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ABSTRACT

In this chapter I report the study by light microscope of the distributions of the Gephyrocapsa complex in sections
from widely separated oceanic areas and from the Mediterranean region. Even using an informal non-Linnaean tax-
onomic approach based on size, I was able to trace substantial successive morphologic changes, which allow correla-
tions to be made between Mediterranean reference sections and oceanic records.

In particular, I found that small representatives of the genus appear as early as the top of lower Pliocene, near the
top of the NN15 Zone of Martini's Standard Zonation. After a short bloom near the Tabianian/Piacenzian boundary,
recorded in all the sections investigated in different water masses, Gephyrocapsae became scarce or absent, being most
abundant in terrigenous and hemipelagic sections. Sometimes they were common in the nannoflora assemblage in the
uppermost Pliocene, becoming the dominant forms in the Pleistocene.

During the upper Pliocene-lower Pleistocene, they underwent marked morphologic changes, which could be observed
by light microscopy. A trend toward larger size in the lower Pleistocene is evident and is stratigraphically useful. Forms
larger than 6 µm seem to be restricted to lower Pleistocene.

Another important morphologic change concerns the alignment of the diagonal bar with the short axis in the
placolith. In normal-sized forms, this feature is reached only in the mid-Pleistocene, after Gartner's "small Gephyro-
capsae Zone."

The paleomagnetic stratigraphy of DSDP Holes 502B and 503 B allows the calibration of appearance time for these
different morphologic groups. Small Gephyrocapsae together with P. lacunosa appear in the upper part of the Gilbert
(near 3.5-3.6 Ma), which is the most probable age for the Tabianian/Piacenzian boundary.

Normal-sized Gephyrocapsae (labeled here G. oceanica s. 1.) appear at the top of the Olduvai Event. In the Italian
sections, including the Vrica section, a stratotype of the Plio/Pleistocene boundary, this event is recorded just above the
base of the Pleistocene. An approximate age of 1.6-1.7 Ma is therefore estimated for the Plio/Pleistocene boundary.
This is in agreement with the recent finding of Globorotalia truncatulinoides truncatulinoides in the Mediterranean
Pliocene (Sprovieri et al., in press; Rio et al., in preparation).

On the basis of the Gephyrocapsa evolution, I assigned ages to the Mediterranean lower Pleistocene marine stages
(ages are approximate): Santernian, 1.6-1.7 to 1.3 Ma; Emilian, 1.3-1.2 Ma. The Sicilian base is at about 1.1-1.2 Ma,
whereas the top has not yet been defined; it should occur, however, shortly after the end of the Jaramillo.

INTRODUCTION

One of the major goals of stratigraphy is to establish
an International Geochronologic Scale. It is supposed to
provide the standard time framework for unravelling
the geologic history of Earth and a worldwide basis for
the sake of intra- and interdisciplinary communication
and understanding in the scientific community. In order
to establish such a scale, different steps and procedures
are required; these have been extensively discussed in
the recently published International Stratigraphic Guide
(Hedberg, 1976) and widely accepted.

A basic principle stated by the Guide is the stratotype
concept that the only and best objective and perma-
nently stable basis for defining a point and/or interval
in geologic time is an established point and/or interval
in a sequence of continuously deposited rock strata
(Hedberg, 1978).

The chronostratigraphic units of Pliocene and Pleis-
tocene in the International Geochronologic Scale have
been defined in Italy, where they were first introduced.
The practical value and utility of these units depend on
the extent and accuracy with which the interval or point

Prell, W. L., Gardner, J. V., et al., Init. Repts. DSDP, 68: Washington (U.S. Govt.
Printing Office).

in time, defined in the stratotype sections, can be iden-
tified in the extra-Mediterranean record.

The aim of time correlating stratotypes with other
geologic records may be achieved by different methods
(Hedberg, 1978). Among these, planktonic-microfossil-
based biostratigraphy is the most currently used, since,
because of the irreversible course of organic evolution,
it provides time indicative nonrepetitive events.

Planktonic foraminifers and calcareous nannofossils
are the only microfossils present in the Mediterranean
geologic record in sufficient quantity to be used for
long-distance correlations. It is well known that during
the late Neogene and Pleistocene, Mediterranean plank-
tonic foraminiferal fauna shows a strikingly different
makeup than in the oceans (Thunell, 1979). When plank-
tonic foraminifers were the only available fossils, this
always complicated time correlations and, consequently,
the application of the Mediterranean-based stages/ages
of Pliocene and Pleistocene, until some years ago. It is
sufficient to recall here the endless arguments concern-
ing the Plio/Pleistocene boundary (see Haq et al., 1977,
and Pelosio et al., 1980), as a consequence of the dif-
ferent distribution of Globorotalia truncatulinoides in
Mediterranean and oceanic records.

With the development of global stratigraphic schemes
based on calcareous nannofossils, we could finally hope
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to solve the problem by means of phytoplankton, less
affected than foraminifers by provincialism.

Actually, although all the important nannofossil in-
dex species occur in the Mediterranean, some important
groups like discoasters and ceratoliths are exceedingly
scarce, especially in the Mediterranean onland record,
where the stratotypes are defined. Furthermore, in most
Italian onland sections, a strong reworking makes the
evaluation of the last appearance datum (LAD) of some
species uncertain and not very reliable. Not surprisingly,
therefore, the LADs of important index species, like
that of Discoaster brouweri in the proposed Plio/Pleis-
tocene boundary stratotype of Le Castella (cf. Smith,
1969, and Bandy and Wilcoxon, 1970), are highly incon-
sistent in the Italian reference sections.

Both reworking and ecological control have forced
paleontologists (Rio, 1974; Gartner, 1977a; Haq et al.,
1977) to rely upon the first appearance datum (FAD) of
forms like Pseudoemiliania lacunosa and Gephyrocap-
sae, which are normally neglected in the biostratigraphic
subdivision of the extra-Mediterranean regions. In par-
ticular, the Gephyrocapsa complex, owing to a fairly
high environmental tolerance, occurs in great abun-
dance in Italian sections, where other commonly used
index species, like discoasters, are scarce or absent. Fur-
thermore, since they underwent morphologic evolution
during the critical late Pliocene-Pleistocene interval, Ge-
phyrocapsae represent the most promising taxa for bio-
stratigraphic subdivisions and correlations on the basis
of FAD datums, thus overcoming the uncertainties in-
troduced by reworking.

