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Qualitative and quantitative analyses were made of the benthic and plank-
tonic foraminiferal associations derived from about 400 samples of the Cretan
and Sicilian Upper Miocene (Tortonian and Messinian). The quantitative data
were analyzed by means ofR- and Q-mode computer programs, which resulted
in clusterings of benthic and of planktonic foraminiferal species and the group-
ing of the samples.

Oxygen and carbon isotope data were collected from the foraminiferal
carbonate of some 150 samples. The combination of these data with the data
from sedimentological analyses and with paleogeographic reconstructions
made it possible to arrive at fairly refined estimates of the Late Miocene
Mediterranean paleo-oceanography. The foraminiferal distribution and abun-
dance patterns were compared with the paleo-oceanographic interpretation
in order to trace the Late Miocene preference and tolerance patterns of the
foraminiferal species. Nutrient abundance and, to a lesser extent, salinity
were probably the main parameters controlling the Late Miocene distribu-
tion patterns. Temperature, type of substrate, depth and pH apparently played
only a subordinate role.

The various existing models of the Messinian salinity crisis are discussed.
The roles of structural evolution, climate and oceanographic factors are con-
sidered. Special attention is paid to the genesis of the laminated and diatom-
aceous sediments. It is concluded that the laminated sediments are the result
of changes in the inflow-outflow balance of the Atlantic and Mediterranean
waters. The diatomites are ascribed to the same processes but with the addi-
tional characteristic that they were formed in the western Mediterranean,
against shoals and landmasses, during periods of upwelling. It is suggested that
the laminated sediments were deposited during eustatic sea-levellowerings.

The ecology and paleoecology of planktonic and benthic foraminifera are
discussed extensively. It is concluded that the distribution of both groups of
foraminifera is mainly dependent on the distribution of water-masses; each
water-mass contains a characteristic faunal association. The abundance of
both groups of foraminifera is mainly linked to nutrient abundance, whereas
physical/chemical factors are of lesser importance.

A calibration of the Late Miocene distribution and abundance patterns
and those described from Recent environments suggests that the niches of
many foraminiferal species, in particular benthic taxa, changed considerably
during the last 5 to 6 m.y. This implies that the Recent distribution patterns
cannot simply be applied for the interpretation of fossil associations and for
the reconstruction of paleo-environmental conditions. A tentative model is
presented which might account for the inferred changes in habitats.



The original purpose of this investigation was to reconstruct the Tortonian-
Messinian (Upper Miocene) paleoenvironment of the Mediterranean. To this
end, we studied foraminifera in numerous samples from Cretan and Sicilian
sections. We chose to study Upper Miocene sediments because they were
deposited during a period of Mediterranean history when the marine environ-
ment changed considerably. We expected to find environmental extremes
and corresponding faunal reactions.

As our study progressed however, we became increasingly interested in the
role that various ecological factors played in the ecosystem. We therefore
decided to give less attention to applying ecological results to the reconstruc-
tion of paleoenvironments and to concentrate more on the problem of the
distribution and abundance of fossil foraminifera.

Up to a few years ago the fundamentals of foraminiferal paleoecology
consisted mainly of the qualitative comparison of occurrences of fossil species
with the assumed depth- and temperature ranges of their Recent counter-
parts.

During the last decade, in which foraminiferal paleoecology has become
an important branch of paleontology, the mathematical modelling of such
fossil - to - Recent comparisons has expanded the method. Examples of
this are formed by transfer functions (e.g. Imbrie and Kipp, 1971), based on
the analysis of the temperature dependence of planktonic foraminifera.

In spite of these advances in the mathematical treatment of the data, the
"philosophy" of paleoecology has remained unaltered, i.e. it is assumed that
the individual species had equal ecological requirements throughout their
stratigraphic life range; this is a generally accepted axiom in most paleoecolo-
gical interpretations. In our opinion there is no compelling reason why a
species which today thrives at, for example, a depth of 100 metres, should
have had the same optimum depth habitat during the Miocene. There is no
reason either why species should have had constant temperature preferences
through time, which is the basic assumption incorporated in the above men-
tioned transfer function.

In view of the above it became imperative to reconstruct the paleoenviron-
ments independent of faunal evidence. We analyzed the faunal patterns using



the results of environmental reconstruction, in order to gain insight into the
tolerance/preference patterns of the Miocene foraminifera. The next step
was to compare these patterns with those of Pliocene and Recent foramini-
fera.

To reconstruct the paleoenvironments, the respective areas in which the
sections are located were mapped in detail and lithostratigraphic and sedi-
mentological analyses were carried out. An important additional tool for
making environmental estimates proved to be the study of stable isotopes.
When all the evidence was combined, it was possible to make a rather detailed
reconstruction of the local and regional environmental evolution.

The provenance of the material and the various sets of data as well as the
planktonic and benthic foraminiferal abundance patterns are described in
chapters II and III. The data from Sicily and Crete are combined in chapter
IV, in order to obtain a more general model of the Tortonian-Messinian evo-
lution of the Mediterranean. In chapter V the faunal patterns are dealt with
in a more general way. The resulting faunal model is compared with the Recent
distribution patterns. In some final sections the possibility that niche patterns
changed through time, is considered.

The samples were washed over a set of sieves (595, 125 and 63/1). The
125-595M fraction was used for this study. In addition, the 63M fraction
from a set of samples was counted to check whether the results of the 125-
595M size fraction were representative. The data from the 63-125M size frac-
tion are not discussed here. The distribution patterns found in some 15 check
samples did not differ strongly from those of the 125-595M fraction. In our
opinion, this evidence is not convincing enough to permit the conclusion
that the results of both size fractions are comparable. But in view of the enor-
mous time involved, we refrained from further countings in the 63-125M
size fractions.

Standard counting-procedures were used for all the samples. An Otto
micro-splitter was used to reduce the residue until no more than a few hundred
specimens were left. This split was carefully spread out over the picking tray
so that the particles would be distributed as evenly as possible. The picking
tray is divided into 45 squares, arranged in five horizontal rows. Counting
started in the middle horizontal row and continued in the middle vertical
row. Subsequently the contents of all other squares were counted randomly
until 200 planktonic and 200 benthic foraminifera were identified. The P/B
ratio was calculated on the basis of the number of benthic foraminifera en-



countered per 100 planktonic foraminifera. Broken specimens were counted
when at least half of the shell was preserved. Where less than half was preserved,
the fragments were ignored in the countings.

The preservation is generally good in the sections studied. In some parts of
the Cretan sections it is worse, mainly in samples from homogeneous sedi-
ments. In these cases it was sometimes still possible to determine the benthic
foraminifera at species level, whereas such determinations were impossible
for the planktonic foraminifera. During the countings notes were made con-
cerning the number of specimens showing aberrant preservation which might
have been due to displacement. Furthermore, we made observations on the
relative numbers of ostracodes, sponge spicules, echinoid fragments, radio-
laria, bryozoans and on the presence of minerals like pyrite.

Since as many as 450 samples were available from the Cretan sections,
obviously some kind of selection had to be made. In making this selection
we were guided partly by the state of preservation; we used the samples in
which the microfossils were best preserved. We were careful to ensure that
this selection did not introduce too much of a bias because of uneven distribu-
tion of the samples along the lithostratigraphic columns or an overrepresen-
tation of the samples from a single type of sediment.

