian on
the basis of sedimentological features (Emeis, Robertson, Richter, et
a., 1996), characteristics of the fossil assemblages (discussed in this
section), and biostratigraphic signature of the overlying marine Zan-
clean (see below).

With the exception of Samples 160-967A-13H-6, 79-81 cm, and
13H-6, 99-101 cm, which were prepared from Zanclean sediments
that had been mechanically intruded into the Messinian sequence by
drilling disturbances, the samples analyzed from the Messinian inter-
val are characterized by the following (also see Tables 1, 2):

1. Relatively high abundance of calcareous nannofossils, with
moderate to poor preservation;

2. Assemblages dominated by diagenetic resistant and long-rang-
ing Neogene species, such as Reticul ofenestra pseudoumbili-

CALCAREOUS NANNOFOSSILSIN THE BASAL ZANCLEAN

cus, small Reticulofenestra, Dictyococcites spp., Coccolithus
pelagicus, Sphenolithus moriformis;

3. Absence of typical upper Tortonian—Messinian species (e.g.,
Discoaster quinqueramus, Discoaster berggrenii, Amauroli-
thus spp.);

4. High abundance of reworked taxa of Cenozoic and Cretaceous
age; and

5. High abundance of gypsum crystals (often twin crystals, PI. 1,
Figs. +4) and dolomite.

All the evidence listed above point to the absence of a primary
marine signature in the Messinian sediments investigated. Samples
160-967A-14X-1, 5457 cm, and 14X-1, 775 cm are character-
ized, however, by an anomalous abundanc&pbnolithus spp.
(mostly Sphenolithus gr abiessmoriformis; PI. 1, Fig. 6). Such a pecu-
liar feature, noted also in some samples from the uppermost Messin-
ian of the western Mediterranean ODP Sites 975 and 978 (D.
Castradori, unpubl. data), cannot be explained if reworking was re-
sponsible for the observed assemblages. This anomalous signature
may witness the existence of temporary (marginal) marine settings
predating the Zanclean ingression. This is obviously a preliminary in-
terpretation that needs further investigation.

Samples 160-969B-11H-6, 12626 cm, and 160-967A-13H-4,
25-27 cm, bear the first evidence of primary marine assemblages of
Zanclean age. Assemblages are characterized by very abundant cal-
careous nannofossils with moderate to good preservation. The abun-
dance of reworked taxa, gypsum crystals, and dolomite clearly de-
creases upward, although they may be rather abundant in some lay-
ers.

Biostratigraphy and Chronostratigraphy
of the Messinian/Zanclean Boundary

The Messinian/Zanclean boundary, as defined at the base of the
Trubi Formation in Sicily, can now be correlated outside the Medi-
terranean on the basis of magnetostratigraphy and astrocyclostratig-
raphy (counting five precession-related cycles below the base of the
Thvera magnetic event; see above). In most biostratigraphic
schemes, the Messinian/Zanclean boundary is bracketed by the last
appearance datum (LAD) @iscoaster quinqueramus (below) and
the LAD of Triquetrorhabdulus rugosus and first appearance datum
(FAD) of Ceratolithusacutus (above) (Berggren et al., 1995a, 1995b;
Raffi and Flores, 1995). Therefore, in terms of the nannofossil zona-
tion of Okada and Bukry (1980), the Messinian/Zanclean boundary
in the ocean domain is usually correlated to Subzone 10a.

Very recently, Backman and Raffi (1997) documented, from the
Ceara Rise, tha&l. acutus actually appears before the extinction level
of T. rugosus. The astrocyclostratigraphic calibration of the LAD of
D. quinqueramus (5.537 Ma), FAD ofC. acutus (5.372 Ma), and
LAD of T. rugosus (5.231 Ma), obtained by Backman and Raffi
(1997), clearly demonstrates that the Messinian/Zanclean boundary
(5.32 Ma) is very well constrained outside the Mediterranean, on the
basis of nannofossil biostratigraphy.