These potentially useful taxa, however, cannot be ade-
quately exploited at the moment, because discrepancies
in taxonomy and nomenclature make it difficult to use
the data obtained by different authors in extra-Mediter-
ranean sequences.

In* order to overcome this difficulty, I decided to
compare the distributions of Gephyrocapsae in sections
from widely separated oceanic areas with those of the
Mediterranean region, using the same taxonomic ap-
proach. In this chapter, I also discuss evolutionary trends
within the Gephyrocapsa genus and the bearing of the
data on the definition and age of the Plio/Pleistocene
boundary and on the chronostratigraphic classification
of the lower Pleistocene.

GEPHYROCAPSA COMPLEX:
PREVIOUS WORK AND TAXONOMY

This group of placoliths, ascribed by Perch-Nielsen
(1971) to the Prinsiaceae family and by Hay (1977) to
the Gephyrocapsaceae family, poses serious taxonomic
and nomenclature problems, starting with the definition
of the genus. According to most authors, the genus is
restricted to placoliths, characterized by a bridge or a
diagonal bar in the central area (e.g., Gartner, 1977b;
Raffi and Rio, 1979; Haq et al., 1977). Others (e.g.,
Bukry, 1973b; Pirini Radrizzani and Valleri, 1977) con-
sider the rim structure, form, and crystallography as
primary characteristics and consequently also ascribe to
this genus other small coccoliths with the same general
structure but lacking the central diagonal bar.

In this chapter I follow the majority of researchers
and consider as belonging to the genus only placoliths
(generally 2 µm to 8 µm in size) characterized by a bright
distal shield and a bright diagonal bar in the central area
of the light microscope. Accordingly, the species Gephy-
rocapsa doronicoides (Black and Barnes) (Bukry, 1973b),
Gephyrocapsa producta (Kamptner) (Bukry, 1973b), and
Gephyrocapsa reticulata Nishida, 1971, which lack the
diagonal bar, are not assigned to the genus.

Taxonomic and nomenclature problems are much
more complicated at the species circumscription level,
especially for light microscope users. They are due ei-
ther to the small size, so that many species are character-
ized by features barely recognizable by light micros-
copy, or to different classification criteria. Among the
small species difficult to identify confidently with the
light microscope, are Gephyrocapsa aperta Kamptner,
1963; G. ericsonii Mclntyre and Be, 1967; G. protohux-
leyi Mclntyre, 1970; G. mediterranea Pirini Radrizzani
and Valleri, 1977; G. florencia Lohman and Ellis, 1981;
G. kamptneri Deflandre and Fert, 1954; and G. crassi-
pons Okada and Mclntyre, 1977.

For all these species as well as for others not described,
Gartner (1977b) proposed that the label "small Gephy-
rocapsae" be adopted by light microscope users. In-
deed, at the moment this seems the most realistic possi-
bility in practical biostratigraphy, although small Ge-
phyrocapsae are highly variable. Combined light and
electron microscope studies, like those carried out by
Proto Decima and Masotti (in press), may in the future
allow us to distinguish different species among them
even by light microscopy.

In light microscopy studies and, more generally, for
biostratigraphic purposes, two species are commonly
cited: G. oceanica Kamptner, 1943, and G. caribbeanica
Boudreaux and Hay, 1967 (in Hay et al., 1967). Both
present distinct problems (see Gartner, 1972, 1977b).

G. oceanica indicates, according to all researchers, a
Pleistocene age, but the criteria used to identify it, either
by light or electron microscopy, are rarely specified and
may have varied from one observer to the other. As a
matter of fact, the earliest appearance of this species has
been inconsistently placed on the time scale: Bukry (1975)
locates it at 0.9 Ma; Gartner (1977b), between 1.65 and
1.51 Ma; and Haq et al. (1977), at a mean age of 1.57
Ma.

The literature itself reveals contradictions concern-
ing, for instance, the orientation of the diagonal bar,
which is variable according to Gartner (1977b) and Buk-
ry (1973b) and according to Hay and Beaudry (1973) is
at a less than 20° angle with the short axis.

Furthermore, according to Kamptner's original de-
scription (1943) as well as to other important citations
(see Gartner, 1972), the minimum size of this species is
2.4 µm. It seems evident that Gephyrocapsa oceanica,
because it is less than 3 µm and thus barely recognizable
in the light microscope, will be clustered within the
"small Gephyrocapsa group" by light microscope users,
causing serious errors when range charts obtained by
electron and by light microscope are compared.

G. caribbeanica was described by electron micro-
scope by Boudreaux and Hay (in Hay et al., 1967), who
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rely heavily for species recognition on the number of
shield elements, orientation and structure of the bridge,
and the central area. All these features are difficult to
identify by light microscope and, not surprisingly, have
not always been used as criteria by investigators for
recognizing this species (Gartner, 1972, 1977b). Look-
ing at the literature, one gains the impression that many
authors use this species label to include all Gephyro-
capsa forms that cannot be identified as G. oceanica
(see Gartner, 1977a).

Besides G. oceanica and G. caribbeanica, two other
species are often recorded in light microscope studies:
G. omega and G. lumina, introduced by Bukry (1973b).
They can be distinguished by light microscope, but be-
cause they are gradational forms of G. oceanica, which
occur generally in the population, they are considered
variants of G. oceanica Kamptner by Gartner (1977b).

OBSERVATIONAL TECHNIQUE
AND TAXONOMIC APPROACH

In undertaking this study, a basic choice had to be
made on which observational technique to use: electron
or light microscope. In spite of the small size of the
Gephyrocapsa group, I decided to use the light micro-
scope, which for ease of preparation, speed of detection
and identification, and availability to most workers
under any working condition has become the standard
technique in nannofossil paleontology applied to stra-
tigraphy. Obviously, this technique has serious draw-
backs for the taxonomic approach. In fact, since light
microscope resolution is limited to about 1.5 µm, syste-
matic criteria generally used for species identification
(number of elements and cycles, thickness, structure,
and orientation of the diagonal bar) are meaningless to
a light microscope user.

