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32. PLIOCENE-PLEISTOCENE CALCAREOUS NANNOFOSSIL DISTRIBUTION PATTERNS IN
THE WESTERN MEDITERRANEAN!

D. Rio,? I. Raffi,’ and G. Villa3

ABSTRACT

The distribution patterns of stratigraphically important calcareous nannofossils have been established in the Plio-
cene-Pleistocene of Site 653 sequence (Tyrrhenian Sea, Western Mediterranean). Semiquantitative and quantitative
methods have been used to verify and improve biostratigraphic reliability of the nannofossil datums. Over twenty cal-
careous nannofossil events are considered reliable for biostratigraphic correlations based on the results of this study.
Many of these events are not used in the existing zonal schemes, which rely, for the early Pliocene, upon events not eas-
ily detectable in the Mediterranean record. The need for a local zonal scheme is stressed for attaining a reproducible and
highly resolved biostratigraphic classification. The zonal scheme we suggest provides an average time resolution of
about 0.5 m.y. in the Pliocene and of about 0.2 m.y. in the Pleistocene.

INTRODUCTION

During Leg 107 of the Ocean Drilling Program (ODP), the
JOIDES Resolution reoccupied the area of the rotary-drilled
Deep Sea Drilling Project (DSDP) Site 132, located on a bathy-
metric terrace (Cornaglia Basin) in the Tyrrhenian Sea (Fig. 1).
The sequence retrieved at DSDP Site 132 has been extensively
studied (Cita, 1973; Raffi and Rio, 1979; Thunell, 1979) and
is the most continuous Pliocene-Pleistocene deep-sea sequence
available in the Western Mediterranean. The sequence repre-
sents a reference standard for the Italian mainland sections,
which are the basis for Pliocene-Pleistocene stratigraphy.

Two holes (653A and 653B), located less than a kilometer
from DSDP Site 132, were cored using the hydraulic piston
corer (HPC) in order to recover a more complete record of this
sequence for high-resolution biostratigraphic and paleoenviron-
mental studies.

In this chapter we report the results of a quantitative study
of the distribution patterns of calcareous nannofossils in closely
spaced samples from Holes 653A and 653B. Our aim is to ad-
dress the problem of calcareous nannofossil biostratigraphic clas-
sification and resolution of the Pliocene-Pleistocene marine rec-
ord of the Mediterranean region.

It is well known that during the Pliocene and Pleistocene
the Mediterranean region acted as a distinct planktonic biogeo-
graphic province (Thunell, 1979; Berggren, 1984). Hence, re-
gional biostratigraphic schemes have been developed for plank-
tonic foraminifers by Cita (1973; 1975) and for calcareous nan-
nofossils by Schmidt (1973), Miiller (1978), Ellis (1979) and Raffi
and Rio (1979). However, having been less affected by provin-
cialism, calcareous nannofossils allow a fairly precise correla-
tion between the Mediterranean regional schemes and the “stan-
dard” zonations of Martini (1971) and Okada and Bukry (1980)
(Fig. 2). Therefore, they are the best suited fossil group for cor-
relating the local Mediterranean with the extra-Mediterranean
records.

Although the Mediterranean zonal schemes differ in termi-
nology, stratigraphic resolution and boundary definitions, the
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Figure 1. Location map showing positions of Sites 653 and 652, and
DSDP Site 132.

ranking and spacing among most calcareous nannofossil events
in the Mediterranean Pliocene-Pleistocene sequence is well es-
tablished (Rio et al., 1984).

Our goal is to test, as objectively as possible, the events used
in Figure 2 and others reported in the most recent literature in
the Site 653 sequence, in order to reconcile the various schemes
and to improve stratigraphic resolution and reliability.

The results will serve as a stratigraphic framework for the pa-
leoclimatic evolution of the Western Mediterranean, because
magnetostratigraphic studies could not be carried out on this se-
quence (J. Channell, pers. comm., 1987).

STRATEGY

The calcareous nannofossil assemblages change through time
because of evolutionary appearances (first appearance datums,
or FADs) and extinctions (last appearance datums, or LADs) of
taxa, and because environmental changes cause migrations (first
occurrences, or FOs and last occurrences, or LOs) and fluctua-
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Figure 2. Calcareous nannofossil datum events and zonations proposed in the Mediterranean area compared with the “standard” zonations of Martini (1971) and Okada and Bukry (1980) for the
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PLIOCENE-PLEISTOCENE CALCAREOUS NANNOFOSSIL DISTRIBUTION PATTERNS

tions in presence and abundance of taxa (termed increase, acme,
dominance, and absence) in different biogeographic provinces.
Such floral changes, when distinct and correlatable, can serve as
biostratigraphic events.

The Pliocene and Pleistocene were times of highly unstable cli-
matic conditions and rapid evolutionary turnover in the calcare-
ous nannoplankton. As a result, we have a large set of charges in
the calcareous nannofossil assemblages which can be used for
the purpose of biostratigraphic correlation. A list of the Plio-
cene-Pleistocene events, used for this purpose by different au-
thors is reported in Table 1.

There have been recent discussions concerning the reliability
of biostratigraphic events (Gradstein et al., 1985). Indeed, the
most crucial aspect of a biostratigraphic event, which best qual-
ifies its reliability, is its reproducibility in different sequences
and among different authors. Reproducibility, and hence relia-
bility of an event, is dependent upon the following factors:

l: the unambiguity of the taxonomic definition of the index
species;

2. the distribution patterns of the index species, particularly
its abundance and continuity and its mode of appearance and
extinction;

3. distortions of the stratigraphic record due to reworking,
sediment mixing, and taphonomic exclusion;

4. operational procedures such as sample collection (i.e.,
drilling disturbance, field, and laboratory contamination) and
different methods of data collection and event definition;

5. ecologic and biogeographic requirements of the index spe-
cies which control its distribution and, therefore, the traceabil-
ity and synchroneity of the event.

In order to test and to improve the reliability of biostrati-
graphic events we have tried to minimize the above problems by
adopting the following strategy:

1. We use biometric definitions whenever possible for taxa
affected by taxonomic problems. Biometry can sometimes be
cumbersome and impractical, but in our specific case we will
show that plane size measurements can provide a basis for un-
equivocal biostratigraphic events; whenever events are defined
by taxonomically difficult species (like Pseudoemiliania lacu-
nosa FAD), they are scored as second order events.

2. We produce quantitative and semiquantitative data on the
distribution patterns of the taxa listed in Table 1 in order to eval-
uate abundance, continuity, and modes of appearance and ex-
tinction of these index species. Backman and Shackleton (1983)
have shown that quantitative or semiquantitative data allows es-
timation of the noise level in the stratigraphic record that results
from reworking or operational procedures (i.e., downhole con-
tamination, caving, etc.).

3. We provide an operational and quantitative definition of
individual biostratigraphic events. Such definitions have seldom
been used in nannofossil biostratigraphy. Indeed when applied,
for example, to the LAD of P. lacunosa and the FAD of E. hux-
leyi (Thierstein et al., 1977), they prove to be extremely useful.
For this operational definition the above-mentioned distribu-
tion features are essential. In proposing event definitions our
concern was to develop methods which can be consistently ap-
plied by other biostratigraphers in different geologic settings.

A special comment is in order concerning the traceability
and synchroneity of biostratigraphic events. Traceability of cal-
careous nannofossil events is generally very good because they
can be recognized in different facies of the Mediterranean re-
gion (Rio et al., 1984; Rio et al., in press; Glagon et al., this

Table 1. List of calcareous nannofossils which have
been used for biostratigraphic correlations and classi-
fication in the Pliocene-Pleistocene (listed top to bot-
tom from oldest to youngest).