Total-number-counts were performed for some 40 samples. Foraminifera
from the residue of the fraction larger than 63~, derived from 30 grams of
dry sediment, were counted in order to get some absolute numbers of the
abundances of planktonic and benthic foraminifera. We followed the proce-
dures described by Zachariasse (1978).

Some 60 samples were analyzed at the Sedimentological Laboratory of
the State University of Utrecht. The CaC03 content and the percentage clastic
mud (fraction smaller than 16~) of all these samples were measured.

The procedure for the carbonate measurements consisted of reacting a
known quantity of fresh sediment with 100 ml. 1N HCL, followed by titra-
tion with NaOH.

The percentage of clastic mud ("pelite") smaller than 16~ was measured
by the treating of a known quantity of sediment with concentrated H202, after
which all the carbonate was dissolved with 6N HCL. Thereupon a peptisa-
tion agent (Na2C03 and Na4P207) was added. The residue, precipitated after
15 minutes, was used to calculate the percentage of pelite.



The results of the analyses of the stable isotopes of the sections studied
have been published previously (Van der Zwaan, 1979b; Van der Zwaan and
Thomas, 1980). They are repeated here so that a comprehensive paleoenviron-
mental interpretation can be presented.

Standard procedures were used for stable isotope analyses. Planktonic
and benthic foraminiferal species were picked from residues of the 125-59 5J,L
size fraction. The specimens were crushed and heated to 4700 C in a helium
flow for 30 minutes (Epstein et a1., 1953). The carbonate was allowed to
react with 100% H3P04 for 4 hours under vacuum and at a constant tempera-
ture of 250 (McCrea, 1950). The resulting CO2 was passed through a trap
cooled by liquid nitrogen. The samples were analyzed by means of a Micro-
mass 602C mass-spectrometer. The reproducibility of oxygen and carbon iso-
tope analyses was better than 0.10

/00,

The results of the measurements are reported in the a-terminology as per
mil C/oo) deviations relative to the PDB-standard (Cretaceous belemnite from
the PeeDee Formation):

a = [(R /R ) - 1] X 103
sample standard

where R is 13C/12C or 180/160.
In all 158 samples were analyzed from the Falconara section (Sicily) and

from various Cretan sections.
From the Falconara section samples of two planktonic species were ana-

lyzed: Orbulina universa and Globigerinoides obliquus. From the Cretan sec-
tions samples of G. obliquus and Uvigerina (mainly U. cylindrica) were ana-
lyzed.

1.5. MATHEMATICAL ANALYSIS

The mathematical analysis was performed on the Cyber computer of the
Academical Computer Centre of the University. It consisted of R- and Q-
mode analyses, carried out by M. M. Drooger.

The 200-counts performed on the Cretan and Sicilian samples formed the
basis for the analyses. Planktonic and benthic foraminiferal counts were ana-
lyzed separately for each section. This was followed by an analysis of the
counts of planktonic and benthic foraminifera respectively for all Cretan
sections together.

Firstly, the relations between the proportions of each pair of faunal cate-
gories were analyzed. Secondly, relations between each faunal category and
each of the parameters diversity, PIB-ratio and type of lithology were con-



sidered. All these analyses yielded a set of correlation coefficient values. Both
the values 0.01 and 0.05 have been used as the level of significance.

Furthermore, we considered whether any of the faunal categories displayed
significant increasing or decreasing trends throughout the sections. Again,
this was done for all sections separately and for the Cretan sections taken to-
gether. The levels of significance 0.01 and 0.05 were used for the correlation
coefficient values resulting from these tests.

Details of the theoretical considerations concerning the statistical correla-
tions between proportions will be discussed by M. M. Drooger (1982).

The basis for establishing faunal patterns is the definition of a species con-
cept. In view of the considerable number of taxonomic units used in the lit-
erature it is advisable to have a clear definition.

Instead of a typological approach, we opted for the assemblage species
concept (Zachariasse, 1975). This implies that the morphotypes of a single
species may cover a considerable morphological range. This is acceptable as
long as the variation between the types is gradual and the entire morphological
range constitutes a distinct and easily recognizable unit. This procedure leads
to broad taxonomic units, which may include variants that are labelled as
separate species in the literature. Our Globobulimina populations can serve



as an example of our species concept; in figure 1 some specimens are depicted
from the same side. The variation contains types that are referred to in the
literature as separate species under the names G. pyrula, G. affinis, G. glabra
and G. pacifica. In fact, a complete gradation between the different types
was encountered in the large population from sample CP 1239. Therefore, all
types were lumped in one category, labelled as G. pyrula, which is the oldest
available name.

This proc'edure does not exclude the possibility that certain types may be
recognized and counted separatedly, especially since some may have paleo-
ecological significance.

In the case of a very large and complex variation, an artificial boundary
can be drawn to delimit the separate taxonomic units. This is done in those
cases where the end members of the variation-range are quite distinct and
abundant, and the intermediate morphotypes are less frequent. Although
there is no real morphological break, an artificial break is introduced in order
to preserve workable units. The Cibicides complex may serve as an example.
c. ungerianus can be taken as the central and highly frequent form of quite a
variable group. Some variants tend to attain the morphology of the dutemplei-
group whereas others tend to intergrade with the refulgens-Iobatulus group. In
almost every sample the typical members ungerianus, dutemplei and lobatulus
are more frequent than the specimens of the intermediate categories. There-
fore, these end-members were chosen as the central forms of three distinct
species. The obvious disadvantage of this procedure is that it depends on
consistent subjective appreciation and on whether intermediate specimens
are given the same label throughout the investigation.

I am greatly indebted to many people who contributed to formulating and
clarifying the material presented in this study. Numerous discussions with
especially C. W. Drooger, J. E. Meulenkamp, W. J. Zachariasse and R. Kreulen
were important in this respect. The free exchange of ideas during the dis-
cussions makes it sometimes impossible to trace the source of some of the
thoughts presented here.

The study was guided by C. W. Drooger and J. E. Meulenkamp, who com-
mented on various versions of the manuscript. W.J. Zachariasse and R. Kreulen
criticized parts of an earlier version, especially those concerning planktonic
foraminifera and stable isotopes, respectively. A. W. H. Be (Lamont, U.S.A.)
commented on the parts concerning the ecology of planktonic foraminifera.
A. J. T. Romein critically read chapter V.



I am especially indebted to M. M. Drooger for carrying out the computer
analysis and his willingness to discuss all the statistical problems involved.

I wish to express my thanks to the following persons, who contributed to
the realisation of this study: E. Thomas (Arizona, U.S.A.), C. Vergnaud
Grazzini (Paris, France), R. Wright (Tallahassee, U.S.A.), J. A. McKenzie
(Zurich, Switzerland), R. Gersonde (Kiel, B.R.D.).

E. F. Bezemer-Van der Zwaan carefully typed the manuscript; P. Hoon-
hout, A. van Doorn, T. van Hinte, W. den Hartog and J. Luteyn made the
figures and the plates; G. van 't veld prepared the samples; A. Engelhard and
her staff provided me with many library facilities; J. Meesterburrie gave tech-
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ILL INTRODUCTION

In order to analyze the details of the Tortonian-Messinian microfaunal
development we had to choose our sections for study very carefully. Firstly,
the sections had to fit into a well-known lithostratigraphic framework, based
on adequate knowledge of the local basin development. Secondly, the total
set of sections chosen had to enable us to estimate the effects oflocal changes
which might have obliterated environmental and faunal changes of extra-
regional character.