Because of these drawbacks I disregarded current
classifications and adopted for the range charts a sim-
ple, informal, non-Linnaean classification based solely
on characteristics easily recognizable by light micro-
scope. Size is the feature easiest to follow in the light
microscope and has the advantage of leaving little room
for subjectivity. Accordingly, and mainly on the basis
of this single feature, I subdivided the Gephyrocapsa
complex into, (1) small Gephyrocapsae, lumping all
forms less than 3.5 µm in size (Plate 1, Figs. 1-8,10); (2)
Gephyrocapsa oceanica s.l., lumping all forms between
3.5 and 5.5 µm, with a distinct and open central area
(Plate 1, Figs. 9, 11-16; Plate 2, Figs. 1-3; Plate 3, Figs.
1-10); and (3) large Gephyrocapsae, lumping all forms

6 µm (Plate 2, Figs. 4-12).
Gephyrocapsa forms 3.5-5.5 µm, with a small, closed

central area often difficult to recognize, are considered
to belong to G. caribbeanica s.l.; their distribution has
not been studied in detail.

SCOPE AND MATERIAL
The aim of this chapter is to investigate whether the

Gephyrocapsa complex can be used for the biostrati-
graphic classification of the marine geologic record and
for age correlations in the Pliocene-Pleistocene interval.

For this purpose, I observed and critically compared
the distribution of the Gephyrocapsa complex in Medi-
terranean sections with that in widely separated oceanic
areas (Atlantic, Pacific, Caribbean [Fig. 1]). The se-
quences are listed in Table 1. For general information
on these sections, the reader should examine earlier
work and work in progress (Table 1).

ZONAL CONCEPTS
Because the sections to be analyzed came from dif-

ferent latitudes and reflected different water masses and
depositional settings, it was not possible in some cases
(especially in onland sections) to apply the detailed zonal
schemes of Bukry (1973a, 1975), Martini (1971), and
Raffi and Rio (1979), which were often based on forms
uncommon to Italian sections and on the LADs of spe-
cies difficult to recognize owing to reworking.

In order to facilitate the comparison, I adopted for
the Pliocene interval a less detailed scheme, based main-
ly on the FADs of widespread species.

For the Pleistocene I followed Gartner (1977b), mod-
ifying only the definition of the "small Gephyrocapsae
Zone" base, which I identify by the disappearance of
"large Gephyrocapsae," since the Helicosphaera sellii
LAD is difficult to place in some of the sections (e.g., in
Hole 502B, Lamont Piston Core V.26-40).

A brief summary of the zonal concepts I adopted for
the Pliocene interval follows.

1) Ceratolithus acutus Zone spans the interval from
the reassessment of open marine condition in the Medi-
terranean (see Raffi and Rio, 1979) to the first appear-
ance of C. rugosus.

2) Reticulofenestra pseudoumbilica Zone is defined
as the interval between the FAD of C. rugosus and the
FAD of Pseudoemiliani lacunosa. The latter event is
nearly equivalent to the LAD of R. pseudoumbilica,
which is sometime difficult to recognize (e.g., in DSDP
Site 397 and in many Italian onland sections), probably
because of reworking. As Discoaster asymmetricus is
scarce or absent in Italian sections (e.g., Tabiano), I did
not use it as a zonal marker.

3) D. surculus Zone spans the interval between the
FAD of P. lacunosa and the massive extinction of D.
surculus/D. pentaradiatus.

4) D. brouweri Zone spans the interval between the
extinction of D. surculus/D. pentaradiatus and the FAD
of G. oceanica s.l.

In Figure 2,1 compare my zonal concepts with others
commonly used.

RESULTS
The detailed nannofossil biostratigraphic data of

Holes 502B, 502C, and 503B are reported in Figures 3
and 4. In Figure 5 (back pocket) shows the distribution
of Gephyrocapsae in these sequences as well as in others
here considered, with reference to nannofossil biostra-
tigraphy and to other available bio-, chrono-, and mag-
netostratigraphic information.

Within the framework thus outlined, I discuss in the
following paragraphs the Gephyrocapsa distributions.
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Figure 1. Location map for the investigated sequences.

EARLY DISTRIBUTION OF THE
GEPHYROCAPSA COMPLEX

Until some years ago, it was generally assumed that
the first representatives of the Gephyrocapsa genus (of-
ten cited as belonging to Gephyrocapsa caribbeanica
Boudreaux and Hay) had appeared near the extinction
level of D. brouweri (for a review, see Sachs and Skin-
ner, 1973; Rio, 1974).

After realizing the importance of the genus for the
Plio/Pleistocene boundary biostratigraphy (Rio, 1974;
Haq et al., 1977), researchers paid more attention to its
early appearance and made several findings at lower
stratigraphic levels. Among others, Pirini Radrizzani
and Valleri (1977) and Raffi and Rio (1979) found small
Gephyrocapsae near the Tabianian/Piacenzian bound-
ary in DSDP Site 132 (Tyrrhenian Sea, western Mediter-
ranean). Gartner (1977a, 1977b) observed them in upper
Pliocene (nannofossil Zone NN17) sections of hemipe-
lagic sediments.

In order to investigate the early distributions of Ge-
phyrocapsae, I examined DSDP Hole 5O3B, Site 397,
Site 132, and Capo Rossello and Tabiano sections (Fig.
5). Remarkably, in all sections small Gephyrocapsae ap-
pear near the FAD of Pseudoemiliania lacunosa. In
some sections (Site 132, Hole 5O3B, Capo Rossello) the
Reticulofenestrapseudoumbilica and Sphenolithus spp.
LADs are also recorded near their appearance.

In Mediterranean sections, Gephyrocapsae appear
near the LAD of Globorotalia margaritae, the marker

fossil for the Tabianian/Piacenzian boundary (see Cita,
1973). In this interval, they reach the maximum size of
3.5 µm and are easily identified by light microscope
(Plate 1, Fig. 1-6). These early Gephyrocapsa findings
have also been confirmed by SEM analyses (Plate 4,
Figs. 1-4).