Triquetrorhabdulus rugosus LAD
Ceratolithus acutus FAD

Ceratolithus rugosus FAD

Amaurolithus primus LAD

Amaurolithus tricorniculatus LAD
Helicosphaera sellii FO

Discoaster asymmetricus FCO

Discoaster tamalis FAD

Sphenolithus neoabies Acme end
Amaurolithus delicatus LAD
Pseudoemiliania lacunosa FAD

Discoaster pentaradiatus (beginning paracme sensu Driever)
Rericul " P d\ "Tfm LAD
Sphenolithus spp. LAD

Discoaster pentaradiatus (end paracme sensu Driever)
Discoaster tamalis LAD

Discoaster surculus LAD

Discoaster pentaradiatus LAD

Discoaster triradiatus increase

Discoaster brouweri LAD

Gephyrocapsa oceanica s.1. FAD
Calcidiscus macintyrei LAD
Gephyrocapsa spp. >5.5 um FAD
Helicosphaera sellii LAD

Gephyrocapsa spp. >5.5 pum LAD

small Gephyrocapsa spp. (beginning dominance)
small Gephyrocapsa spp. (end dominance)
Gephyrocapsa sp. 3 FAD

Pseudoemiliania lacunosa LAD

Emiliania huxieyi FAD

Emiliania huxleyi increase

volume). Synchroneity, when verified, transforms a biostrati-
graphic event into a tool of biochronological age evaluation
(Berggren and Van Couvering, 1978). The most objective way of
evaluating synchroneity of a biostratigraphic event is through
calibration with magnetostratigraphy (Berggren et al., 1985) or
stable isotope stratigraphy (Thierstein et al., 1977). At Site 653
we can verify synchroneity of calcareous nannofossil events by
means of oxygen isotope stratigraphy. Unfortunately it is not
possible to calibrate the bioevents to magnetic stratigraphy. A
test of the synchroneity of events not directly calibrated to the
oxygen isotope record has been carried out by utilizing a modi-
fied “Shaw diagram” technique (see Appendix).

METHODS

The distribution of the taxa listed in Table 1 (except for Emiliania
huxleyi) were determined by light microscope technique (normal light
and crossed nicols). Preparation of smear slides for light microscope ex-
aminations followed standard procedures. A small amount (5-10 mm?)
is smeared onto a glass slide, using a drop of water and a flat toothpick.

Data were collected by guantitative and semiquantitative methods.
The application of quantitative methods to calcareous nannofossil bio-
stratigraphy has been discussed at length by Backman and Shackleton
(1983) and we have largely implemented their approach in our work.

The frequency of a species in a fossil assemblage depends on a com-
plex interplay among species productivity, terrigenous or other micro-
fossil dilution and dissolution. These factors have different effects on
detecting the stratigraphic distribution of index species in different fa-
cies and they must be considered in selecting reproducible counting meth-
ods. Also important is a reasonable balance between time involved in
counting and the resultant benefits.

In this work we have applied and tested three different counting
methods: (1) index species vs. the total assemblage; (2) index species vs.
a fixed number of taxonomically related forms; (3) number of speci-
mens of the index species in a prefixed area of a slide. These are detailed
in the following sections.
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Counting the Index Species vs. the Total Assemblage

This is the most objective method and it has been applied by Thier-
stein et al. (1977) to the P lacunosa LAD and the E. huxleyi FAD. It al-
lows the confidence level of detecting a species to be specified depending
on its frequency in the original population and on the sample size (Den-
nison and Hay, 1967). Normally, we have restricted counts to 500 speci-
mens, which results in a probability of greater than 99% that a taxon
will be encountered, if its true relative abundance in the population is
< 1% (Crow et al., 1960). This method is independent of terrigenous or
other microfossil dilution, and it is relatively easy to perform in most
samples. On the other hand, it presents the drawback that rare, but per-
haps biostratigraphically important taxa (i.e., ceratolithids and discoas-
terids in the Mediterranean) will not be detected. Furthermore, when
samples are affected by dissolution, the frequency data can be strongly
biased by increasing the relative abundance of resistant species.

Counting the Index Species vs. a Fixed Number of Taxonomically
Related Forms

This method was introduced by Backman and Shackleton (1983) for
monitoring the H. sellii LAD, which was evaluated relative to a prede-
termined number of helicolithids, and for the A. delicatus LAD, which
was evaluated relative to a predetermined number of ceratolithids. This
method can only be applied when the reference group is well repre-
sented. By assuming that the reference group had similar preservational
and ecological prerequisites, we can consider this method to be indepen-
dent of preservation state, dilution, and paleoecological exclusion. Fur-
thermore, the total number of specimens considered allows for the de-
tection of events in both common and relatively rare species.

In the present work we have applied this method extensively because
of these advantages (i.e., increase of sample size examined and indepen-
dence of facies).

Counting the Number of Specimens of an Index Species in a
Pre-fixed Area of the Slide

This method was applied by Raffi and Rio (1981) for evaluating the
abundance patterns of ecologically significant taxa (C. pelagicus, B.
bigelowii, etc.) and extensively used by Backman and coworkers in es-
tablishing the biochronology of Pliocene and Pleistocene calcareous nan-
nofossil datum planes. It involves the counting of all specimens of a se-
lected taxonomic unit in a predetermined number of fields of view at a
specified magnification. The abundance data are expressed relative to
the unit area of slide examined (number of specimens per square milli-
meter).

This method, which is very convenient, is better viewed as semiquan-
titative, but Backman and Shackleton (1983) have shown that it can pro-
vide surprisingly accurate data. However, it is clear that this method is
influenced by the preparation technique (density of the material on the
glass slide), and by dissolution and terrigenous dilution.

In the case of a pelagic sequence yielding virtually undissolved as-
semblages, as is the case for Site 653, this method provides the best
combination of accuracy and rapidity for data collecting. Counts ob-
tained by this method have been shown by Backman (1986) to be roughly
proportional to the productivity of the species of interest, in cases where
dissolution had negligible influence on accumulation. We will often re-
fer to the counts produced by this method as “productivity curves.” We
have applied this method to most index species and, when cross-checked,
it shows to provide data comparable with those collected with the pre-
vious two methods. However, it is unsuitable for comparing data from
pelagic and terrigenous sequences and our operational definitions thus
are based on the first and second methods.

Material

A total of 355 samples were examined for the present study, of which
350 are from Core 107-653A-1H through Core 107-653A-23X, with 5
samples from Core 107-653B-23X. The correlation between Holes 653A
and 653B is based on the end of the Sphaeroidinellopsis spp. acme (R.
Sprovieri, pers. comm., 1987).

A maximum sample spacing of 70 ¢cm was used for those intervals
where no biostratigraphic events occurred. This sample spacing repre-
sents roughly 25-30 k.y. based on the accumulation curve presented in
Figure 11. However, for most of the sequence, and particularly at criti-
cal intervals (i.e., close to biostratigraphic events, across chronostrati-
graphic boundaries and climatic thresholds) the sample spacing was
from 40 to 10 cm, representing a time interval shorter than 10 k.y.
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RESULTS

The results obtained by the different counting methods out-
lined above are illustrated in Figures 3, 4, 5, 7, and 9. In the fol-
lowing sections we discuss the events listed in Table 1 in the light
of the patterns presented in these Figures. The stratigraphic po-
sitions of these events are reported in Table 2.

Discoasters

Discoasterids are important constituents of the Pliocene cal-
careous nannofossil assemblages, and the succession of discoas-
ter events (mainly LADs) was established at the very beginning
of calcareous nannofossil biostratigraphy (Gartner, 1969; Bukry,
1973). Recently, Backman and Shackleton (1983), and Backman
and Pestiaux (1987) have established a precise chronology of
Pliocene discoaster evolution.

Graphs for the following Discoaster species have been plot-
ted: D. brouweri, D. triradiatus, D. pentaradiatus, D. surculus,
D. intercalaris, D. asymmetricus, D. tamalis, and D, variabilis.

These species do not present any taxonomic problems and we
have followed the species concepts of Backman and Shackleton
(1983). Most specimens included in Discoaster spp. have not
been classified for preservational reasons and some of them rep-
resent undescribed endemic Mediterranean species.

The usefulness of discoasters in the Mediterranean has been
questioned because of their alleged low abundance, especially
late in their Western Mediterranean range.

We have plotted, for all discoaster categories listed above,
both a “productivity curve” (Fig. 3) based on scanning an area
of 4.15 mm?, and the percentages of the single Discoaster spe-
cies within a total count of 100 discoasters (Fig. 4).