Therefore, we chose our sections in such a way that one section (Khaere-
tiana) represents sedimentation in a relatively deep basin whereas the other
two are from a relatively shallow basin (Exopolis, Vrysses; section location in
fig. 2). These sections were sampled in detail for the LG.C.P. project "Accuracy
in time" and used by Thomas (1980) for her study of the uniserial Uvigerina
and by Van der Zwaan and Thomas (1980) for an environmental analysis
based on the stable isotope composition of the carbonate of planktonic and
benthic foraminifera. Sissingh (1972) previously described the ostracode
associations from the Khaeretiana section and Zachariasse (1975) described
the planktonic foraminiferal associations of all three sections. The latter two
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authors established faunal zonations; they assigned the section(s) to the
Upper Miocene (Tortonian-Messinian).

The Tortonian-Messinian boundary has been a matter of dispute for several
years. Selli (1960) defined the Messinian on paleoenvironmental considera-
tions, but the upper boundary of the Tortonian as defined by other authors
appeared to be inadequate for correlation purposes in biostratigraphy. In
practice authors started to equate the Tortonian-Messinian boundary with
the level of the appearance of Globorotalia conomiozea and the proposal of
Colalongo et al. (1979a) "formalized" this custom. Therefore we shall use the
chronostratigraphic terms Tortonian and Messinian in accordance with the
above-mentioned proposal, in spite of the problems connected with the ap-
pearance of the G. conomiozea-group as pointed out by Zachariasse (1979).

In addition to the three sections mentioned, reference will be made to the
Potamidha section. This section was studied by many authors within the
framework of the "Accuracy in time"-project (c. W. Drooger et al., 1979).
The Planorbulinella assemblages were studied by M. M. Drooger, Raju and
Doeven, the planktonic foraminifera by Zachariasse, the calcareous nanno-
plankton by Schmidt and the benthic foraminifera by Wonders and Van der
Zwaan. In the Potamidha section the entry level of the G. conomiozea-group
was recorded, showing that the section straddles the Tortonian-Messinian
boundary. In the following chapters reference will be made mainly to this
section and its faunal distribution in connection with the paleoecological
models. Some of the laminated intervals, from a marl-outcrop located near-
by section Potamidha 1, were sampled in detail. This short section is referred
to as Potamidha 4 and corresponds lithostratigraphically to the top of sec-
tion Potamidha 1.

Two other sections were studied in collaboration with B. Starn (sections
Ay. Ioannis, internal report) and A. F. B. Wildenborg (section Faneromeni,
internal report). These sections are not described in detail, but some of the
results of the study of the benthic foraminifera will be discussed.

The Apokorounou district and the western part of the Khania Province
in which the Exopolis/Vrysses and Khaeretiana sections are located respec-
tively, show a rather similar sedimentary history. Therefore, we shall give a
more general outline before dealing with the separate areas in detail.

Crete is located at the inner side of the Hellenic Arc. The complex pattern
of tectonic movements has been revealed during the fieldwork of the last
two decades, carried out by successive teams of stratigraphers from Utrecht



University (Meulenkamp, 1969, 1979 a, b, c and in preparation; Drooger and
Meulenkamp, 1973 and Meulenkamp et al., 1979c).

Some major tectonic-sedimentary phases are recognizable over the greater
part of Crete. During the Serravallian-Early Tortonian, fragmentation caused
the creation of numerous small horsts and grabens. Marine influence increased
in the course of the Tortonian. This phase was followed, in large areas of
Crete, by an overall subsidence during the Early Messinian. This stabilization
phase (Meulenkamp, 1979b) is represented by the transgressive sediments
of the Vrysses Group. Following this phase, the facies development points to
a shallowing in the course of the Messinian. The marl sequences become
more calcareous and eventually grade into algal limestones. This shallowing
was not caused by an uplift, as can be inferred from the onlap of Messinian
sediments over older ones. This expansion of the areal distribution points to
a continuous subsidence in the course of the Messinian, notwithstanding the
shallowing trends. Everywhere on the island this "Early" Messinian develop-
ment was followed by a period of active erosion. In the Apokorounou dis-
trict the Messinian sediments are unconformably overlain by Pliocene sedi-
ments.

In the Khania district and intra-Messinian period of differential uplift and
subsidence caused the accumulation of coarse clastics (Hellenikon Formation).
This clastic sequence, consisting mainly of conglomerates, with a thickness
of up to 275 metres, locally contains evaporites. The next higher lithological
unit consists of marls and sands of Pliocene age, which unconformably overlie
the Messinian sediments.

This general history is clearly recognizable in the two sub-basins, where
the sections studied are situated. In the Apokoronou district, the sections
Exopolis and Vrysses are located in a small basin, some 1.5 kilometres wide
and some 4 kilometres long. This small basin was fringed by platforms, on
which algal and coral limestones accumulated. The Exopolis section is near
the basin margin, a few hundred metres from the limestone platform. The
Vrysses section had a more basin-inwards position (fig. 3), where water-depth
was greater. The basin came into existence during the above-mentioned frag-
mentation phase. Fresh-water and shallow marine sediments were deposited
during the Tortonian. The increasing marine influence, reflected in the overly-
ing sediments, represents the subsidence phase of the "Early" Messinian (fig.
4). Open marine marls containing abundant foraminifera were deposited; they
form the main part of the Vrysses section. The following period of shallow-
ing is documented by the increasing amount of bioclastic limestones, which
characterize the uppermost Messinian. These limestones have a considerably



greater areal distribution than the Tortonian sediments, showing that the
subsidence continued notwithstanding the shallowing. The sections are capped
by Pliocene marl breccias which unconformably overlie the Messinian carbo-
nates. The Pliocene sediments must have had a still greater areal distribution
than the Miocene deposits. This suggests a continuing subsidence during the
Early Pliocene and/or a considerable rise in the sea-level.
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Fig. 3 Paleogeographic map of the Exopolis/Vrysses area during the Late Tortonian. Arrows indicate
trends of decreasing average grain size and the measured direction of paleocurrents. Legend
(also for fig. 4, 5 and 6): 1. emerged areas 2. shoals 3. shallow marine carbonates 4. marine
marlS. marine clay 6. gypsum (after Meulenkamp, in preparation).

The paleogeographic reconstruction suggests that the Potamidha/Khaere-
tiana area was part of a large basin. Both sections are located in the Kastelli
sub-basin, which was bordered to the south by emerged parts of Central Crete
(fig. 5). To the east and to the west this sub-basin was bordered by shoals and
islands and connected with the other sub-basins by relatively narrow seaways.
The Kastelli sub-basin, which was about 10 by 10 kilometres, was much larger
than the Exopolis/Vrysses sub-basin and it is assumed that the depth of de-
position was much greater (200-800 metres, Wonder and Van der Zwaan,
1979) than that of the sediments of the Vrysses section.

During the deposition of the fine clastic sequence of Potamidha relatively
coarse clastic sediments accumulated along the basin margins. Upwards, the
sedimentation seems to become more calcareous with an alternation of lami-
nated and homogeneous marls. The transition from the Potamidha clays to



Paleogeographic map of the Exopolis/Vrysses area during the "Early" Messinian; legend in
fig. 3 (after Meulenkamp, in preparation).