After the short but easily recognizable bloom in the
mid-Pliocene, Gephyrocapsae became scarce or absent.
They seem to persist more consistently in terrigenous
(Tabiano, Capo Rossello) than hemipelagic (Sites 397,
132) and pelagic (Hole 503B) sections. The different
distribution patterns may be explained by considering
the hemipelagic preference of these forms, as suggested
by Gartner (1977b).

THE LATE PLIOCENE-PLEISTOCENE
DISTRIBUTION OF THE GEPHYROCAPSA

COMPLEX: EVOLUTIONARY TRENDS
BY LIGHT MICROSCOPE

Gephyrocapsae became firmly established in the nan-
noflora assemblage of the interval between the D. sur-
culus LAD and the D. brouweri LAD (Fig. 5) and grew
to be the dominant coccoliths throughout almost the en-
tire Pleistocene.

During this interval they underwent evident changes,
particularly in size. I followed the size variation in de-
tail, in sections from widely separated areas and under-
lying different water masses (Fig. 6). Remarkable is the
gradual increase of maximum size from 2-3 µm to 6-7
µm in all sections during the late Pliocene-early Pleisto-
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Table 1. Locations, general information, and previous studies of the sections investigated in the present study.

Section Location Lat.
Water Depth

Long. (m) Other Information
Previous Studies on Stratigraphy,

Published or in Progress

DSDP Holes
502B-
502C

DSDP Hole
5O3B

DSDP Site
262

DSDP Site
397

DSDP Site
132

DSDP Site
125

Lamont Core
V26-40

Tabiano

Capo
Rossello

Colombian Basin
Caribbean Sea

Eastern Equatorial
Pacific

Timor Trough

Cap Bojador
Eastern Atlantic

Tyrrhenian Rise
Western Mediterranean

Ionian Basin
Eastern Mediterranean

Atlantic

Northern Appennines-
Northern Italy

Agrigento (Sicily)

11°29'N

4°04'N

10°19'S

26°50'N

40°15'N

34°37'N

19°40'N

44°46'N

37°17'N

79°23'W

95°38'W

123°50'E

15°10'W

11°26'E

20°25'E

26°07'W

10°01'E

13°28'E

3051

3672

2298

2900

2813

2772

4530

Vrica

Ficarazzi

Calabria-
Southern Italy

Palermo (Sicily)

39°03'N

38°07'N

17°07'E

13°22'E

Tabianian (lower
Pliocene)
Stratotype

Zanclean (lower
Pliocene) Neo-
stratotype

Plio/Pleistocene
Boundary
Stratotype

Sicilian Stratotype

This volume

This volume

Proto Decima (1974, nannofossils)
Rögl (1974, planktonic forams)

Mazzei et al. (1979, nannofossils)
Hamilton (1979, paleomagnetic
stratigraphy)

Raffi and Rio (1979, nannofossils);
Colalongo et al. (in preparation, calcareous
nannoplankton); Cita (1973, planktonic
forams)

Raffi and Sprovieri (in preparation, calcare-
ous nannoplankton) Stradner (1973,
nannofossils); Cita (1973, planktonic
forams); Thunell (1979, planktonic forams)

Raffi and Rio (in preparation, nannofossils);
Morlotti (in preparation, planktonic
forams)

Raffi and Rio (in press a, nannofossils);
Iaccarino (1967, planktonic forams);
Colalongo et al. (1974, planktonic forams)

Raffi et al. (in preparation, calcareous
nannoplankton) Sprovieri (1978, benthonic
forams) Cita and Gartner (1973, calcareous
nannoplankton)

Selli et al. (1977, general stratigraphy);
Colalongo et al. (multiple biostrat.), 1980;

Raffi and Rio (unpublished, nannofossils)
Di Stefano and Rio (in press, nannofossils);

Sprovieri (in preparation, planktonic
forams)

cene interval (D. brouweri Zone-base of the small Ge-
phyrocapsae Zone).

Within the small Gephyrocapsae Zone, normal-sized
and large species disappear.

The differences above and below this zone interval
are conspicuous.

1) Morphotypes larger than5.5 µm occur only below
the interval. In these forms the diagonal bar always oc-
curs at an angle of 45 °or more to the short axis. Within
this group are morphotypes with either a wide open
(Plate 2, Figs. 4, 5, 7, 9, and 10) or a closed central area
(Plate 2, Figs. 11, 12).

2) Morphotypes 4-5.5 µm (Plate 3, Figs. 1-10), with
the diagonal bar aligned or nearly aligned with the short
axis, appear only above this interval (Fig. 5).

3) Other features, such as rim structure and outline,
too subtle to detect by light microscope, seem to change,
but a more detailed analysis is needed to demonstrate
these changes definitively.

According to the foregoing observations, the gradual
size increase in the lower Pleistocene may be regarded as
a true evolutionary trend not related to local ecology,
since it is consistent in all sections. Also, the orientation
of the bridge relative to the short axis in forms larger
than 4 µm seems to be a feature that developed late
(above the small Gephyrocapsae Zone) in the evolution
of the genus. On the other hand, there is no definitive
trend concerning the opening of the central area, which

might depend mainly on ecological conditions, as sug-
gested by Gartner (1973, 1977b) and Bukry (1973b).

SUBDIVISION OF THE GEPHYROCAPSA
COMPLEX BY LIGHT MICROSCOPE

On the basis of the results, we may conclude that cor-
relations can be made (Figs. 5 and 8) even with an in-
formal approach based on size and that, therefore, the
main goal of nannofossil paleontology can be achieved.

Although a series of almost indistinguishable transi-
tional forms occur, preventing the definition of precise
species limits, some end morphotypes, delimited by light
microscope on the basis of easily detectable features,
seem to be stratigraphically restricted.

Because of the wide morphologic variations in living
cells,2 restricted stratigraphic distribution seems to be a
sounder basis for taxonomic delimitations within calcar-
eous nannofossils.

The present results suggest therefore the opportunity
of creating new subspecies of G. oceanica for the fol-
lowing stratigraphically restricted morphotypes (Raffi
and Rio, in preparation).