The “productivity curves” represent the better picture of the
stratigraphic distribution patterns of the species of interest. Al-
though fundamental for locating the true appearance and ex-
tinction levels of species, we have defined Discoaster events on
the basis of abundance in order to achieve a better reproducibil-

Table 2. Summary of the position of calcareous nannofossil
events at Site 653,

Core, section, Depth
Event interval (cm) (mbsf)
E. huxleyi increase 1H-3, 25 2H-1, 60 3.70 + 0.50
E. huxleyi FAD 3H-2, 60 3H-2, 120 15.60 + 0.30
P, lacunosa LAD 4H-5, 25 4H-5, 60 29.12 + 0.17
Gephyrocapsa sp. 3 FAD  TH-6, 25 TH-6, 59 58.92 + 0.17
Top small Gephyrocapsa 7TH-6, 25 TH-6, 59 58.92 + 0.17
Gephyrocapsa spp. 8H-3, 120 8H-4, 25 64.97 + 0.27
>5.5 um LAD
H. sellii LAD 8H-4, 25 8H-4, 58 65.42 + 0.17
Gephyrocapsa spp. 9H-3, 60 9H-3, 100 73.80 + 0.20
>5.5 um FAD
C. macintyrei LAD 10H-1, 60 10H-1, 75 80.27 + 0.08
G. oceanica s.1. FAD 10H-4, 120 10H-5, 25 85.50 + 0.27
D, brouweri LAD 11H-1, 25 10H-6, 100 88.70 + 0.60
D. pentaradiatus LO 13H-2, 120 13H-3, I5 110.60 + 0.20
Discoaster decrease/ 13H-3, 58 13H-3, 100 111.49 + 0.20
D. surculus LAD
D. asymmetricus LAD 14H-1, 60 14H-1, 100 118.10 + 0.20
D. tamalis LAD 14H-2, 25 14H-2, 60 119.22 + 0.17
D. pentaradiatus 17H-1, 60 17H-1, 100  146.40 + 0.20
end paracme
Sphenolithus spp. LAD 17H-5, 25 17H-5, 60 152,00 + 0.17
R. pseudoumbilica LAD 18H-1, 120 18H-2, 25 156.60 + 0.27
D. pentaradiatus 18H-2, 100 18H-3, 24 158.00 + 0.37
beginning paracme
P. lacunosa FAD 19H-1, 120  19H-2, 25 165.60 + 0.27
A. delicatus LAD 19H-2, 25 19H-2, 60 166.02 + 0.17
D. tamalis FAD 19H-3, 25 19H-3, 63 167.50 + 0.17
D. asymmetricus FCO 19H-4, 100  19H-5, 25 169.90 + 0.37
Amaurolithus spp. LCO 21H-2, 120 2]1H-3, 25 186.17 + 0.13
H. sellii FAD 21H-3, 120 21H-4, 25 187.67 + 0.27
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ity in the terrigenous Italian mainland sections. However, the se-
lected definitions are virtually the same for each of the two ap-
proaches.

The “productivity curves” indicate that this group is consis-
tently present in the Mediterranean Pliocene record, although
its abundance is much lower than in low-latitude sediments.
This statement is supported by the comparison with Backman
and Shackleton’s curves (1983). While these authors counted as
many as 500-700 discoasters per mm? in their slides of low-lati-
tude sediments, we counted a maximum of 100 discoasters per
mm? (Fig. 3). However, as expected, the productivity of discoas-
ters in the Western Mediterranean was higher than in the north-
ern North Atlantic DSDP Site 552 (compare our data in Fig. 3
with data in fig. 1 of Backman et al., 1986).

The total accumulation of Discoaster species (Fig. 3) shows
short-term fluctuations within the frame of long-term fluctua-
tions. Similar fluctuations were observed in the subtropical and
northern Atlantic by Backman and Pestiaux (1987) and attrib-
uted to changes in the Earth’s orbital parameters. The Western
Mediterranean record shows some differences from the pattern
evidenced in the subtropical Atlantic, where short-term fluctua-
tions are overprinted on a general trend of decreasing abun-
dances with decreasing ages. In contrast, in the Mediterranean
the total abundance of discoasters increases in the mid-Plio-
cene.

A common feature of the Mediterranean, subtropical, and
northern North Atlantic discoaster “productivity” records is the
sharp decrease in abundance in the late Pliocene. Backman and
Pestiaux (1987) associated this event with the onset of major
Northern Hemisphere glaciation.

It is significant that at Site 653 the drop in discoasters corre-
sponds with a permanent enrichment of '*0 in planktonic for-
aminifers (Vergnaud-Grazzini et al., this volume).

After the sharp decline in abundance at about 2.4 Ma, disco-
asters (represented by D. brouweri and D. triradiatus) are ab-
sent during long intervals. A similar pattern has been observed
by Backman and Pestiaux (1987) in the northern North Atlantic
DSDP Site 552. It is tempting to correlate the presence of inter-
vals of D. brouweri to migration events during times of climati-
cally favorable conditions.

Comments on individual discoaster biostratigraphic events
follow.

Discoaster asymmetricus and Discoaster tamalis

D. asymmetricus and D. tamalis are common elements of
discoasterids in the Mediterranean Pliocene (Figs. 3 and 4). Their
distribution provides two widely used bioevents: the first com-
mon occurrence (FCO) of D. asymmetricus, and the exit of D.
tamalis. Both events are used in many biostratigraphic schemes
(Fig. 2).

D. tamalis and D. asymmetricus are rare in the late Miocene
(Raffi and Rio, 1979). In the present work D. tamalis is not re-
corded in the early early Pliocene; D. asymmetricus is rare and
occurs in few samples, up to the latest part of the early Plio-
cene, at which point it is common and continuously present
(Figs. 3 and 4). Its first common and continuous occurrence
(FCO) is, therefore, an event that can be used for correlation
and classification. We define this event as the point at which D.
asymmetricus reaches a > 5% frequency in a count of 100 dis-
coasters.

This event has been directly calibrated to the magnetic rever-
sal time scale in Mediterranean Sites 652 and 654, where it oc-
curs just above the Cochiti subchron at an age of about 3.81-
3.85 Ma (Channell et al., this volume).

D. tamalis enters the stratigraphic record slightly above the
D. asymmetricus FCO, at a high level of abundance. In spite of
short absence intervals in the lower parts of its range (Figs. 3

and 4), it provides an easily detected event in the late early Plio-
cene. The D. tamalis FO is not used in the existing biostrati-
graphic schemes, but it is nonetheless useful in biostratigraphic
analysis.

Backman and Shackleton (1983), Backman and Pestiaux
(1987), and Backman et al. (1986) demonstrated that D. tamalis
and D. asymmetricus exhibit pronounced covariation in abun-
dance patterns during most of their ranges in the equatorial
Pacific (Core V28-179), the North Pacific (Core V32-127), the
northern North Atlantic (DSDP Hole 552A) and the subtropi-
cal North Atlantic (DSDP Site 606). A fair degree of covaria-
tion is also seen in the Western Mediterranean record (Figs. 3
and 4), reinforcing Backman and Pestiaux’s (1987) suggestion
that this pattern of covariation occurred on a global scale and
that a close taxonomic relationship probably existed between D.
tamalis and D. asymmelricus.

Also noteworthy is the good inverse correlation between D.
tamalis/D. asymmetricus and D. pentaradiatus (Figs. 3 and 4),
which suggests different ecologic preferences. Considering Buk-
ry’s (1981) paleobiogeographic data, it is easy to infer a warm-
water preference to D. pentaradiatus and a cooler-water prefer-
ence to D. tamalis/D. asymmetricus.

D. asymmetricus and D. tamalis become extinct simultane-
ously in our sequence, although in the upper parts of their
ranges they are not abundant, being subordinate to D. pentara-
diatus in the discoaster population.

We consider the exit of D. ramalis to be a good biostrati-
graphic event in the Mediterranean, and is defined as the de-
crease of the species to less than 2% in our 100-discoaster counts.
A close sampling interval is necessary to properly detect this
event because, in some samples just below the extinction, D. fa-
malis is absent or very rare (Figs. 3 and 4).

Discoaster surculus and Discoaster pentaradiatus

D. surculus and D. pentaradiatus appeared in the late Mio-
cene and became extinct in the late Pliocene. Both the D. surcu-
lus LAD and the D. pentaradiatus LAD are used in many bio-
stratigraphic schemes (Fig. 2), although their mutual relation-
ship is debated. In many oceanic areas D. surculus disappears
slightly earlier than D. pentaradiatus, allowing the definition of
the NN17 Zone of Martini (1971) and of the CNI2c subzone of
Okada and Bukry (1980). In the Mediterranean the two events
have been detected very close to each other, making the recogni-
tion of the above biostratigraphic interval impossible (Miiller,
1978; Ellis, 1979; Raffi and Rio, 1979).