In the Mediterranean, the LAD @. quinqueramus is not docu-
mented because of the essentially nonmarine character of the deposits
of that time interval (upper Messinian evaporitic and postevaporitic
interval). The last specimensTfrugosus and the first specimens of
C. acutus should in principle be detectable in the first meters of the
Zanclean Stage. Unfortunately, the record of both species is very
scattered, and they are seldom reported in the literature. In particular,
Gartner (in Cita and Gartner, 1973) repor€dacutus in the basal
Zanclean of the Capo Rossello section, starting from 6 m above the
Messinian/Zanclean boundary, whereas he did not mention the pres-
ence ofT. rugosus. On the contrary, Rio et al. (1984) found a few
rugosusin the first 6 m of the basal Zanclean (again in the Capo Ros-
sello section), but they did not find aBGyacutus.
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Table 1. Calcareous nannofossil distribution chart of the uppermost M essinian and basal Zanclean in Hole 969B.
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Table 2. Calcareous nannofossil distribution chart of the uppermost Messinian and basal Zanclean in Hole 967A.
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Notes: Relative abundances are semiquantitative when in letters (see “Material and Methods” section [this chapter] for abundance keys) and quantitative when in numbers (number of specimeis/inta23e/oF. profunda is related to

100 specimens of all other species (see “Material and Methods” section [this chapter]). Abundance of gypsum crystalstaerate ploreiy qualitative estimates.
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Figure 2. Quantitative abundance pattern of selected nannofossil species in the basal Zanclean of Hole 969B. For explanation on analytical methods, see the

“Material and Methods” section (this chapter).

In this study, | found afew very well-preserved specimens of T.
rugosus (Pl. 1, Fig. 7) up to the topmost part of Section 160-969B-
11H-5 (last sample studied). Moreover, two specimens of C. acutus
(Pl. 1, Fig. 5) were found in Samples 160-969B-11H-6, 69-70 cm,
and 11H-6, 59-60 cm. Specimens of Ceratolithus sp. (probably C.
acutus) were also detected at Sections 160-967A-13H-2 and 13H-3
(seeTable 2). | did not observe specimens of D. quinqueramusin any
of the analyzed samples.

My biostratigraphic findings indicate that:

1. Contrary to what reported by Bukry (1973), Okada and Bukry
(1980), and Berggren et al. (1995a, 1995b) the LAD of T. rug-
osus and the FAD of C. acutus do not exactly coincide, a de-
tectable overlap being present in the basal Zanclean. Thisisin
good agreement with what reported by Backman and Raffi
(1997) from the Ceara Rise.

2. The FAD of C. acutus is probably the best approximation of
the Messinian/Zanclean boundary, in terms of nannofossil bio-
stratigraphy.

Other data obtained in the present study seem promising from bio-
stratigraphic and chronostratigraphic points of view. In particular, the
presence of rather numerous specimens of Helicosphaera intermedia
(in samples with virtually no reworking) in the basal Zanclean of
Holes 969B and 967A is rather surprising (Pl. 2, Fig. 5). Asfar as|
know, this typical Miocene species has never been reported in the
basal Pliocene. | suggest to investigate further the upper part of the
stratigraphic range of H. intermedia, whose LAD may prove useful
asasubsidiary tool for the identification of the basal Zanclean.

Another unusual morphotypeis a Reticul ofenestra sp. with circu-

that its stratigraphic range is restricted to the basal Zanclean, but it
obviously needs further investigation.

Paleoceanography and M echanism
of Sapropel Formation

The following focuses on sediments from Hole 969B in which
five sapropel layers were recovered in the basal Zanclean. There were
no sapropel layers recovered from this stratigraphic interval in Hole
967A.