1) Gephyrocapsa oceanica splf including morpho-
types larger than 6 µm, with a closed central area. These

Some morphologic variations are due to polymorphism (Markali and Paasche, 1955;
Gaarder, 1970; Clocchiatti, 1971; Borsetti and Cati, 1972), some to phase changes in life
cycles (Parke and Adams, 1960; Parke, 1971), and some to environmental stress (Mclntyre et
al., 1967; Watabe and Wilbur, 1966; Okada and Honjo, 1973).
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Martini, 1971
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G. oceanica NN20
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D. brouweri NIM 18
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C. pelagicus
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Figure 2. Correlation of the nannofossil zonation in the present study with previously established biozonations. (See the text for zonal boundaries.)

forms are restricted to the lower Pleistocene and are
reminiscent of Gephyrocαpsα luminα Bukry, 1973b (Plate
2, Figs. 11-12).

2) Gephyrocαpsα oceanica sp2, including morpho-
types larger than 5.5 µm, with an open central area.
These forms are restricted to the lower Pleistocene (Plate
2, Figs. 4, 5, 7, 9, 10).

3) Gephyrocapsa oceanica sp3, including morpho-
types 4-6 µm, with the diagonal bar aligned with the
short axis. These forms appear in the assemblage only
after the small Gephyrocapsae interval, at the beginning
of the middle Pleistocene (Plate 3, Figs. 1-10).

It is noteworthy that all these subspecies can be
recognized by light microscope and are therefore useful
to stratigraphy by providing supplementary data for bio-
stratigraphic classification where other commonly used
nannofossil events cannot be easily determined—for ex-
ample in Italian onland sections.

BIOCHRONOLOGY OF THE
GEPHYROCAPSA COMPLEX

In this section I discuss the time calibration (bio-
chronology) of the Gephyrocapsa morphotypes. Since
time-calibrated isochronous widespread biostratigraphic
events are the primary tool for long-distance corre-
lations in Phanerozoic sediments (Haq and Berggren,
1978), it is important for our purposes to recognize Med-
iterranean epoch and age boundaries worldwide.

Biochronologic evaluation can be satisfactorily carried
out by relating biostratigraphic events to a nonbiologi-
cal time framework such as magnetic stratigraphy; for
the sequences we are studying, however, it is available
only for Site 397 (Hamilton, 1979) and Holes 502B and
503B (Kent and Spariosu, this volume). Therefore, in
order to obtain further clues to time evaluation, I relat-
ed Gephyrocapsa morphotypes to other biochronologic
datum events and to the few available radiometrically
dated levels.

Looking carefully at the data in Figure 5, one notes
first that Gephyrocapsa morphotype distribution is fairly
regular with respect to other datum events provided by
nannofossils and planktonic foraminifers. This should
indicate that if there is diachroneity, the time difference
involved is small compared to our present powers of
stratigraphic resolution.

The first appearance of Gephyrocapsa genus can be
directly calibrated by magnetostratigraphy in Hole 503 B
at -3.64 Ma (Fig. 7). In the same sequence, P. lacunosa
FAD is calibrated at 3.51 Ma.

A rather different age (Cochiti, ca. 3.9 Ma) for these
two events is established in DSDP Site 397 (Fig. 5), but
we must be cautious about this calibration, since the
paleomagnetic record of drilled sequences is affected by
many factors.

In Mediterranean sections the FAD of P. lacunosa
with the accompanying small Gephyrocapsa FAD occurs
remarkably near the G. margaritae LAD (Fig. 5), which
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had previously been calibrated at the Gilbert/Gauss
boundary at 3.4 Ma (Cita, 1973).

All these evidences suggest an age no younger than
the base of the Gauss and no older than the Cochiti for
the first appearance of Gephyrocapsa. This should rep-
resent the age of the Tabianian (lower Pliocene)/Piacen-
zian (upper Pliocene) boundary.

Volcanic ash levels in the lower Piacenzian in the
Lazio region (Arias et al., 1967) and in Calabria (Selli,
in Cita, 1973) have provided ages of 4.03 ± 0.93 and 3.4
Ma, respectively, which are basically in agreement with
the biochronologic evaluation reported here for the
lower/upper Pliocene boundary.

Small Gephyrocapsae became common in the assem-
blage in Hole 502B in the lower Matuyama near the D.
pentaradiatus LAD, but according to the other distribu-
tions (Fig. 5) and to Gartner's data (1977b), they seem
to proliferate at different times in different environmen-
tal settings. In fact, in pelagic sediments (Gartner, 1977b)
they appear as high as the extinction level of D. brou-
weri, calibrated near the top of the Olduvai.

The first appearance of G. oceanica s.l. can be directly
calibrated by magnetic stratigraphy in Holes 502B and
C (Figs. 3 and 4). In Hole 502B, G. oceanica s.l. was
first recorded at ca. 43 meters (Plate 1, Figs. 9, 11, 12),
where D. brouweri and 3-rayed D. brouweri still occur
and where the base of the Olduvai has been recognized
by Kent and Spariosu (this volume). Unfortunately,
above this level there is an unrecovered, ca. 5.5-meter-
thick interval where, obviously, no observations can be
made. In the first sample after this gap, G. oceanica s.l.
is again present and continuously distributed.

For a better evaluation of the early distribution of
this form, I investigated Cores 1, 2, and 3 of adjacent
Hole 502C so as completely to overlap the unsampled
interval of Hole 502B. I noted that in this sequence G.
oceanica s.l. occurs together with D. brouweri and
3-rayed D. brouweri at ca. 38 meters (Fig. 3). I consid-
ered this level to correspond to that in Hole 502B, just
below the unsampled interval. Above, no specimens of
G. oceanica s.l. were recorded.

Because of these data, I regard as FAD of G. ocean-
ica s.l. its first common and continuous occurrence at
ca. 37 meters in Hole 502B, just above the Olduvai Sub-
chron (Fig. 7), although its very first presence is record-
ed as early as the base of the Olduvai Subchron. Ac-
cordingly Gartner (1977b) and Haq et al. (1977) evaluat-
ed the FAD of G. oceanica Kamptner at the same posi-
tion in time.