At Site 653, D. surculus ceases to be continuously present at
11.40 mbsf in coincidence with the drop in abundance of other
discoasters. In the next overlying sample (110.60 mbsf), which
contains very few discoasterids, D. pentaradiatus is still present
in high percentage relative to other discoasters. Immediately
above this level discoasterids are very rare. It is virtually impos-
sible to decide if the few specimens of D. surculus and D. penta-
radiatus recorded in this interval are indigenous or reworked.

For practical purposes of performing stratigraphic correla-
tions, the exits of D. surculus and D. pentaradiatus can be con-
sidered simultaneous in the Mediterranean and coincident with
a significant drop in the discoaster abundance. These features
provide a biostratigraphic signal which is easily correlatable and
which coincides with an enrichment in 6'®0 in planktonic fora-
minifers (Vergnaud Grazzini et al., this volume), thus suggesting
a correlation with the onset of the Northern Hemisphere Glaci-
ation (Shackleton et al., 1984).

In the northern North Atlantic DSDP Hole 552A, Backman
and Pestiaux (1987) found the exit of D. surculus in conjunction
with the first pulse of ice-rafted material at about 2.4 Ma, and
the exit of D. pentaradiatus in conjunction with a second cycle
of ice-rafting. We can speculate that this climatic event might
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have excluded the upper part of D. pentaradiatus’s range from
the Mediterranean record.

Discoaster pentaradiatus Paracme

Driever (1981) noted that D. pentaradiatus shows a peculiar
distribution in the Mediterranean, being virtually absent at the
transition between the early and late Pliocene. On the basis of
this feature, he defined a “D. pentaradiatus paracme Zone”
which is nicely detected in our plots (Figs. 3 and 4). Although,
we do not use the beginning and the end of the D. pentaradiatus
paracme in our zonation, we consider both these events as use-
ful for very fine biostratigraphic subdivision, as they were ob-
served in all the Mediterranean sections thus far investigated in
detail (Driever, 1981; Rio et al., in preparation).

Discoaster brouweri and Discoaster triradiatus

D. brouweri is the last representative of the discoasterids in
the late Pliocene, and its extinction (Ericson et al., 1963) is used
in all the low- and middle-latitude zonations. Its utility in the
Western Mediterranean and in the high-latitude areas has been
questioned by some authors (i.e., Miiller, 1978). Our plot indi-
cates that D. brouweri is actually discontinuously present, at
low levels of abundance, in the late Pliocene. In the intervals
where it is present, up to 20-30 specimens occur per mm?. This
is a much greater abundance than Ceratolithus rugosus and
Amaurolithus delicatus in the early Pliocene. Its discontinuous
presence is easily detected, provided that the sampling intervals
are close and the terrigenous dilution is not overwhelming.

The last occurrence of D. brouweri has been directly cali-
brated in the Mediterranean to the magnetic reversal time scale
in southern Italy (Backman et al, 1983) and at Site 652 (Chan-
nell et al., this volume) as occurring very close to the base of the
Olduvai subchron, at an estimated age which approximates that
found low latitudes (Fig. 11 and Table 3). We see no reason to
exclude it from the biostratigraphic classification of the Western
Mediterranean, although it represents a more difficult datum to
detect in the stratigraphic sequence.

It has been long known that the three-rayed variety of D.
brouweri (D. triradiatus) became particularly abundant late in
the species’ range (Takayama, 1970). Backman and Shackleton
(1983) introduced a datum defined by the increase in the pro-
portion (>20%) of D. triradiatus relative to D. brouweri. The
age of this event at DSDP Site 606 (North Atlantic) was esti-
mated by Backman and Pestiaux (1987) to be 2.07 Ma.

‘We have produced a plot of the percentages of D. triradiatus
vs. D. brouweri throughout the Pliocene (Fig. 4). It can be seen
that this form is more common in the Mediterranean than at
DSDP Site 606, and the event is not as distinct as in extra-Medi-
terranean areas. Nevertheless, continuous high abundance is typi-
cal of the latest parts of D. brouweri’s range. We tentatively use
the increase above 40% of D. triradiatus relative to D. brouweri
as a biostratigraphic event in the Mediterranean. This is the only
definition which is unequivocal in the Western Mediterranean
record. The interpolated age of the D. triradiatus increase de-
rived in the Appendix compares well with that estimated by
Backman and Pestiaux (1987) in the Northern Atlantic (Table 3).

The D. triradiatus increase is herein considered a secondary
event in the Mediterranean, but it can be useful for subdividing
the long interval between the drop in abundance of discoas-
terids and the D. brouweri final exit.

At Site 653 D. ftriradiatus becomes extinct with D. brou-
weri, as it does in extra-Mediterranean sequences (Backman and
Shackleton, 1983).

Discoaster variabilis

D. variabilis is not used in the biostratigraphic classification
of the Pliocene. In the low-latitude oceanic sediments it be-
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comes extinct in the late Pliocene (Bukry, 1973). At Site 653 it
shows a peculiar distribution, being virtually restricted to the
early Pliocene (Figs. 3 and 4). It becomes particularly abundant
with the entrance of G. puncticulata and becomes practically
absent with the entrances of D. tamalis and D. asymmetricus,
in an interval of strong turnover in the calcareous nannofossil
assemblage.

Early Pliocene Coccolith Datum Events

In this section we discuss the early Pliocene datums based on
all calcareous nannofossils, other than discoasterids, listed in
Table 1. Quantitative distribution patterns of these nannofossils
are illustrated in Figure 5.

Triguetrorhabdulus rugosus

Triquetrorhabdulus rugosus extinction has been used by
Okada and Bukry (1980) as a secondary event to recognize the
CN10a/CN10b subzonal boundary, which is defined primarily
by the C. acutus FAD. T. rugosus has not been found at Site
653, but it has been reported in the Mediterranean basal Plio-
cene (MPI 1) at Capo Rossello section (Rio et al., 1984) and at
Capo Spartivento section, Calabria, and Site 652 (I. Raffi, un-
publ. data).

Ceratoliths

The ceratholithid group provides the main events used in the
standard zonations for subdividing the latest Miocene and the
early Pliocene: Ceratolithus acutus FAD, C. rugosus FAD and
Amaurolithus delicatus LAD.

The group is poorly represented in the Western Mediterra-
nean (Fig. 5). In the early early Pliocene Amaurolithus spp.
(represented by the three species A. delicatus, A. primus, and
A. tricorniculatus) are fairly continuous, albeit in low abun-
dance (maximum value = 3 Amaurolithus spp. per mm?; see
Fig. 5). Above this level, A. tricorniculatus and A. primus dis-
appear and A. delicatus is detected in discrete intervals at very
lowzleve[s of abundance (maximum value = 0.5 specimens per
mm-).
Raffi and Rio (1979) subdivided the NN12-NN13 interval
using the end of the fairly continuous presence of Amaurolithus
spp. and the drop in its abundance (coincident with the final
exit of the rare A. primus and A. tricorniculatus). They pro-
posed this assemblage change instead of the C. rugosus FAD
(the original definition of the NN12/NN13 boundary) because
the nominate species is scattered and in very low frequency in
the Western Mediterranean (Fig. 5). In the samples where we de-
tected its presence, the frequency is less than 0.01% of the total
assemblage, making it barely useful for biostratigraphic classifi-
cation.

It is also noteworthy that we have detected the first C. rugo-
sus close to the G. puncticulata entrance in the Mediterranean.
The latter event has been directly calibrated in the Mediterra-
nean to the polarity time scale (Zijderveld et al., 1986; Channell
et al., this volume) as occurring at the top of the Nunivak sub-
chron, at an estimated age of about 4.13 Ma. In oceanic areas
the C. rugosus FAD has been placed within in the Thvera sub-
chron (Haq and Takayama, 1984) at an age of about 4.6-4.7 Ma.
It is not surprising, therefore, that the first occurrence of C. ru-
gosus in the Mediterranean appears to be a migration event,
strongly diachronous with respect to the open ocean.