Paleogeographic map of the Khaeretiana area during the Late Tortonian; legend in fig. 3
(after Meulenkamp, in preparation).



the overlying Khaeretiana marls corresponds to the intra-Messinian shallowing.
These marls (Khaeretiana Formation) locally contain gypsum intercalations.
The sampled Khaeretiana section is considered to belong to a unit that is
lithostratigraphic ally lower than the gypsum.

Laterally of the Khaeretiana Formation, limestones onlapping on older
strata accumulated along the western and southern sub-basin margin (fig. 6).
The greater areal extension of the limestones compared with that of the older
sediments suggests that the basin subsidence continued.

Fig. 6 Paleogeographic map of the Khaeretiana area during the "Early" Messinian; legend in fig. 3
(after Meulenkamp, in preparation).

During the subsequent phase large parts of the Kastelli basin were covered
by the sediments of the Hellenikon Formation, consisting of coarse clastics.
Most of the formation is not marine and the sediments fine basin-inwards
towards the middle of the basin where shallow marine deposits are intercalated.
The sediments contain Globigerina multiloba and locally (to the east) a second
lithostratigraphic level of gypsum deposits. They are evidently of Messinian
Age and overlie the older Messinian sediments with an erosional contact. This
suggests a period of differential uplift and basin subsidence.



Exopolis section

This section is located in the Apokorounou district, eastern Khania (fig. 2).
It was described by Meulenkamp (1969) and Thomas (1980). In all 115
samples were available (fig. 7); most of them were studied by Thomas (op.
cit.). In this paper the results of the quantitative faunal analyses of 50 of
them are reported. These samples are more or less regularly distributed along
the lithostratigraphic column. Moreover, one laminated interval was resampled
in 1979 in further detail, yielding some 10 additional samples.

Recently, Meulenkamp (1979b) placed the Exopolis sediments in the
Apostoli Formation, wich belongs to the Tefeli Group. The lowermost part
of the section is not dealt with because its sediments are of fresh-water to
shallow-marine origin, containing sands, clays, limestones and lignites. Upward,
this basal part gradually changes from grey to blue to bluish/grey clays and
silty clays, containing molluscs, mollusc-debris and sometimes finely bedded
intervals.

The intercalated bioclastic limestones thicken towards the basin margin
and contain molluscs, bryozoans, algae, sponges and Heterostegina. The basal
part of the limestones shows a sharp contact with the underlying clays; the
characteristics of these limestones point to "debris flows", which periodically
brought material that had accumulated at the basin margin, basin-inwards.

The upper part of the section consists of an alternation of laminated and
homogeneous marls. The colour of the sediment changes to grey or grey-
brown and the homogeneous marls become more indurated. The laminated
marls consist of rather thick laminae, characterized by darker and lighter
colours. Sometimes these marls can even be called finely bedded because the
"laminae" are up to 1 cm. thick. In the laminated intervals burrowing is
almost completely absent; the only burrows observed were parallel to the
bedding planes. The laminated sediments are usually rich in plant and fish
remains. The transition from the marls to the overlying laminated sediments
is almost always sharp. The laminated sediments in turn pass fairly gradually
into the homogeneous marls overlying them.

The section is capped by a 5 metre thick bed of bioclastic limestone. Ac-
cording to Meulenkamp (1969), this bed provides a lithostratigraphic tool to
correlate to the base of the nearby Vrysses section.

The biostratigraphic position of the Exopolis section is somewhat indis-
tinct. Representatives of the G. menardii-group are scarce and juvenile. The
first distinct G. conomiozea assemblages enter some 10 metres above the



basal part of the sampled interval. Therefore, the lower part of the section is
assigned to the N. acostaensis Zone, the higher part to the G. conomiozea
Zone.

Vrysses section

Like Exopolis this section is located in the Apokorounou district, eastern
Khania (fig. 2), and has been described by Meulenkamp (1969) and by Thomas
(1980). It is located at a distance of only three kilometres from Exopolis.
According to Meulenkamp (1969) the greater part of this section can be con-
sidered to represent a lithostratigraphically higher unit than the Exopolis
section. Both sections are located in the same small basin, although Vrysses
is at a greater distance from the basin margin.

From the Vrysses section 84 samples were studied quantitatively; they
were regularly spaced along the column (fig. 7). The sediments consist essen-
tially of an alternation of homogeneous and laminated marls. The colour of
the sediment is not bluish, as in Exopolis, but it is greyish and yellowish-brown.
Only in the lowest few metres of the section are the marls bluish.

As in Exopolis, the laminated marls have a sharp contact with the under-
lying homogeneous sediments, although gradual contacts may be observed as
well. The contact between the laminated sediments and the marls overlying
them is always gradual. The laminated sediments are rich in sponge spicules,
plant and fish remains. Radiolaria and diatoms are only rarely encountered
in the wash residues. The thickness of the laminae is considerably less than
in the Exopolis section; the laminae are generally very fine. Here too burrow-
ing parallel to the bedding plane was observed.

The thickness of the laminated intervals varies from 20 to 100 em; that of
the homogeneous intervals from 10 to 250 em. The average thickness of the
laminated intervals is 50 em, that of the homogeneous ones 100 em.

Molluscs are frequent, especially in the upper part of the section, while
upwards an increasing number of bioclastic limestones becomes intercalated.
These limestones contain considerable quantities of molluscs, bryozoans and
algae. The contacts between the marls and the limestones are sharp and ir-
regular; the chaotic nature of the limestone-lithology points to the deposi-
tion from "debris flows". The uppermost part of the section consists almost
entirely of indurated limestones, the colour of which is yellowish-to-white.
Biostratigraphically, the entire section belongs to the G. conomiozea Zone.
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has been described by Freudenthal (1969), Sissingh (1972) and Zachariasse
(1975). Thomas (1980) studied the development of Uvigerina in this section.

The 30 metre section was very closely sampled (fig. 8); the sampling interval
was 25 cm or less. About 12 metres are not exposed. Of the 95 samples taken,
61 proved to be suitable for our quantitative analysis of planktonic and benthic
foraminifera.
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The section consists of a sequence of laminated and homogeneous marls,
yellowish-brown in colour. At some levels limestone-beds are intercalated. As
in Vrysses, sharp contacts can generally be observed between the homogeneous
and overlying laminated marls, although gradual changes occur as well. The
contact between these laminated sediments and their overlying homogeneous
marls is always gradual. The laminae are thin, as in Vrysses, but the laminated
intervals are considerably thicker (up to 180 cm, average thickness 110 cm).

The homogeneous marls are often indurated and contain calcareous con-
cretions. They are completely homogenized by burrowing activity. Apart
from an incidental bed-parallel burrow, there is practically no burrowing in the
laminated sediments. The laminated sediments are extremely rich in sponge
spicules, echinoid fragments and plant and fish remains.

From field observations it is evident that the Khaeretiana section belongs
to a lithostratigraphically higher unit than the Potamidha section, which is
only about 1 km away.