A similar age, just above the top of the Olduvai Sub-
chron, is suggested by the distribution of D. brouweri
and Globorotalia truncatulinoides in some of the inves-
tigated sections (Fig. 5). In fact, Gephyrocapsa oceanica
s.l. FAD is little above (Sites 125, 132) the D. brouweri
LAD, calibrated within the Olduvai Subchron (Haq et
al., 1977) and well above (Site 125, Capo Rossello sec-
tion) the FAD of Globorotalia truncatulinoides trunca-
tulinoides, calibrated just below the base of the Olduvai
Subchron (Haq et al., 1977).

A slightly older age than the top of the Olduvai Sub-
chron is suggested by the radiometric age of an ash level
ca. 10 meters above the Gephyrocapsa oceanica s.l.

FAD in the Vrica section, dated at 2.01 ± 0.33 by Selli et
al. (1977).

In conclusion, we may assume for the G. oceanica s.l.
FAD an age of ca. 1.60-1.70 Ma. As for other events in
the Gephyrocapsa complex, it is possible to calibrate
(Fig. 7) the large Gephyrocapsa FAD in Hole 502B at
ca. 1.3 Ma and both the beginning and the end of the
small Gephyrocapsa interval at ca. 1.13 and 0.91 Ma,
respectively.

CORRELATION OF UPPER PLIOCENE-LOWER
PLEISTOCENE OCEANIC AND MEDITERRANEAN
RECORDS VIA THE GEPHYROCAPSA COMPLEX

Since Gephyrocapsae are abundant in Italian and ref-
erence sections and underwent the same evolutionary
trends in Mediterranean and oceanic areas (Fig. 6), they
seem to be a useful and reliable tool for correlating Ital-
ian chronostratigraphic units with other geologic records.
In the light of the Gephyrocapsa distributions and bio-
chronology, I discuss in the following sections the chro-
nostratigraphic problem of the Plio/Pleistocene bound-
ary and the lower Pleistocene classification.

THE PLIO/PLEISTOCENE BOUNDARY
The Plio/Pleistocene boundary is one of the most

controversial chronohorizons in the International Geo-
chronologic Scale, mainly as a consequence of different
philosophical approaches to stratigraphy (Pelosio et al.,
1980). Even within the approach recommended by the
International Stratigraphic Guide (which demands that
all time stratigraphic units be defined by lithostrati-
graphic features), controversy arises because of the lack
of a precise and globally accepted section where the
boundary may be defined. In fact, in recent years, three
sections have been considered for defining the Plio/
Pleistocene boundary, with more or less success: S.
Maria di Catanzaro (Selli, 1971), Le Castella (Emiliani
et al., 1961), and Vrica (Selli et al., 1977).

Since there is general agreement among authors (Haq
et al., 1977; Pelosio et al., 1980; Colalongo et al., 1980)
that the section of S. Maria di Catanzaro is unsuitable
for defining the base of Pleistocene, I will not discuss it
further. On the other hand, the two other sections re-
quire evaluation, since they represent contrasting defini-
tions of the Plio/Pleistocene boundary.

Le Castella
The Le Castella section (Crotone Basin, Calabria,

southern Italy) was proposed as the Plio/Pleistocene
boundary stratotype at the INQUA Congress in Denver
(1965), the boundary located according to the level
("marker bed") where the first appearance of the ben-
thic foraminifer Hyalinea baltica is recorded.

This section has a fairly high abundance of plank-
tonic fossils, suitable for long-distance correlations. Un-
fortunately, the part which can be confidently recon-
structed is vertically short (Venzo, 1975), and its bio-
stratigraphic interpretation has therefore been a subject
of controversy (Pelosio et al., 1980).

Recent biostratigraphic analyses (Colalongo et al.,
1980; Raffi and Rio, in press c) based on foraminifers,
ostracodes and nannofossils suggest a hiatus just below
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Figure 6. Maximum size variation of Gephyrocapsae in the uppermost Pliocene and Pleistocene.
Analyses were carried out by light microscope on at least 300 Gephyrocapsae in each sample, evalu-
ating their abundances, which are graphically represented by the different thicknesses of the
horizontal lines.

the marker bed. On this point, the Gephyrocapsa com-
plex distribution is highly significant; in fact, the simul-
taneous appearance of both G. oceanica s.l. and large
Gephyrocapsae is recorded just below the marker bed
(Fig. 8), whereas they appear at different times in all se-
quences in the present study (Figs. 6 and 8) as well as in
many other Italian sections (Raffi and Rio, in press b).
This gap in sedimentation, around the Plio/Pleistocene
boundary definition level, makes the section unsuitable
as a good stratotype (Hedberg, 1976).

Furthermore, the chronologic position of the marker
bed is more recent (by a detectable time lag [see Fig. 81)
than the beginning of the Pleistocene, as most Italian
authors agree (Pelosio et al., 1980) and as recognized in
the Piacenzian (upper Pliocene) stratotype (sensu Co-
lalongo et al., 1974) at Castell'Arquato. To accept the
marker bed as the definition of the Plio/Pleistocene
boundary would mean to allow for an interval of geo-
logic time not represented in the International Geo-
chronologic Scale (Fig. 8).

Vrica

The Vrica section (Crotone Basin, Calabria, southern
Italy) has been recently proposed as a stratotype for the
Plio/Pleistocene boundary. Since the moment the pro-
posal was made, the section has met with unanimous ap-
proval from stratigraphers (see Nikiforova and Alekseev,
1978; Pelosio et al., 1980). Indeed, the Vrica section
seems to provide all the features required for a satisfac-
tory definition of the boundary: good vertical develop-
ment, abundant marine planktonic fossils, presence of
an isotopically datable level, and so forth.

No official decision has yet been taken as far as the
lithostratigraphic level that should define the boundary.
Nevertheless, in order to respect a practice more than a

century old and avoid gaps between the base of Pleisto-
cene and the top of Pliocene, it seems obligatory to
define the boundary in the lithologic level recording the
appearance of the first northern immigrants in the Med-
iterranean (Colalongo et al., 1980; Pelosio et al., 1980).
In the deep-water section of Vrica, the first northern
"guest" is the ostracode Cytheropteron testudo, whose
appearance seems to be reasonably time-equivalent (Raf-
fi and Rio, in press b) to that of Arctica islandica, the
pelecypod traditionally used in shallow-water sequences
in Italy to identify the Pleistocene. The lithological level
where C. testudo is first recorded is at 17 meters in
Selli*s columnar section and therefore should mark the
Plio/Pleistocene boundary.