Florisphaera profunda

Table 1 and Figure 2 show the abundancE.gdfrofunda in the
basal Zanclean of Hole 969B. It is clearly evident that this species has
an abundance pattern strictly linked to the sapropel/nonsapropel pat-
tern. In fact, abundance peaks ©f profunda are present in all
sapropel layers, and particularly in the lower four (PI. 2, Fig. 1). It
should be emphasized that nannofossil assemblages within sapropels
are usually well preserved, often better than the normal underlying
and overlying pelagic marls (see also Muller, 1978, 1985; Violanti et
al., 1991; Castradori, 1993). Therefore, | consider the quantitative
pattern of~. profunda detected in these sediments as a genuine prod-
uct of abundance variations in the primary nannoplankton popula-
tion. F. profunda shows some abundance fluctuations also in sedi-
ments from Hole 967A (Table 2; Fig. 3) that are not directly related
to any peculiar sedimentological features.

Discoaster and Amaurolithus

lar outline and overall dimensions of ~6—8 um (Pl. 2, Fig. 2). This

morphotype is abundant throughout Sections 160-969B-11H-5 and Abundance variations of théiscoaster and Amaurolithus
11H-6 and in Sections 160-967A-13H-2 through 13H-4. | was nogroups, as well as of their different species, are reported in Tables 1
able to find reports of this species in the literature. This may meaand 2 and Figures 2 and 3.
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Figure 3. Quantitative abundance pattern of selected nannofossil species in the basal Zanclean of Hole 967A. For explanation on analytical methods, see the

“Material and Methods” section (this chapter).

Discoaster spp. are present in very high abundances (up to 300,
and usually >100 specimens/mm?), especially when compared to cor-
responding values obtained in the Western Mediterranean (our data,
ODP Sites 975 and 978) and in the Tyrrhenian Sea (Rio et a., 1990).

Generaly spesking, Discoaster variabilis is the most abundant
species throughout. Discoaster pentaradiatus, D. surculus, and D.
brouweri are often well represented, the latter two particularly in sed-
iments from Hole 967A.

In sediments from Hole 969B, there seems to be a connection be-
tween increased total Discoaster abundance and the sapropel layers,
particularly the lower two sapropels of Section 160-969B-11H-5.
Probably more obviousisthe presence of abundance peaksof D. pen-
taradiatus within the two sapropels of Section 160-969B-11H-6 and
in the lower two of Section 160-969B-11H-5. D. variabilis shows

Coccolithus pelagicus

On a semiquantitative basis, the abundance variations of this spe-
cies show distinctive features. First of all, this species seems general-
ly less abundant in the Eastern than in the Western Mediterranean
(Mdller, 1985; our data, ODP Sites 975 and 978). Moreover, intervals
of remarkably low abundances are recorded. In sediments from Hole
969B, two intervals of strongly decreased abundance coincides with
the lower sapropel of Section 6 and with the lower sapropel of Sec-
tion 5. In Hole 967A, an interval of almost complete absend@ of
pelagicus was detected from Samples 160-967A-13H-2,9%4cm,
up to 13H-1, 2729 cm (uppermost sample studied).

Summary

negative excursions in the same layers, both as “absolute” number

per mni (Table 1) and as a percentage of[Bligcoaster assemblage

(Fig. 2).
With abundance values up to 18 specimens/mmaurolithus

The analytical results outlined above provide important insights
on the mechanism of sapropel formation. The only species that shows
an abundance pattern clearly related to the sapropel pattenores

spp. are much more abundant than in corresponding intervals of tfienda. In addition,D. pentaradiatus andC. pelagicus seem partially
Tyrrhenian Sea (Rio et al., 1990) and of the Western Mediterraneaensitive to the mechanism of sapropel formation.

(our data, ODP Sites 975 and 978). No straightforward relationship is The abundance peaks f profunda suggest a genetic relation-
noted between abundance variations of this group and the saprop#iip between the basal Zanclean sapropels and those of mid-Pleis-

pattern.