Biostratigraphically, the Khaeretiana section belongs entirely to the G.
conomiozea Zone. G. multiloba is already present in the lowermost samples
but it becomes frequent from sample CP 1236 onwards. From sample CP
1242 onwards the N. acostaensis assemblages are dominated by dextral forms,
whereas sinistrally coiled individuals dominate the assemblages in the lower-
most part of the section. Since G. multiloba enters in the uppermost samples
of the Vrysses section (not discussed in this paper) together with the dextral
assemblage of N. acostaensis, it may be concluded that the uppermost part
of the Khaeretiana section is younger than our material from the Vrysses
section. However, the lowermost part of the Khaeretiana section and the
upper part of the Vrysses section seem to overlap in time.

From field observations it appears that the sediments of the Khaeretiana
section belong to a lithostratigraphically lower unit than the gypsum deposits,
located nearby.

In 1979, three additional samples were taken from marls of the topmost
part of the section. In the field they had a diatomaceous appearance and the
marls were irregularly laminated. They alternated with indurated, very finely
grained limestones. In a subsequent study of the samples they were found to
be devoid of foraminifera. However, they did contain an enormous amount
of sponge spicules and diatoms. Gersonde (1980), who studied samples of the
Khaeretiana section, was able to find only one form of diatoms, belonging to
the Hemiaulus-Riedelia group, in considerable numbers in the top-part of the
section. On the basis of these occurrences he concluded that the sediments
of the Khaeretiana section were deposited in marine waters, which were
characterized by variable ecological conditions and by relatively high tempera-
tures.

In fig. 9 the age relations of all the sections studied are summarized.
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The percentages of the pelite fraction (smaller than 16p) and the percent-
ages of carbonate were determined for about 25 selected samples from the
Exopolis, Vrysses and Khaeretiana sections (fig. 10). The laminated sediments
have a similar composition as the homogeneous marls. Both pelite and car-
bonate percentages fluctuate independently of these lithological features.

If we compare the three sections the overall pattern of the carbonate and
pelite contents is remarkably constant. There is no overall trend; only the
higher samples from the Khaeretiana section are of different composition be-
cause they contain a higher pelite percentage and a lower CaC03 content.

The results of these analyses suggest that the sedimentary pattern was rather
constant in the course of the deposition of the entire sequence. Moreover,
the alternations of laminated and homogeneous sediments seem to be inde-
pendent of large sedimentary changes. The high percentage of pelite in the
samples of the Khaeretiana section may point to an increasing influx of clastic
material.

The total foraminiferal number (fig. 11) shows an irregularly increasing
trend up to sample CP 1227, after which it decreases again. This holds for
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the planktonic foraminiferal number, as the benthic foraminiferal number
fluctuates but does not display a trend. The laminated and homogeneous
sediments are not characterized by particularly high or low foraminiferal
numbers.

The total pattern might be interpreted in two different ways. The trend in
the total planktonic foraminiferal number might be dependent on productivity;
this would imply that the productivity first increased and then from sample
CP 1227 on, decreased. The alternative is that the total number is mainly de-
pendent on the rate of sedimentation. If true, this would mean that the sedi-
mentation decreased up to sample CP 1227 and afterwards increased. Neither
of the alternatives can be faulted, since the increase in the percentage of pelite
from sample interval CP 1227-1249 on, does not necessarily reflect an in-
crease in the rate of clastic sedimentation. The change might also have been
caused by an increase in the amount of diatoms and small sponge spicules,
which are indeed abundant in that sample interval, even in the homogeneous
sediments.

The results of the stable isotope analyses have been published by Van der
Zwaan and Thomas (1980) and their paper forms the basis of this section.
Firstly, it seemed to be important to know whether the laminated sediments
could be distinguished isotopically from the homogeneous ones. This would
provide a tool with which the faunal changes observed at the transition from
one type of sediment to the other can be explained. Secondly, we wanted to
evaluate the overall isotope composition, i.e. to find out whether any para-
meter such as salinity or temperature changed over the investigated interval.

In addition to samples derived from the sections described here, we studied
some samples from the Apostoli section and one sample from the Males
Formation (Thomas, 1980). Seven other samples are derived from Pliocene
sediments. Altogether we carried out 89 measurements, 33 on planktonic
foraminifera and 56 on Uvigerina (sub)species.

Isotope composition of foraminifera in the laminated sediments

Neither the benthic nor the planktonic foraminiferal carbonate shows any
isotope value particular to the laminated sediments. This holds for both the
carbon and oxygen isotopes. Scatter diagrams of the oxygen al!d carbon values
of G. obliquus and Uvigerina do not show different clusters for the values
of the homogeneous and laminated samples (figs. 12, 13). From this result



we concluded that particular properties of the surface water or the bottom
water could not be held responsible for the formation of the lamination. The
scatter diagram of the 813e values of G. obliquus versus those of Uvigerina
reveals a similar pattern (fig. 14). No distinct separation can be made be-
tween samples derived from the laminated and the homogeneous sediments.

Only the scatter diagram of the 8180 values of G. obliquus and Uvigerina
shows two adjoining clusters with only slight overlap: one is formed by the
laminated samples, the other by the samples from the homogeneous sediments
(fig. 15). These clusters proved to be significantly different in position, after
checking with an F-test (by courtesy of M. M. Drooger). This indicates that
at a certain value of G. obliquus the 8180 values of Uvigerina are more positive
in the laminated samples than in the homogeneous ones. This implies that
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during the deposition of the laminated sediments the 8180 gradient, from the
surface waters to the bottom waters, became steeper. In terms of salinity or
temperature this implies that the bottom waters were either more saline or
cooler than the surface waters. The steepening of the 8180 gradient was
about 1.0%°' which would correspond to approximately 4.5° C cooling of
the bottom water relative to the surface water. This might be explained by
cooler waters intruding into the basin. Under such conditions one would,
however, expect continuous refreshment of the bottom waters instead of the
stagnation inferred from the lamination. As a consequence we prefer to ex-
plain the steepening of the 8180 gradient in terms of increasing bottom salini-
ties, decreasing surface salinities or increasing temperature of the surface waters.
We consider an increase of 4.5° C in the surface water temperature as too
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large to be likely; this would correspond to the repeated occurrence of large
climatic changes with each laminated interval. Therefore, the increasing salinity
gradient seems to be the most likely mechanism to account for the forma-
tion of lamination; as will be pointed out in chapter IVA., we prefer to at-
tribute the repeated increase of the salinity gradient to the intrusion of relati-
vely less saline waters from the western Mediterranean.

Trends in isotope composition

If one considers the stratigraphic sequence, the oxygen isotope values
show clear overall trends for both planktonic and benthic foraminifera, as
do' the carbon isotope values for the planktonic foraminiferal carbonate.
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From the Tortonian samples up to the Messinian ones a fairly regular increase
can be observed in the 8180 (fig. 16). This may be interpreted as a gradual
increase in salinity or as an overall decrease in temperature in the course of
this time interval. If a drop in temperature were the sole influence on the iso-
topic composition this would correspond to a cooling of as much as 13° C.
This seems highly unlikely in any fairly large watermass. Therefore, we prefer
to interpret the 8180 trend as a consequence of steadily, though irregularly,
increasing salinities up to the interval of the samples CP 1230-1242. This
salinity increase occurred in both surface and bottom waters, as the plank-
tonic and benthic foraminifera both display the same trend. If the tempera-
ture had been constant in the investigated interval, and the shift in 8180 were
solely attributable to salinity changes, this shift would correspond to a salinity
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increase of about 4.5%0 (compare Epstein, 1951; Epstein and Mayeda, 1953;
Berger and Gardner, 1975; Kammer, 1979). If the lowermost sediments had
been deposited in normal marine Mediterranean water (37-38%

0) the condi-
tions would have changed to about 41.5-42.5%0, which is comparable to the
modern Persian G~lf. Above the mentioned sample interval CP 1230-1242,
the more irregular pattern and the less positive 8180values may correspond
to irregular influxes of more marine (less saline) or meteoric waters. The ir-
regular pattern roughly corresponds to the interval where the population of
N. acostaensis is mainly dextrally coiled.