The last occurrence of rare A. delicatus is recorded between
the D. asymmetricus FCO and the R. pseudoumbilica LAD
(Fig. 5), in the same stratigraphic position suggested by Martini
(1971). However, considering its very low frequency and scat-
tered occurrence, we also regard this event as poorly reproduc-
ible in standard analysis and not useful for biostratigraphic clas-
sification.
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Summarizing, within the ceratholith group, the only strati-
graphic event which seems consistently detectable and reproduc-
ible is the drop in abundance, continuity and species diversity of
Amaurolithus, which occurs close to the G. puncticulata en-
trance (Fig. 5). However, recognition of this event is somewhat
subjective, and we consider it a secondary event. It is be useful
as supplementary evidence for locating the H. sellii FAD, which
we use in subdividing the time interval corresponding to NN12-
NN13.

Helicosphaera sellii FAD

Helicosphaera sellii has a distinct morphology (Gartner,
1977), though care must be taken with its identification because
of its small size. It is reported in literature (Haq, 1973; Perch-
Nielsen, 1985) as appearing in the late Miocene. However, we
have not detected its presence in the lower lower Pliocene at Site
653. It is also apparently absent in onshore Italian sections of
this age (i.e., the Capo Rossello section, Rio et al., 1984) and in
Sites 652 and 654 (Glagon et al, this volume).

H. sellii enters the Tyrrhenian Sea’s stratigraphic record close
to the appearance of G. puncticulata and the end of the com-
mon presence of Amaurolithus spp. We consider its appearance
as a FAD datum (Fig. 5), but it could represent a migration
event (FO) if the specimens reported from the Miocene are con-
firmed as belonging to the same species. We define the FAD of
H. sellii as the increase of the species to a frequency > 1% in a
counting of 100 helicolithids. Since helicolithids are a common
constituent of the Mediterranean Pliocene, this counting is gen-
erally easily performed in sediments of different facies, and we
propose the present event as the best available in the Western
Mediterranean to subdivide the long interval corresponding to
NNI12-NN13.

Pseudoemiliania lacunosa FAD

P, lacunosa’s entrance in the stratigraphic record is not nor-
mally used in the existing calcareous nannofossil biostratigraphic
schemes, except in the Raffi and Rio (1979) scheme in which
it is proposed as a substitute event for the R. pseudoumbilica
LAD. The rationale for this proposal is that the R. pseudoum-
bilica LAD is not easily recognized in Italian mainland sections,
which are generally affected by strong reworking. Raffi and Rio
(1979) considered the P. lacunosa FAD as slightly postdating the
R. pseudoumbilica LAD. Data presented here (Fig. 5) indicate
that the two species overlap for a detectable stratigraphic inter-
val, since P. lacunosa appears with low frequency between the
D. asymmetricus FCO and the R. pseudoumbilica LAD.

The species concept for P lacunosa followed in this work is
the same as discussed in Raffi and Rio (1979). The detection of
the appearance of this taxon is not easy, because it is rare and it
can be confused, in poorly preserved material, with small- to
medium-size reticulofenestrids. It becomes abundant and more
easily recognizable close to the extinction level of R. pseudoum-
bilica. We consider the P. lacunosa FAD as a second order event
and we do not use it in our emended zonation (Fig. 2). However,
we maintain that its common presence is a useful biostratigraphic
indicator in terrigenous sediments in Italy, where reworking can
extend the range of R. pseudoumbilica above its extinction level.

It is noteworthy that the P lacunosa FAD at Site 653 occurs
in the same biostratigraphic position and at the same interpo-
lated age recognized in eastern North Atlantic DSDP Site 397
(see Fig. 11 and Table 3).

Reticulofenestra pseudoumbilica

The LAD of R. pseudoumbilica (Gartner, 1969) is used in all
stratigraphic schemes proposed for the Mediterranean region
(Fig. 2). Raffi and Rio (1979) used it as a secondary event be-
cause R. pseudoumbilica is commonly found as reworked above
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its true extinction level. Most probably the detection of this
event is also complicated by different species concepts of R.
pseudoumbilica among different authors. Overall size of the
placolith is a critical parameter in the species definition within
the reticulofenestrids. In the literature the dividing line in size
between R. pseudoumbilica and other smaller representatives of
the group generally is drawn between 5 and 6 um (Haq and
Berggren, 1978; Backman, 1980).

However, Raffi and Rio (1979) and Backman and Shackleton
(1983) have noted that only the extinction of the forms larger
than 7-8 um is a distinct event at the end of the early Pliocene,
while the smaller forms (5-6 pm) survived (their range and final
extinction has not been established so far). Biometric results on
reticulofenestrids on selected samples from Site 653 nicely docu-
ment this (Fig. 6). Utilizing the biometric definition outlined
above, the LAD of R. pseudoumbilica is an excellent event in
the Mediterranean region, provided that reworking is minimal
or that it can be filtered out by quantitative evaluations. As the
best reproducible definition of the R. pseudoumbilica LAD, we
propose the drop in frequency of the species below 2% of the
total assemblage in a counting of 500 specimens of nannofos-
sils.

The R. pseudoumbilica LAD in extra-Mediterranean sections
has been calibrated as occurring in the late Gilbert Chron by
Rio (1982) and Backman and Shackleton (1983). In Site 652 this
event also occurs in the late Gilbert (Channell et al., this vol-
ume). At Site 653 the R. pseudoumbilica LAD has an interpo-
lated age of about 3.52 Ma (Table 3) and thus seems a synchro-
nous event over widely separated areas.

Sphenoliths

Generally, the Pliocene sphenoliths are referred to the species
S. abies and S. neoabies, both of which are present in our re-
cord. However, no attempt has been made to split our specimens
at specific levels, since they appear to have a synchronous ex-
tinction. Normally, it is the final extinction of the genus which
is used in biostratigraphy. This makes the event unaffected by
any taxonomic problems. Besides the final extinction of the ge-
nus, Ellis (1979) used the end of the acme of S. neoabies as a
boundary event in the Eastern Mediterranean (Fig. 2).

Sphenoliths are well represented in the Mediterranean, show-
ing abundance values which are, in some intervals, of the same
order of magnitude as those recorded by Backman and Shackle-
ton (1983) in the Tropical Indian Ocean (Core V20-163) and
Equatorial Pacific Ocean (DSDP Site 504). However, the “pro-
ductivity curve” of the sphenolithids shows strong variability,
which seems to be cyclic in the early early Pliocene. A drop in
the total abundance of this group occurs close to the D. asym-
metricus FCO. This drop is in the same stratigraphic position as
the end of the S. neoabies acme of Ellis (1979), and it is coinci-
dent with a major change in the calcareous nannofossil assem-
blage.

Our graph shows that the last sphenoliths survived the R.
pseudoumbilica exit for a short time interval (about 0.1 m.y.),
as they did in the Indian and Pacific Oceans (Backman and
Shackleton, 1983). At the end of their range sphenoliths are not
abundant and are actually absent in few samples. A possible op-
erational definition for the LAD of Sphenolithus spp. is the
drop of their frequency below 1% of the total assemblage in a
count of 500 calcareous nannofossil specimens (Fig. 5).

Pleistocene Datum Events

Calcareous nannofossils offer a high degree of stratigraphic
resolution of the Pleistocene series (Fig. 2). A significant im-
provement of the Martini (1971) biostratigraphic classification
of the Pleistocene was introduced by Gartner (1977), who pro-
posed 7 biozones for this time interval. In the following discus-
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sion we will show that at least 8 datum lines, often recognized
by multiple events, are easily detected in the Mediterranean al-
lowing for the recognition of 9 biozones (Figs. 7 and 10). The
stratigraphic resolution seems to be further refinable on the ba-
sis of additional local events not fully explored in this work.
It should be noted that the biostratigraphic resolution provided
by calcareous nannofossils for the Pleistocene is probably un-
matched by any other fossil groups and it is the highest available
at the present for the entire Phanerozoic time scale.