Scyphosphaera spp.

tocene to Holocene age (Castradori, 1993). In both cases, the in-
creased abundance Bf profunda is interpreted as a result of the
presence of a DCM, that is of enhanced primary production in the
lower part of the photic zone. The DCM forms as a result of de-

Tables 1 and 2 record the semiquantitative abundance variatiomseased salinity of surficial waters in the source area of the Mediter-

of this taxonomic group (PI. 2, Figs=8and 67). It can be noted ranean Intermediate Water (MIW), near Turkey (Rohling and
thatScyphosphaera spp. are always well represented, and often abunGieskes, 1989). This reduced salinity is caused by higher than normal
dant, in the Zanclean sediments. Relative abundance of this groupnoff of the Nile River (Rossignol-Strick, 1985) and enhanced pre-
was also noted in ODP Site 132 (Raffi and Rio, 1979), whereas it hadpitation over the land bordering the Levantine Basin to the east
sporadic occurrences in the basal Zanclean of the Capo Rossello séRehling and Hilgen, 1991) at times of increased seasonality in the
tion (Rio et al., 1984). No easily discernible relation is observed beNorthern Hemisphere (i.e., perihelion in the boreal summer; see
tween the abundance variations and the sapropel/nonsapropel pRbhling, 1994, for a review). This reduced salinity would cause a
tern. shoaling (up to the lower part of the photic zone) of the pycnocline
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separating the MIW from the overlying surficial waters. Thisrising Discoaster group, and particularlip. pentaradiatus, showing warm-
determines the upward mixing of new nutrients into the lower photic water preferences; Backman and Pestiaux, 1987, Thunell et al.,
zone (where F. profunda lives), with the development and mainte- 1991a) or a low primary production in the upper part of the photic
nance of a DCM. In such a setting, primary production is mainly zone (theDiscoaster as a group being an indicator of oligotrophic
“new” production, which greatly increases the export of organic mateonditions; Chepstow-Lusty et al., 1989), or even both conditions. In
ter from the photic zone (e.g., Legendre and Le Fevre, 1989; Epplefact, in the DCM model, the increased primary production is confined
1989). Therefore, the abundancd-oprofunda is a proxy for the in-  to the lower part of the photic zone, whereas the upper layers may be
creased export of organic matter from the photic zone. characterized by relatively low primary production and may be also

From studying calcareous nannofossils that live in the upper palty higher temperatures (at least in summer). The latter would be re-
of the water column, no conclusion can be reached about the deveponsible for the observed decreased abundan€eg@fgicus, this
opment of anoxia in the bottom waters. In my opinion, anoxia, conspecies being a well-known cold-water indicator (e.g., Mcintyre and
sidered the primary mechanism of sapropel formation by many auBé, 1967; Mcintyre et al., 1970; Geitzenauer et al., 1976).
thors (see “Background and Objectives”), may have played an impor- The relatively high abundances $fyphosphaera spp. recorded
tant role, in particular for the formation of those sapropels with a nan the present study and in the Western Mediterranean (Raffi and Rio,
so high organic carbon content (according to Rohling, 1994). How1979; our data, ODP Sites 975 and 978) are of problematic interpre-
ever, the abundance variationsFofprofunda demonstrate that in- tation. Unfortunately, the paleoecology of this group is largely un-
creased primary production is an important factor, and probably thenown. However, it seems to show a preference for neritic, near-
triggering mechanism, for the formation of (most) sapropel layers. shore environments (Perch-Nielsen, 1985).

The abundance pattern of tBescoaster group and ofCocco- Very preliminarily, it may be suggested that the high abundance
lithus pelagicus suggests an interesting relationship between thef this group may have originated during the earliest times of the Zan-
sapropel/nonsapropel pattern in the basal Zanclean of ODP Hotdean transgression, when the basically honmarine environments
969B and the limestone-marl couplets that characterize the timgharacterizing most of the Mediterranean area were rapidly trans-
equivalent Trubi Formation widely outcropping in Sicily and Cala-gressed by the incoming waters, which gave rise for a while to widely
bria (Southern Italy). distributed neritic environments. Then, scyphosphaerids may have

The couplets of the Trubi Formation are unanimously thought troliferated, at least for a short time interval, in the overlying open-
reflect the periodicity of the Earth precession cycle (2&Lk.y.) marine sediments.