If the values of the Tortonian samples are compared with values of the
Pliocene ones, a change of about 0.5-1%

0 in the 8180 composition of G.
obliquus and Uvigerina is observable. If this change were due only to a tem-
perature change, it would correspond to a cooling of 2.5-4.5° C.

The 813Ctrend observed in the carbonate of the planktonic foraminifera
is difficult to explain. The carbon composition of the carbonate of the benthic
foraminifera remains essentially constant (fig. 17). The trend for the plank-
tonic foraminifera might be attributed to an increasing contribution of carbon
from organic sources. Such carbon is isotopically very light (813Cof -20 to
-25%0, Sackett et al., 1965) and would considerably enrich the carbonate in
12Crelative to 13C.

The peculiar feature in this case, however, is that the carbonate of the
bottom inhabitants shows no such shift in 813e.According to Van der Zwaan
(1979b), comparable trends may have been caused by the supply of very light
methane to the surface waters. This methane, with an isotope composition
of -30 to -70%0, would have been generated at the bottom during increasingly
stagnant conditions, but would have been oxidized near the surface. In this
way the contribution of the depleted carbon would be detectable in the sur-
face water and not at the bottom. This mechanism finds support in research
described by Belyaev, Lein and Ivanov (1980), who report strongly negative
813Cvalues for the CO2 in seawater in methane-producing basins.

Other mechanisms were considered but none of these explained the observ-
ed features in a satisfactory way.

As in the oxygen isotopes, irregularities can be observed in the 813Ccom-
position from the level of CP 1227 upwards, and in the top-part of the sec-
tions for the benthic foraminiferal carbonate.

Environmental interpretation

The isotopic values show that an overall environmental change affected
Crete in the course of the Tortonian-Messinian. Salinity is thought to have
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exerted the main influence on the change in the oxygen isotopic composi-
tion. Temperature is thought to have played only a subordinate role, if any.
Salinity seems to have increased in both surface and bottom waters, at least
up to the sample interval CP 1230-1242. From that level onwards influences
of less saline or even meteoric water may be inferred. It seems likely that the
salinity increase was caused by increased isolation of the basins. Such isola-
tion would lead to a relative increase in evaporation. This in turn would result
in increased slowing down of the vertical circulation. Such an environmental
change might be inferred from the 813C distribution patterns as well. If cor-
rectly interpreted, the carbon isotope data reflect an increasing contribution
of organic material, connected with increasing stagnancy of the vertical water-
circulation, and subsequent generation of methane. In this model, the increase
in salinity and slowing down of the vertical water-circulation started at about
the same time, close to the G. conomiozea datum level.

The rhythmic deposition of the laminated sediments was superimposed on
these trends. The 8180 composition of the carbonate secreted during such
periods does not point to particularly high or low temperature or salinity
values of the surface or the bottom water, but to the increased difference be-
tween the two (interpreted as an increase of the salinity gradient). Such an
increase in the density gradient would explain the periodic slowing down of
the vertical water-circulation and even stagnation of the bottom water leading
to OTdeficiency during the deposition of the laminated sediments.

The remarkably sharp lower boundary of the laminated sediments may
indicate that although the process of the increasing density gradient actually
occurred gradually, stagnation and Oz-deficiency resulted from the fact that
a certain critical threshold value of the density gradient was exceeded. One
would expect, however, that in such a case the upper boundary of the lami-
nated beds would be equally sharp, which is not the case. The only explana-
tion we can think of is that bioturbation obliterated the originally sharp
upper boundary. The origin of the laminated sediments is discussed in chapter
IVA.

In total, 195 samples were used for the quantitative faunal analysis. Al-
though more samples were studied, we decided to use only those with well-
preserved foraminifera. In most of the samples the preservation is good. The
frequencies of the species subject to easy dissolution are mostly high, which
indicates that dissolution had no more than negligible effects on the frequen-
cies. In some homogeneous samples however, especially from the uppermost
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part of the Vrysses section, the fauna is strongly overgrown. This has affected
the planktonic foraminifera in particular, which are hard to determine at
species level. Such samples were not included in the statistical analysis. This
selection of the samples may have caused some bias which might be of im-
portance. However, care has been taken that the samples investigated are
more or less regularly distributed along the lithostratigraphic columns and
over the different types of lithology.

The frequency patterns of 20 categories were mathematically analyzed; 17
concern species or groups of benthic foraminiferal species. These species or
species-groups are: Bolivina plicatella (including all varieties), Bolivina spa-
thulata (including B. dilatata and B. dentellata), Uvigerina cylindrica gaudry-
inoides, Bulimina elongata (including B. aculeata), Bulimina subulata, Hanza-
waia boueana, Asterigerina planorbis, Cibicides lobatulus (including C. reful-
gens), all Discorbis species, all Elphidium species, Bulimina costata, Cibicides
ungerianus (including C. dutemplei), Reussella spinulosa, Uvigerina peregrina,
all agglutinants and Bolivina reticulata. All other species were grouped in a
rest group, usually comprising between 15 and 30% of the fauna. This group
is dominated by Cassidulina species (mainly C. laevigata), Nonion species
(mainly N. boueanum), Siphonina species, Trifarina angulosa, lagenids, Hoeg-
lundina elegans, Pullenia species and Gyroidina species. Some samples in the
Khaeretiana section contain in addition relatively high numbers of Ammonia
beccarii, Oridorsalis umbonatus and Globobulimina species. The three other
parameters included in the analysis are: the number of species, the P /B ratio
and the binary lithological characteristic.

The faunal frequency patterns are shown in figures 18, 19 and 20; only
the most important categories, used for the computer analysis, are depicted.

At first, the faunal data from the Exopolis, Vrysses and Khaeretiana sec-
tions were analyzed separately; thereafter, the data were analyzed again, but
this time for the three sections taken together.

The reduction of the three matrices of the separate sections to one of the
total analysis poses some problems. The Exopolis/Vrysses sections and the
Khaeretiana section are located in widely separated basins. In the total analysis
one must take care not to infer correlations, caused by trends induced by the
different frequencies of the faunal groups in different basins. For instance,
Bolivina plicatella is not correlated to the number of species in the Exopolis/
Vrysses sections, but there is a positive correlation at the 5% level in the
Khaeretiana section. In the total analysis, however, there appears to be a



negative correlation (significant at the 1% level) between the frequency of B.
plicatella and the number of species. Such correlations are not accepted in
the matrix of the total analysis of fig. 24.

The four analyses generally yielded identical correlations between the vari-
ous categories. The analysis of the three sections taken together led to a
maximum of correlations, almost all confirmed by one of the partial analyses.
The matrix of correlation coefficients of each section is given in figures 21,
22 and 23; the matrix of the total analysis is given in figure 24.