Age of the Plio/Pleistocene Boundary
A basic condition for establishing a time boundary in

a stratotype section is that it be at least roughly iden-
tified in other geologic records. To this purpose, it must
be chronologically evaluated—that is, located in geo-
logic time.

There are many different methods for achieving this
goal in the Vrica section. Among them, the most directly
available are radiometric dating, magnetostratigraphy,
and calcareous nannoplankton biochronology.

An ash layer, 25 meters above the boundary defini-
tion level, has been dated by Selli et al. (1977), who
assigned it an age of 2.07 ± 0.33 Ma. The magneto-
stratigraphy of the section has not yet been firmly estab-
lished (G. Pasini, personal communication), so that no
definitive conclusions can be drawn. As for biochro-
nology, which is the principal concern here, it is possible
to apply to the Vrica section the biochronologic frame-
work established in this report for Gephyrocapsae, which
are well represented in the section and underwent the
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same morphologic evolution noted in the other Mediter-
ranean and extra-Mediterranean sequences (Fig. 6). Since
G. oceanica s.l. FAD is recorded just above the Plio/
Pleistocene boundary definition level (Figs. 5, 8), an age
of about 1.60-1.70 Ma may be derived for the beginning
of the Pleistocene. This evaluation is basically in agree-
ment with the radiometric age of the ash layer and with
the recent finding of Globorotalia truncatulinoides trun-
catulinoides in Mediterranean upper Pliocene sediments
(Sprovieri et al., in press; Rio et al., in preparation),
whose FAD in the oceanic record has been calibrated
just below the Olduvai Subchron (Haq et al., 1977).

These data indicate that the Plio/Pleistocene bound-
ary is very close to or slightly younger than the top of
the Olduvai. However, we do not presume that it repre-
sents the correct age of this chronohorizon, because of
the many factors which affect fossil distributions. In
order definitively to assess the age of the Plio/Pleisto-
cene boundary, we need a reliable paleomagnetic stra-
tigraphy and such additional time evaluations as cli-
matostratigraphy. In fact, only by combining the contri-
butions of every method of age determination, can the
precise position in time of this chronohorizon be af-
firmed. Conversely, the possibility of applying and cross-
checking each available method is the main advantage
of defining chronostratigraphic units or horizons by
means of stratotypes (Hedberg, 1978).

LOWER PLEISTOCENE
CHRONOSTRATIGRAPHY: CALABRIAN,

SANTERNIAN, EMILIAN, SICILIAN

The chronostratigraphic classification of the Quater-
nary System is known to be in such confusion that many
authors propose to abandon it (e.g., Kukla, 1975; Cooke,
1973). Actually, the Pleistocene marine stages, which
are defined in Italy, are beset by so many difficulties of

definition and correlation that they have been used at
most only in Italy.

Until some years ago, the stage names generally used
for the lower Pleistocene were Calabrian, Emilian, and
Sicilian (Van Eysinga, 1975; Berggren and Van Couver-
ing, 1974). In order to identify the beginning of the suc-
cessively younger Calabrian, Emilian, and Sicilian, Rug-
gieri and coworkers (1976) proposed the use of inverte-
brate fauna events such as the FADs of Arcticα islαn-
dicα, Hyαlineα bαlticα, and Globorotalia truncatulinoi-
des excelsa (G. truncatulinoides of Italian authors [Spro-
vieri et al., in press]).

Soon afterward, the same authors (Ruggieri and Spro-
vieri, 1977) proposed a new stage, Santernian, to replace
Calabrian, considered to be a junior synonym of Sicil-
ian. These proposals were criticized by Haq et al. (1977)
on the grounds that because the aforementioned paleon-
tologic events concern benthic forms which are excep-
tionally sensitive to environmental control (A. islandica,
H. balticá) and a taxon (G. truncatulinoides excelsa) un-
common in the Italian Pleistocene, there is no guarantee
of their time significance.3

Calcareous nannofossils occur in the sections where
these facies fossils are distributed, so that it is possible
to approach the issue by means of the Gephyrocapsa
complex.

Recent analyses (Raffi and Rio, in press b) (Fig. 7)
show the following:

I) A. islandica first entered the Mediterranean to-
gether with other northern immigrants near the level of
the G. oceanica s.l. FAD.

3 Haq et al. (1977) base most of their argument on the fact that they found H. baltica in
Pliocene sediments 30 meters below the marker bed at Le Castella. Actually, among the many
authors who studied this section no one else has ever recorded this form below the marker
bed. Doubts about the sampling by Haq et al. are, therefore, more than appropriate.
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between the paleomagnetic boundaries determined by Kent and Spariosu (this volume) and indicated by arrows in the columnar sections.

2) H. baltica arrived only after a certain time lag, as
demonstrated by the following data: (1) in all sections
where the facies is suitable to both fossils, the appear-
ance of A. islandica and H. baltica are well separated;
(2) in all Italian sections (Raffi and Rio, in press b and
Figs. 5 and 7) H. baltica appears when "large forms"
are present or have just appeared in the Gephyrocapsa
assemblage. This can also be observed in the Emilian
stratotype in the Santerno section (Raffi and Rio, in
press b).

3) Globorotalia truncatulinoides excelsa appeared in
the Mediterranean (Rio et al., in preparation), either just
below (Le Castella, Site 125) or just above (Ficarazzi,
Site 132) the base of the small Gephyrocapsae Zone (see
also Fig. 8).

According to these data, the threefold biostratigraph-
ic subdivision of the lower Pleistocene proposed by Rug-
gieri and coworkers (1976) maintains a chronologic sig-
nificance.

Looking at the calibration of the nannofossil events,
the base of the Emilian would be at ca. 1.3 and the base
of Sicilian at ca. 1.2 Ma. The top of this stage has not
yet been defined, but since the highest outcropping ter-
rains in Ficarazzi type locality are within the lower part
of Gartner's P. lacunosa Zone (Di Stefano and Rio, in
press), it may be assigned an age slightly younger than
that of the Jaramillo Subchron.