Gephyrocapsids

Gephyrocapsids were important elements in both open-ocean
and neritic calcareous nannofossil assemblages during the Pleis-
tocene, when they underwent major evolutionary changes. In
spite of their abundance, wide geographic distribution and rapid
evolution, gephyrocapsids have been contradictorily used by dif-
ferent authors for biostratigraphic classification, because their
small size (2-8 pm) makes it difficult to establish their taxon-
omy with the optical microscope (Perch-Nielsen, 1985). It has
been shown by Rio (1982), Rio et al. (in press), Williams et al.
(1988) and Raffi (in preparation) that the overall size of gephy-
rocapsids, a feature which is easily and objectively detected with
an optical microscope, does represent a plane morphometric pa-
rameter, which can be used to consistently correlate lower Pleis-
tocene sequences from geographically distant areas.

The biometrically based definitions of the gephyrocapsid
group proposed by Rio et al. (in press) has been followed here,
splitting the group into four categories: (1) gephyrocapsids <3.5
pm in size labeled “small Gephyrocapsa;” (2) gephyrocapsids
>4 gm and <5.5 um in size, with an open central area, labeled
Gephyrocapsa oceanica s. l.; (3) gephyrocapsids >5.5 pm in
size labeled “large Gephyrocapsa;” (4) gephyrocapsids usually
4-6 pm in size with an open central area and a bridge nearly
aligned with the short axis of the placolith, here labelled Gephy-
rocapsa sp. 3 according to Rio (1982). The latter group is com-
parable to Gephyrocapsa parallela as illustrated by Takayama
and Sato (1987) and is similar to G. oceanica as used by authors
who attach significance to the bridge orientation for the defini-
tion of gephyrocapsids at specific levels. For illustrations of
each of these gephyrocapsid groups see Rio (1982).

Rio (1982), Rio et al. (in press) and Raffi et al. (in prepara-
tion) have shown that at least four events, widely recognized in
the Mediterranean and in many open-ocean sequences, can be
defined using the above groupings. These events are: (1) FAD of
G. oceanica s. 1. (event GO); (2) FAD of gephyrocapsids >5.5
pm (event LG); (3) LAD of gephyrocapsids > 5.5 um, which oc-
curs synchronously with a temporary disappearance of normal
sized Gephyrocapsa (G. oceanica s.1.) (event S1); (4) reentry of
normal-size Gephyrocapsa in association with the first entrance
of Gephyrocapsa sp. 3 (event S2). All four events listed above
are easily detected at Site 653 as illustrated in Figures 7 and 8.

We have produced for G. oceanica s.l. a “productivity” curve
(Fig. 7) and a frequency curve by counting 300 specimens of
placoliths of any genus larger than 3 um in size (Fig. 8). The two
curves, compared in Figure 8, show the same position for the
FAD of G. oceanica s.1. (GO event). It must be noted that G.
oceanica s.l. is very rare in its lower range but later becomes a
major element of the assemblage very close to the LAD of C.
macintyrei. The coincidence of the spreading of G. oceanica s.1.
with the LAD of C. macintyrei has also been noted in extra-
Mediterranean areas (Raffi et al., in preparation).

For monitoring the distribution of Gephyrocapsa spp. > 5.5
upm (large Gephyrocapsa) and Gephyrocapsa sp. 3, we have eval-
uated their percentage in a count of 100 Gephyrocapsa spp. >4
pm. Gephyrocapsa spp. >5.5 um are restricted to the early
early Pleistocene (Fig. 7). We define the FAD of Gephyrocapsa
spp. >5.5 um (LG event) as the increase of the nominate mor-
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photype above 1% in a count of 100 gephyrocapsids >4 pm.
The LAD of the same morphotype (S1 event) is defined as the
drop below 1% in the same count.

Coincident with the LAD of Gephyrocapsa spp. >5.5 pm is
the beginning of a fairly long interval of dominance of small
gephyrocapsids (<3.5um in size) which was reported by Gart-
ner (1977) in extra-Mediterranean sections and which is charac-
terized by the absence of Gephrocapsa >3.5 pm.

Gephyrocapsa sp. 3 enters the stratigraphic record at the top
of this interval and its FAD (S2 event) is useful for its recogni-
tion. Apparently Gephyrocapsa sp. 3 is distributed only over a
short interval in the Pleistocene (Fig. 7). Besides its first appear-
ance, its local exit from the Mediterranean may prove to be a
useful event to further subdivide the stratigraphic interval be-
tween the S2 event and the exit of P. lacunosa.

Gephyrocapsids represent a powerful biostratigraphic corre-
lation tool in this region because they are very abundant in hemi-
pelagic and terrigenous sediments of mainland Italy. A check of
the synchroneity of these Gephyrocapsa events in other areas in-
dicates that these events can be considered synchronous over
wide areas (Appendix, Table 3).

Calcidiscus macintyrei

Backman and Shackleton (1983) have shown that the LAD
of C. macintyrei is an excellent early Pleistocene event that is
isochronous over widely separated geographic areas. The species
may be confused with varieties of C. leptoporus and we believe
that the different extinction levels given in the literature for C.
macintyrei in comparison to the D. brouweri LAD (i.e., Back-
man and Shackleton, 1983 and Miiller, 1984) may be due to dif-
ferent species concepts used by various authors.

As with gephyrocapsids and R. pseudoumbilica, the overall
placolith size provides the criteria for objectively differentiating
C. macintyrei from the C. leptoporus group. The biometry of
the C. leptoporus-C. macintyrei group, in intervals close to its
extinction (Fig. 9), shows a bimodal distribution of the length
of the distal shield diameter. This indicates that, in order to be
stratigraphically useful, the C. macintyrei species concept must
be restricted to forms larger than 10 um in size. This is in agree-
ment with the suggestion made by Raffi and Rio (1979) and
Backman and Shackleton (1983).

We have examined the C. macintyrei distribution patterns by
determining its percentage within a 100-Calcidiscus count and
its total abundance in a pre-fixed area. The same extinction level
was determined from both approaches (Fig. 9). Accordingly, as
an operational definition for the extinction of C. macintyrei, we
propose a drop in its abundance below 1% in a 100-Calcidiscus
count.

The age deduced at Site 653 for this event is 1.49 Ma (Ap-
pendix); Backman and Shackleton (1983) estimated it at 1.45-
1.46 Ma. Considering that our age evaluation is obtained by in-
terpolating sediment accumulation rates over a long interval, we
conclude that the LAD of C. macintyrei is an accurate bioevent
also for biochronologic evaluation.

Helicosphaera sellii LAD

Backman and Shackleton (1983) demonstrated that this spe-
cies has a diachronous disappearance with latitude in open-ocean
sediments. Since helicolithids are generally very abundant in the
Mediterranean, the exit of H. sellii provides a strong stratigraphic
signal (Fig. 7). We have evaluated it by counting 50 helicolithids
and the exit of this species is distinct in our record as it is in
many other Mediterranean deep-sea (Glagon et al., this volume)
and Italian sections (Rio et al., in press). The H. sellii LAD can
be defined as the drop of the species below 1% in a count of 50
helicolithids. This event (Fig. 7) is practically coincident with
the Sl gephyrocapsid event (LAD of Gephyrocapsa spp. >5.5
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Figure 7. Abundance patterns of Pleistocene index calcareous nannofossils. See the text for a discussion of the counting methods used.

pm and the beginning of dominance of small Gephyrocapsa lacunosa also occurs at the top of stage 12 (Vergnaud-Grazzini
spp.). et al., this volume) and thus is synchronous with the open ocean.