(e.g., Hilgen, 19914, 1991b; Thunell et al., 1991a, 1991b). However,
the mechanism through which the astronomical signal is transferred
into the sedimentary record is far from clear. CONCLUDING REMARKS

According to De Visser et al. (1989), the marl is the product of
higher fertility and temperature of the surficial waters (withessed by The analytical data presented here allowed me to characterize the
increased abundance Néogloboguadrina acostaensis, lower 6120, uppermost Messinian sediments and provide some constraints on the
and higher Barium content) at times of increased runoff. The marlsorrelation of the Messinian/Zanclean boundary outside the Mediter-
were considered by these authors as the “equivalent” of the saprope#ean by means of calcareous nannofossils.
characterizing the Monte Narbone Formation, overlying the Trubi in  The more interesting outcome of this paper is probably the possi-
Sicily and Calabria (see also Lourens et al., 1996). On this assumpility to apply the DCM model of sapropel formation to the basal
tion, Hilgen (1991a, 1991b) proposed his astronomically calibratedanclean. In this scenario, enhanced export of organic matter toward
time scale, where marl layers (in the Trubi) and sapropels (in ththe seafloor results from an increased primary production in the lower
Monte Narbone) are correlated with periods of increased seasonalipart of the photic zone (DCM). As for mid-Pleistocene to Holocene
in the Northern Hemisphere (perihelion in the boreal summer at timesapropels (Castradori, 1993), the abundance variatiofspobfun-
of maximum eccentricity). da are of key importance, even in the basal Zanclean, as a proxy of a

On the contrary, Thunell et al. (1991a, 1991b) interpreted thsimilar scenario. Since the DCM model has been applied also to the
limestones (and not the marls) as the result of increased primary primrmation of late Pliocene and early Pleistocene sapropels (Lourens
duction connected with localized upwelling phenomena in the Mediet al., 1992) and, very recently, of late Miocene sapropelites outcrop-
terranean region. They indicated the abundanc&aigerina bul- ping on Crete (Nijenhuis et al., 1996), it appears that the same mech-
loides, benthic foraminifersCoccolithus pelagicus (indicating cold  anism may have triggered the formation of most sapropel layers in
upwelled waters), and small placoliths as the results of the increas#te sedimentary record of the Mediterranean area.
primary production in the limestones, whereas abunGéottiger-
inoides spp. andiscoaster spp. (particularhyD. pentaradiatus) and
scarcity of benthic foraminifers would be the result of warm water ACKNOWLEDGMENTS
and lower productivity.
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Plate 1.1, 2. Large twin crystals of gypsum; 9%5Sample 160-967A-14X-1, 72-75 cm; (1) parallel light; (2) crossed ni&ols.Twin crystals of gypsum;
975%. Sample 160-969B-11H-7, 40-42 cm; (3) parallel light; (4) crossed ric@eratolithus acutus Gartner and Bukry; 976 Sample 160-969B-11H-6, 69—
70 cm; crossed nicol$. “Anomalous” abundance @&phenolithus spp. (mostlyS. gr. abies/moriformis); 975x. Sample 160-967A-14X-1, 54-57 cm; crossed
nicols. 7. Triquetrorhabdulus rugosus Bramlette and Wilcoxon; 976 Sample 160-969B-11H-5, 3-5 cm; parallel light.
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Plate 2. 1. Abundance of Florisphaera profunda Okada and Honjo (small, grey, polygonal calcite plates) in a sapropel layer; 975%. Sample 160-969B-11H-5,
91-93 cm; crossed nicol. Reticul ofenestra sp., with circular outline; 928 Sample 160-969B-11H-6, 19—20 cm; crossed niBal8. Different morphotypes
of Scyphosphaera spp.; al 975%. Sample 160-969B-11H-6, 124-126 cm; parallel lightlelicosphaera intermedia Martini; 975%. Sample 160-969B-11H-5,
91-93 cm; crossed nicol. Reticul ofenestra pseudoumbilicus Gartner; 978. Sample 160-969B-11H-5, 3-5 cm; crossed nicols.
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