The computer analysis yields three main groups which consist of species
that are as a rule mutually positively correlated (fig. 24). The underlying
thought is that the positively correlated species may have had a common
habitat or shared preferences for and tolerances to certain environmental con-
ditions.
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Group I comprises Bolivina plicatella, the Discorbis species, the Elphidium
species, Asterigerina planorbis, Cibicides lobatulus, and Reussella spinulosa.
Most of the taxa of this group show mutual positive correlations. The three
first-mentioned taxa all show negative correlation values with the majority
of the species of group II and III. A. planorbis, C. lobatulus and R. spinulosa
form a subgroup within group I. In contrast with the other taxa of group I,
these species are positively correlated with the number of species. R. spinulosa
seems to have the loosest tie with group I, since it is negatively correlated
with B. plicatella and positively correlated with U. peregrina, which belongs
to group III.

Group II consists of the mutually positively correlated species U. cylindrica
gaudryinoides, Bolivina spathulata and Bulimina elongata.
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Fig. 22 Matrix of correlation coefficients (P < 0.01 and P < 0.05) of the benthic foraminiferal data
from the Vrysses section.



Group III comprises Bulimina subulata, Bulimina costata, Hanzawaia boue-
ana, Uvigerina peregrina, cibicides ungerianus, Bolivina reticulata, the aggluti-
nants and the rest group. B. subulata and B. costata have statistical ties with
group II since they are positively correlated with B. spathulata and U. cylin-
drica gaudryinoides respectively.

In the total analysis four species of group I are positively correlated with
the laminated type of sediment (B. plicatella, the Discorbis species, the Elphi-
dium species and A. planorbis). In the detailed sampled sets from laminated
intervals from the Potamidha 4, Exopolis, Vrysses and Khaeretiana sections
(figures 25-28) this relationship appears to be the least prominent in the
sampled interval from Potamidha 4. However, it becomes more pronounced
in the intervals from the Exopolis, Vrysses and Khaeretiana sections.
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Fig. 23 Matrix of correlation coefficients (P < 0.01 and P < 0.05) of the benthic foraminiferal data
from the Khaeretiana section.



In the total analysis, only one species of group II, U. cylindrica gaudryinoi-
des, is positively correlated with the laminated type of sediment. From figures
25-28 however, it appears that the species of group II are frequent in the
middle of the laminated interval of the Potamidha 4 section, but in the other
intervals they are generally frequent at the base or at the top of the laminated
intervals.

In section Potamidha 4, Cancris auricula and Valvulineria complanata (group
lIb) were found to increase together with the species of group II.

B. costata and B. subulata, species with correlations to group II as well as
to group III, are depicted separately as group IlIa in figures 25 to 28. In the
interval of the Potamidha 4 section, these species increase in frequency in
some samples of the laminated sediments, but this is rarely the case in the
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intervals from the Exopolis and Vrysses sections. In the interval from the
Khaeretiana section the opposite is true, i.e. in this case the relative abun-
dance of B. subulata decreases in the laminated sediments.

In the total analysis most of the species belonging to group III are negatively
correlated with the laminated type of sediment. In figures 25 to 28, where
the joint frequencies of this group are depicted as group IIlb, this relation-
ship with the lithology is rather clear.

Identical patterns were found in the Ay. loannis and Faneromeni sections.
Exceptions are C. laevigata and U. bononiensis, which are sometimes frequent
together with the species of group II, although in our sections they constitute
only minor components and therefore are placed in the rest-group.

Three species of group I (A. planorbis, c. lobatulus and R. spinulosa) and
most of the taxa of group III are positively correlated with the number of
species. The taxa of group II show negative correlations with the number of
species, i.e. they are abundant in associations oflow diversity. The same holds

Fig. 25 Detailed sampled laminated interval from the Potamidha 4 section. Group I: B. plicatella,
Elphidium species, C. lobatulus, A. planorbis, Discorbis species; Group Ila: B. spathulata, U.
gaudryinoides, B. elongata; Group Ilb: C. auricula, V. complanata; Group lIla: B. costata,
B. subulata; Group llIb: C. ungerianus, U. peregrina, B. reticulata, agglutinants, H. boueana
and cumulatively added the percentages of the rest group. Planktonic foraminifera are divided
into four groups: Group I: G. obliquus, G. apertura, G. nepenthes; Group ll: G. conomiozea,
G. tri/obus, N. acostaensis; Group Ill: G. bulloides and G. falconensis; Group IV: G. quin-
queloba, G. scitula, O. universa, G. glutinata, G. siphonifera, G. multi/oba. Sample spacing
15 em.



Foraminiferal abundance patterns in a detailed sampled laminated interval from the Exop.olis
section; explanation of the groups in fig. 25. Sample spacing 15 em.

Foraminiferal abundance patterns in a detailed sampled laminated interval from the Vrysses
section. Explanation of the groups in fig. 25.



for B. plicatella of group I. None of the other taxa shows a significant cor-
relation with this parameter.

Most of the species are not correlated with the P /B ratio at a significant
level. Exceptions are B. plicatella (positively correlated) which is abundant
in samples with a high PIB ratio. Two other entities, R. spinulosa and the
agglutinants, are negatively correlated with the PIB ratio.

We considered whether any of the faunal categories displayed significant
trends. If in the total analysis we accept only correlations which are confirmed
by one of the partial analyses, then the negative trends of C. lobatulus, B.
costata and the rest-group should be disregarded (fig. 29). Overall positive
trends are shown by species of group I (B. plicatella, the Discorbis species,
and the Elphidium species) and by one of the taxa of group II (B. spathulata).
Negative trends are shown by species of group III (c. ungerianus, U.peregrina,
the agglutinants and B. reticulata). R. spinulosa is the only species of group I
which displays an overall negative trend.

At first sight these trends seem to be hardly thrustworthy, since they are
based on sections from two widely separated basins. In the Faneromeni sec-
tion (Wildenborg, internal report) and the Ay. Ioannis section (Starn, internal
report) however, closely comparable trends are found, although these sec-
tions are in the eastern and middle part of Crete. It seems that we are dealing
with an overall picture, which has more than local importance.

Fig. 28 Foraminiferal abundance patterns in a detailed sampled laminated interval from the Khaere-
tiana section. Explanation of the groups in fig. 25.
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Fig. 29 Trends of benthic foraminifera, with probability level (P) below 0.05, in the Exopolis,
Vrysses and Khaeretiana sections. Trends which should be disregarded (see text) are in
brackets.

Notwithstanding the clear-cut grouping, based on the computer analysis, it
remains difficult to arrive at a comprehensive paleoecological interpretation.
The primary basis for the interpretation should be found in the correlation
of the faunal patterns with the parameters lithology-type, PIB ratio and the
number of species. The results of the isotope analyses and the sedimentological
analyses can further be used for this interpretation. Evidence from paleogeo-
graphical reconstructions can be applied next.

The next step is to compare the results with the data from Pliocene and
Recent frequency patterns; these '\-villbe given in the following section.

Group I is generally frequent in the laminated sediments. An exception is
R. spinulosa. This implies that these taxa are able to cope with the worsened
bottom conditions that prevailed during the deposition of these laminated
intervals. As has been discussed in previous sections, the stable isotope analysis
points to the prevalence of a stronger salinity gradient during the deposition of



the laminated type of sediment. A stronger water-stratification and a sluggish
water-circulation might have been the consequence. Such a process would
lead to oxygen deficiency in the bottom waters. Although the salinity gradient
between top and bottom waters increased during such periods, there is no
indication that the absolute values of temperature and salinity were specifi-
cally low or high. Therefore, it can be concluded that the species composing
group I were able to withstand the low oxygen conditions.