Emiliania huxleyi

E. huxleyi is a small form which is more confidently recog-
At the beginning of its range P. lacunosa is represented by  nized with an electron microscope. Three stratigraphic events

small and somewhat difficult-to-recognize specimens. In the have been proposed:

Pleistocene it is represented by large forms, easily recognized

Pseudoemiliania lacunosa LAD

with the light microscope in well to moderately preserved mate- 1. The FAD of E. huxleyi occurs in oxygen isotope stage 8
rials. and is synchronous worldwide (Thierstein et al., 1977).
Thierstein et al. (1977) precisely defined the extinction da- 2. The reversal of dominance between G. caribbeanica and E.
tum of P. lacunosa as the midpoint of its decrease from 1% to huxleyi is time-transgressive and occurs in isotope stages 5b and
0% based on a count of 500 individual coccoliths. Our plot of 5a in tropical subtropical waters and in oxygen isotope stage 4 in
the latest part of P lacunosa’s range (Fig. 7) compares well with transitional waters (Thierstein et al., 1977).
the extinction patterns evidenced by Thierstein et al. (1977); we 3. The lowest level of dominant E. huxleyi was proposed by
have, therefore, followed their definition. The event has been Gartner (1977) as definition of the base of his “Emiliania hux-
proven to be globally synchronous, occurring within oxygeniso-  /eyi Acme Zone” and, most probably, corresponds to the same

tope stage 12 (Thierstein et al., 1977). At Site 653 the LAD of P event as the G. caribbeanica/E. huxleyi dominance reversal.
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We have monitored the range of E. huxleyi with a scanning
electron microscope (SEM), using standard techniques for prep-
aration. Figure 7 shows plots of the relative abundance of this
species based on counts of more than 300 individual coccoliths
per sample (following the methodology introduced by Thier-
stein et al., 1977). Our results compare very well with the ranges
of this taxon reported by Thierstein et al. (1977, figs. 2A and
2B), showing a lower interval of low frequency and discontinu-
ous occurrence, followed by a sharp increase from values below
10% to values above 20%.

In agreement with Thierstein et al. (1977), we define the FAD
of E. huxleyi as the midpoint of the slope of the initial increase
of E. huxleyi in 300 specimens counts. The E. huxleyi FAD oc-
curs at Site 653 late in oxygen isotope stage 8 as it does in extra-
Mediterranean areas (Thunell et al., this volume; Vergnaud-Graz-
zini et al., this volume).

‘We have not monitored the distribution of G. caribbeanica, a
difficult species to recognize both with the light and the electron
microscope, so we are unable to locate the reversal of domi-
nance between G. caribbeanica and E. huxleyi as defined by
Thierstein et al. (1977). However, in the figures of Thierstein et
al. (1977) this event is coincident with a marked increase in
abundance of E. huxleyi, which is evident in our plots. We de-
fine the “increase of E. huxleyi” event as the midpoint between
frequency values below and above 20%. This event is very clear
in our record.

The interval of dominance of E. huxleyi in the latest Pleisto-
cene and in the Holocene is easily detected with a light micro-
scope because of the larger size attained by E. huxleyi late in its
range. This event occurs in oxygen isotope substage 5b at Site
653 (Thunell et al., this volume) and is thus synchronous with
the tropical-subtropical region of the open ocean (Thierstein et
al., 1977).

BIOSTRATIGRAPHIC CLASSIFICATION

The above discussion of the calcareous nannofossil biostrati-
graphic events in the Mediterranean region indicates that we are
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provided with a large set of reliable events suitable for biostrati-
graphic classification and correlation. At least 14 events can be
used for zonal boundary definitions (Fig. 10) and at least 9
more events (reported as “other calcareous nannofossil events”
in Fig. 10) are useful in biostratigraphic interpretation.

Many of the events do not appear in the “standard” zona-
tions of Martini (1971) and Okada and Bukry (1980); those zo-
nations use early Pliocene ceratolithid events barely detectable
in the Western Mediterranean. As a result, some zonal bounda-
ries of the traditional schemes cannot be recognized in the Med-
iterranean, and the overall biostratigraphic resolution they pro-
vide is lower than that attainable by using a local biostrati-
graphic scheme (Raffi and Rio, 1979). We reiterate here the need
of such a local scheme and emend (Fig. 10) the zonation pro-
posed by Raffi and Rio (1979). A comparison with previous zo-
nations is reported in Figure 2.

Because we have already discussed at length the boundary
definition events and because Raffi and Rio (1979) discussed the
assemblages of the individual zones, we do not present formal
definitions for each zone (self-evident in Fig. 10); instead we
comment below on the main modifications introduced:

1. In the revised scheme the subzonal subdivisions are not
used since all proposed biostratigraphic intervals are easy to rec-
ognize in sediments of widely different facies.

2. The zonal terminology has been updated following recent
taxonomic revisions (i.e., Calcidiscus instead of Cyclococco-
lithus, Dictyococcites productus instead of Cyclicargolithus do-
ronicoides, etc.).

3. Some zonal boundary definitions have been slightly mod-
ified (Fig. 2). The only major changes involve the boundary be-
tween the “A. tricorniculatus Zone” and the “C. rugosus Zone,”
which is now defined by the H. sellii FAD, and the definition of
the “small Gephyrocapsa Zone” as discussed below.

4. In the latest Pleistocene-Holocene, the “Emiliania hux-
leyi Acme Zone” has been introduced and is equivalent to the
zone proposed by Gartner (1977).

5. In the early Pleistocene, the “large Gephyrocapsa Zone”
has been introduced. This interval is widely recognizable in Ital-
ian mainland sections (Rio et al., in press) and in many extra-
Mediterranean regions (Takayama and Sato, 1987; Williams et
al., 1988; Raffi et al., in preparation).

6. The emended zonation has been code-numbered (MNN
for Mediterranean Neogene Nannoplankton) adopting the exist-
ing and widely used numbering order of Martini (1971) (Figs. 2
and 10).

A special comment is in order concerning the “small Gephy-
rocapsa Zone” of our scheme. This interval corresponds to that
introduced by Gartner (1977), who defined its lower boundary
by the H. sellii LAD and its top by the end of dominance of
small Gephyrocapsa spp. A peculiar feature of this zone is that
normal-size Gephyrocapsa are virtually absent. The zone has
not been widely used, apparently because intervals with no nor-
mal-size gephyrocapsids occur at different stratigraphic posi-
tions within the Pleistocene.

This is also observed in our Pleistocene record (Fig. 7), in
which short absence intervals of normal-size gephyrocapsids are
detected. Furthermore, the LAD of H. sellii has been shown to
be diachronous in oceanic areas (Backman and Shackleton,
1983). We adopt a different definition for this zone which should
enable easier recognition: the base is defined by the S1 event,
which is primarily recognized by the exit of Gephyrocapsa spp.
> 5.5 pm, and secondarily (within the Mediterranean) by the H.
sellii LAD.

The top of the zone is primarily defined by the FAD of Ge-
Pphyrocapsa sp. 3, and it is also recognized by the reentrance of

normal-size gephyrocapsids after a fairly long absence interval.
We believe that the interval defined in this way is more easily
recognizable in both the Mediterranean and the open ocean, as
is evident from the data presented by Rio (1982), Takayama and
Sato (1987), Williams et al. (1988) and Raffi et al. (in prepara-
tion).

BIOSTRATIGRAPHIC RESOLUTION

The zonation we adopt (Figs. 2 and 10) is fairly detailed and
provides a high degree of stratigraphic resolution for the Plio-
cene and Pleistocene marine sedimentary record of the Mediter-
ranean. Accepting the biochronology calculated in the Appendix
and reported in Figure 10, the average duration of the adopted
zone is about 0.5 m.y. in the Pliocene and about 0.2 m.y. in the
Pleistocene. In the Pleistocene the only fairly long interval (about
0.5 m.y.) is the P lacunosa Zone. In addition, there are other
calcareous nannofossil events (reported in Fig. 10) which could
be used for further subdivision, once they have been shown to
be widely traceable in the Mediterranean region.

Integrating the events provided by calcareous nannofossils
with those provided by planktonic foraminifers, provides an ex-
traordinary high degree of stratigraphic resolution of the Medi-
terranean marine Pliocene-Pleistocene record (Fig. 10). Such a
framework is essential for further chronological refinements
which can be obtained by using repetitive and cyclic strati-
graphic signals, like rhythmic sedimentation patterns (Hilgen,
1987; Channell et al., in press) or proxy data of the climatic sys-
tem (paleontological or geochemical), which are characterized
by a much higher stratigraphic resolution.

CONCLUSIONS

We have presented quantitatively and semiquantitatively col-
lected data on the stratigraphic distribution patterns of impor-
tant coccoliths and discoasters in the Pliocene and Pleistocene
record of Site 653. These data allow us to critically evaluate var-
ious aspects of biostratigraphic events such as mode of appear-
ance and extinction, continuity of distribution and productivity,
all of which affect the reliability of the biostratigraphic events.
Data collected quantitatively are also useful in deciphering syn-
ecological and taxonomic relationships, evaluating background
reworking, and establishing accurate age evaluation of the events.
We have discussed the reliability of individual calcareous nan-
nofossil events used for zonal boundaries and we have proposed
operational definitions for each.