The three Mediterranean stages may be recognized at
least approximately by means of nannofossils in other
geologic records. Nevertheless, the opportunity of main-
taining such "short" stages in the International Geo-
chronologic Scale is rather questionable. In fact, they
span a time interval between the Olduvai and the Jara-
millo Subchron, where no other method of correlation
of worldwide value (except nannofossil events) are well
established. It seems more convenient to consider the
Santernian, Emilian, and Sicilian as chronostratigraphic
units of lower rank rather than stages and to maintain a
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unique stage for the lower Pleistocene, as do most au-
thors (see Bowen, 1978).

CONCLUSIONS

The light microscopy study of the distribution of the
Gephyrocαpsα complex in sections from widely separated
areas confirms the usefulness of these nannofossils for
the biostratigraphic classification of the Plio-Pleisto-
cene interval. Even with an informal, non-Linnáean tax-
onomic approach based on size, it is possible to follow
substantial successive morphologic changes, which in
turn allow correlations in widely separated regions.

I have found that, with reference to Italian sections,
small representatives of the genus appear as early as the
top of the lower Pliocene, near the top of the NN15
Zone of Martini's Standard Zonation. After a short
bloom near the Tabianian/Piacenzian boundary, re-
corded in all sections in different water masses, Gephy-
rocαpsαe become scarce or absent, being more abundant
in terrigenous and hemipelagic sections. At slightly dif-
ferent times, they become common in the nannoflora
assemblage in the uppermost Pliocene (top of NN17 and
base of NN18) and grow to be the dominant forms in the
Pleistocene. During the upper Pliocene-lower Pleisto-
cene, they undergo marked morphologic changes, which

can be observed by light microscope. A trend toward
larger size in the lower Pleistocene is clearly evident,
which can be stratigraphically useful. In particular,
forms larger that 6 µm seem to be restricted to the lower
Pleistocene.

Another important morphological change concerns
the alignment of the diagonal bar and the short axis
in the placolith. In normal-sized forms, this feature is
reached only in the mid-Pleistocene, after Gartner's small
Gephyrocαpsαe Zone.

The paleomagnetic stratigraphy of Holes 502B and
503B allows us to calibrate the appearance of these dif-
ferent morphologic groups. Small Gephyrocαpsαe and
Pseudoemiliania lacunosa appear in the upper part of
the Gilbert (near 3.5-3.6 Ma), which is the most prob-
able age of the Tabianian/Piacenzian boundary.

Normal-sized Gephyrocapsae (labeled here G. ocean-
ica s.l.) appear at the top of the Olduvai Subchron. In
the Italian sections, including the Vrica stratotype, this
subchron is recorded just above the base of the Pleisto-
cene. An approximate age of 1.6-1.7 Ma is therefore
estimated for the Plio/Pleistocene boundary, which is in
agreement with the recent finding of Globorotalia trun-
catulinoides truncatulinoides in the Mediterranean Plio-
cene (Sprovieri et al., in press; Rio et al., in preparation).
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On the basis of the Gephyrocapsa evolution, I was
able to position in time the Mediterranean lower Pleisto-
cene marine stages: Santernian, 1.6-1.7 to ca. 1.3 Ma;
Emilian, 1.3-1.2 Ma (ages are approximate). The Sicil-
ian base is at about 1.1-1.2 Ma, whereas the top has not
yet been defined; it should occur shortly after the end of
the Jaramillo Subchron.
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Plate 1. Light micrographs. 1-6. Small Gephyrocapsa of the middle Pliocene interval, cross-polarized light, ca. ×4000. (1-4) Sample 5O3B-18-3,
40-41 cm. (5,6) Sample 5O3B-18-1, 110-111 cm. 7,8,10. Small Gephyrocapsa of the upper Pliocene interval, cross-polarized light, ca. ×4000.
(7,8) Sample 502B-13-2, 124-125 cm. (10) Sample 502B-11-1, 50-51 cm. 9,11-16. Gephyrocapsa oceanica s.l., cross-polarized light, ca. ×4000.
(9,11,12) Sample 5O2B-11-1, 50-51 cm. (13) Sample 502B-9-2, 124-125 cm. (14,16) "Marker bed" of Le Castella section. (15) Sample 132-3-3,
130-131 cm.
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Plate 2. Light micrographs. 1-3. Gephyrocapsa oceanica s.l., cross-polarized light, ca. ×4000. "Marker bed" of Le Castella section. (4-12).
Large Gephyrocapsa of the lower Pleistocene interval, cross-polarized light, ca. ×4000. (4) Sample 262-32-1, 87-88 cm. (5) Vrica section, 239 m.
(6,7) Sample 125-3-1, 119-121 cm. (8) Sample 132-6-3, 116-117 cm. (9-11) Sample 125-3-3, 15-17 cm. (10) Sample 132-7-2, 12-13 cm. (12) Sam-
ple 132-6-4, 90-91 cm.
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Plate 3. Light micrographs. 1-8. Gephyrocapsa oceanica s.l. with the bridge parallel or near parallel to the short axis, cross-polarized light, ca.
×4000. (1) Sample 262-29-1, 90-91 cm. (2,3) Sample V26-40, 620 cm. (4) Sample V26-40, 590 cm. (5) Sample 502B-5-1, 124-125 cm. (6) Sample
502B-4-3, 124-125 cm. (7,8) Sample 502B-4-1, 70-71 cm. (9) Sample 502B-3-3, 70-71 cm. (10) Sample 132-4-2, 47-48 cm.
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1µm 1µm 1µm

Plate 4. Scanning electron micrographs. 1-4. Small Gephyrocapsa of the middle Pliocene interval, SEM micrographs, Sample 5O3B-18-1, 110-111
cm. 5. Small Gephyrocapsa of the upper Pliocene interval, SEM, Sample 502B-11-3, 124-125 cm. 6. Small Gephyrocapsa, SEM, Sample
502B-7-3, 50-51 cm. 7. Large Gephyrocapsa, SEM, Sample 502B-7-3, 50-51 cm. 8,9. Gephyrocapsa oceanica s.l. with the bridge parallel or
near parallel to the short axis, SEM. (8) Sample V26-40, 590 cm. (9) Ficarazzi sequence, 11.90-12 meters.
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