We have discussed briefly the biostratigraphic classification
and resolution obtainable in the Mediterranean record using cal-
careous nannofossils. Specifically, we have emended the bio-
stratigraphic scheme of Raffi and Rio (1979) by changing termi-
nology, modifying boundary definitions, and introducing two
new zones in the Pleistocene. It is evident that calcareous nan-
nofossils provide a high degree of biochronologic resolution by
means of nonrepetitive events, and as such provide an unequiv-
ocal time frame for further subdivision using physical, geochemi-
cal, or paleontological stratigraphic signals.

It is believed that through an integrated and holistic approach,
the late Neogene record of the Mediterranean can be resolved
with a resolution which is of the same order of magnitude as
that available in oceanic sediments of late Pleistocene age.
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APPENDIX
Accumulation Rate and Calcareous Plankton Biochronology

One of the reasons for hydraulic piston coring the Site 653 sequence
was to calibrate directly the Mediterranean calcareous plankton datums
with the geomagnetic reversal time scale (GRTS), in order to evaluate
their accuracy and synchroneity compared to exira-Mediterranean re-
gions, and thus to establish a sound biochronological framework for the
Mediterranean. Unfortunately, this goal was not accomplished because
of the very weak remanent magnetization of the recovered sediments (J.
Channell, pers. comm., 1987). Therefore, this direct approach to age
determinations for biostratigraphic datums could not be applied.

Vergnaud-Grazzini et al. (this volume) and Thunell et al. (this vol-
ume) have produced very detailed oxygen isotope stratigraphies, which
allow a sound age evaluation for three of the late Pleistocene events, the
P. lacunosa LAD, the E. huxleyi FAD, and the E. huxleyi dominance
event, and for the late Pliocene D. surculus LAD (see previous sections).
Furthermore, a direct calibration in the Mediterranean region of the po-
larity time scale with several calcareous nannofossil and planktonic fo-
raminiferal events has been achieved recently in some mainland Italian
sections (Backman et al., 1983; Zijderveld et al., 1986; Channell et al.,
in press; Rio et al., in press) and in Site 652 (Table 3 and Channell et al.,
this volume).

We are provided, therefore, with some age estimates to evaluate sedi-
ment accumulation rates, to interpolate ages of events not yet calibrated,
and to test their synchroneity with other regions. For this purpose, a
modified “Shaw diagram” has been prepared for this site (Fig. 11).
Shaw (1964) proposed this technique to compare sequences of paleonto-
logical events observed in two or more stratigraphic sections, and also
for testing the normality of the event scaling, changes in the sediment
accumulation rates, and stratigraphic completeness.

In the original format, a “Shaw diagram” is represented by a scatter
diagram in which the sequence of events in one section is compared to
the sequence of the events recorded in a section considered to be a stan-
dard reference. The best fit of the resulting scatter of homologous points
is called “line of correlation.” In the original formulation the technique
uses as scale units the depth or thickness of the wells or outcrop sec-
tions. For the present work we use the geological time scale as the refer-
ence section, and therefore we are comparing ages instead of strati-
graphic thickness. As a result, the “line of correlation” represents the ac-
cumulation rates of the considered sequence. Figure 11 was constructed
using the following steps:

1. We first chose well spaced datums, using both planktonic fora-
minifers and calcareous nannofossils whose age calibration was consid-
ered reliable. These calibration point events are marked with a circle in
Figure 11 and are reported in Table 3.

2. Thereafter we used the age estimates of intervening events (ob-
tained in the Mediterranean region or outside) which are reported in the
first and second column of Table 3. The scatter of the ages of these
events are reported in Figure 11 as horizontal bars.

3. Finally, we have visually traced a “line of correlation” which fits
all the ages considered (circles and horizontal bars in Fig. 11). It should
be noted that this is just one of several possible “lines of correlation” as
other regressions can be determined, although the resulting interpreta-
tion would not significantly affect our results.

As stated above, the “line of correlation” should be viewed as a sedi-
ment accumulation rate curve. This allows us to estimate ages of the
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Table 3. Biochronology of calcareous plankton events. The first two
columns list events discussed in the text and abbreviation codes used
to indicate the events in Figure 11. The third column shows direct
age calibration of the events to Geomagnetic Reversal Time Scale
(GRTS) or oxygen stable isotope stratigraphy from previous studies
(as indicated). The fourth column shows age calibration to the
GRTS at Site 652 (Channell et al., this volume). The fifth column
summarizes ages obtained at Site 653 (see Fig. 11) by interpolation
between selected calibration points (denoted CP in the table).

Site 652 Site 653
Code Event Age (Ma) Age (Ma) (Ma)
E.H.*  E. huxleyi increase 0.85-0.73*  0.85
E.H. E. huxleyi FAD 0.26" 0.26 CP
PL.T P lacunosa LAD 0.461% 0.46 CP
s2 Gephyrocapsa sp. 3 FAD ~ 0.90-0.95°  0.95

and end dominance
of small Gephyro-
capsa
Sl Base of dominance of
small Gephyrocapsa
and H. sellii LAD
L.G. Gephyrocapsa spp.

1.10-1.15°  1.10 CcP

1.29-1.34° 1,32

>5.5 pm FAD
C.M. C. macintyrei LAD 1.45-1.46° 1.49
G.0.  G. oceanica s.l. FAD 1.55-1.61°  1.62 cP
D.B. D. brouweri LAD 1.89° 1.80 1.83-1.87
Gl Globorotalia inflata FO 2.10
D.B.3  D. rriradiatus 2.07° 2.10
increase (>40%)
G.B.T G. bononiensis LO 2.35
D.D. Discoaster decrease 2.4 2.41-2.42 241CP
D.T. D. tamalis LAD 2.65-2.67°  2.54-2.56 2.60
S.S. S. seminulina LAD 3.05-3.109  2.03-3.04 3.02
G.B.B G. bononiensis FO 3.15-3.16 3.07
P2 D. pentaradiatus 3.27
end paracme
G.PT G. puncticulata LO 3.18-3.27 3127
SPH.  Sphenolithus spp. LAD  3.43-3.47° 3.35-3.36 3.41
R.P. R. pseudoumbilica LAD ~ 3.50-3.56° 3.50-3.60 3.52
Pl D. pentaradiatus 3.55
beginning paracme
P.L.B P lacunosa FAD 3.49-3.72° 3.74
A.D. A. delicatus LAD 3.65-3.85% 3.75
D.A. D. asymmetricus FCO 3.90° 3.83 3.84 CP
G.PB  G. puncticulata FO 4.13 4.09-4.11 4.13 CP
AM. Amaurolithus spp. LCO 4.13
H.S.B  H. sellii FO 4.16
GM.B  G. margaritae FO 4.65-4.66' 4.70-4.71  4.66 CP

Mote: Footnotes refer to references for age calibrations shown in the third col-
umn.

2 Thierstein et al. (1977).

b Rio et al. (in press).

¢ Backman and Shackleton (1983).

9 Rio et al. (1984).

€ Mazzei et al. (1979).

[ Zijderveld et al. (1986).

events other than those we have used as calibration points. We have esti-
mated the ages for the events reported in the horizontal axis of Figure
11, and these ages are summarized in Table 3. Age estimates derived in
this way have been used in the considerations made discussing the single
events in the previous sections.

The sediment accumulation rates in Site 653 appear quite constant
for the Pliocene and early Pleistocene, becoming significantly higher in
the middle and late Pleistocene. These findings are in agreement with an
increase in terrigenous input during the latter interval (Mascle et al., this
volume). The spacing between the D. brouweri LAD and the G. ocean-
ica s.1. FAD is very short when compared with previous age estimates
obtained in both the Mediterranean region, and a short hiatus exists be-
tween these two events that bracket the Pliocene-Pleistocene boundary.
Since this hiatus seems to be missing in the DSDP Site 132 sequence,
and since it occurs between two cores, it is most probably related to me-
chanical recovery problems.
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Figure 11. Sediment accumulation curve at Site 653. See the Appendix and Table 3 for explanations and abbreviations of events. Foraminiferal da-
tums are derived from Glagon et al. (this volume).
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