There is a snag, however, in this interpretation, since the species might be
allochthonous. In previous interpretations, e.g. for the Pliocene section of
Prassa, allochthony was concluded for a similar group of taxa (Meulenkamp
et al., 1978). These authors suggested that epiphytes and related groups in
that particular section were brought into the basin from its shallower, more
marginal parts. This is quite conceivable since in small basins with vegetated
margins, rafting of plants together with the adhered epiphytes can easily
account for a regular down-slope transport. Such taxa would become pre-
dominant in the laminated sediments because bottom life was severely
hampered. The same explanation might apply to most of our data, i.e. for
the group of Discorbis species, the Elphidium species, C. lobatulus and A.
planorbis. If true, this might imply that only B. plicatella and R. spinulosa
are autochthonous. Their relatively high abundances may be interpreted
as a consequence of a great tolerance to oxygen deficiency.

However, R. spinulosa has only a restricted number of positive links in
group I and only in the Vrysses section does it have a positive correlation
with the laminated type of sediment. B. plicatella thus would be the only
species really thriving under the low oxygen conditions. The alternative is
that also B. plicatella had an epiphytic mode of life.

If the allochthonous character of the entire group is denied, we have to
accept that all species, including the epiphytes, were indeed better able to
bear the worsened bottom conditions than the other bottom dwellers, e.g. of
group III.

Group I as a whole is very frequent in the uppermost parts of the Vrysses
and Khaeretiana sections (fig. 19, 20). Stable isotope analysis of samples
from these sections points to deposition in saline waters. This indicates that
the species of this group were tolerant to salinities of up to 41°/00'

Group II consists of species which are not particularly frequent in laminated
sediments, apart from U. cylindrica gaudryinoides which shows a positive
correlation with this type of lithology. The species of this group are negatively
correlated with the number of species. Moreover, they show frequent negative
correlations with the species of groups I and III. The fact that the relative



abundances of these species are not affected in the laminated sediments im-
plies that they were able to tolerate the oxygen deficient conditions prevailing
during such periods. But their high frequencies in homogeneous samples prove
that these species are not really linked with the oxygen deficiency. Further-
more, their high abundances in the higher parts of the Vrysses and Khaere-
tiana sections point to a high degree of tolerance to high salinities. An excep-
tion is U. cylindrica gaudryinoides, which is evidently highly tolerant to
oxygen deficiency, but only slightly tolerant to high salinities. It is very
frequent in the middle part of the Vrysses section, but almost absent in the
higher parts of the Vrysses and Khaeretiana sections. This is in contrast to
the other subspecies, u. cylindrica cylindrica which is not tolerant to oxygen
deficiency but highly tolerant to raised salinities (Thomas, 1980). The other
species, B. spathulata and B. elongata do indeed seem to be tolerant to high
salinities as they are occasionally highly frequent even in the upper part of
section Khaeretiana.

An alternative explanation for the upward disappearance of u. gaudryinoi-
des might be sought in changes in depth through time. The paleogeographical
reconstruction points to a greater depth of deposition for Khaeretiana and
Potamidha, than for Exopolis and Vrysses. Yet, U. cylindrica gaudryinoides
is frequent in Potamidha and Exopolis (deep and shallow respectively) and
not in Khaeretiana (relatively deep). Thus the shallowing trend in the course
of the Messinian seems to be of no great importance for this species.

Although we can conclude that the elements of this group are able to tol-
erate oxygen deficiency and to a variable extent high salinities as well, this
still does not provide us with a good explanation for their occasional peak
frequencies. The lack of consistent relations 'between oxygen, salinity and
depth makes it difficult to explain these peaks. It can be surmised that food
abundance or food quality are the parameters to which these species react
primarily. During times of high fertility they would proliferate and since
they are negatively correlated with the number of species, they would then
dominate in low diversity associations.

Group III consists of species several of which have negative correlations
with the laminated type of sediment. These negative correlations suggest that
they are not tolerant to oxygen deficiency. From their low frequencies in
the upper part of the Vrysses section and in the Khaeretiana section it can be
concluded that they are not tolerant to high salinities either. Only B. subulata
and H. boueana are exceptions in this respect; these species are apparently
not tolerant to oxygen deficiency but are more tolerant to raised salinities.
They are rather frequent in section Khaeretiana. The restgroup, which also



belongs to group III, is very heterogeneous. Only two species of the rest-
group, namely A. beccarii and O. umbonatus, are frequent in the upper part
of section Khaeretiana and are evidently tolerant to high salinities.

If the negative correlation of the species of group III with species of both
other groups implies an opposite pattern of tolerance and preference, then
a more refined interpretation may be given. The negative correlation with
the species of group I confirms that the species of group III are unable to
cope with environmental stress (low oxygen/high salinity). The negative cor-
relation with the species of group II points to the fact that the species of
group III are not particularly abundant during periods of high fertility either.
This may indicate that the species of group III thrive during relatively stable
environmental conditions in open marine environments, which are not strongly
stressed by deviations in salinity, oxygen content or fertility. This is support-
ed by the fact that the elements of the group are generally positively corre-
lated with the number of species, thus are frequent in diverse associations.

B. costata and B. subulata are intermediates between groups II and III. The
statistical analysis shows that these species have ties with both. B. costata has
the lowest salinity tolerance of the two, since it is rather frequent only in the
Potamidha section (Wonders and Van der Zwaan, 1979), whereas B. subulata
is rather frequent even in the Khaeretiana section. B. subulata is apparently
not tolerant to oxygen deficiency and simultaneous high salinities, because it
is only frequent in laminated intervals of section Potamidha, together with
B. costata.

R. spinulosa would be intermediate between groups I and III. Consequently,
this species may be considered as a relatively open marine species. However,
it is able to tolerate a certain degree of environmental stress, as is indicated by
its statistical ties with group I and the positive correlation with the laminated
type of sediment in the Vrysses section.

If the relations between the abundances of group III as a whole and depth
(see paleogeographic reconstruction, 11.2) are considered, this factor seems
to have been of minor influence. The elements of this group are equally abun-
dant in the Potamidha and Exopolis sections, although the sediments of
these sections are considered to have been deposited under relatively deep
and shallow conditions respectively.

Miocene versus younger benthic faunal patterns

It turned out to be difficult to make comparisons between our Miocene
and younger faunal patterns. This was due to the relatively scanty informa-
tion available concerning the species dealt with here.



The species belonging to group I were all considered to be tolerant to raised
salinities, even if the epiphytic species were allochthonous. Moreover, B.
plicatella and possibly R. spinulosa were thought to be tolerant to oxygen
deficiency. If the epiphytic species were autochthonous as well, they would
be equally tolerant to low oxygen concentrations.

Elphidium species, C. lobatulus, representatives of the Discorbis group and
A. planorbis are frequent in laminated sediments from the Prassa section
(Meulenkamp et al., 1978) and in other Pliocene sections (Meulenkamp et
al., 1979b). For these sections this high relative abundance in the laminated
sediments has been explained by allochthony. Hageman (1979) described oc-
currences of Elphidium species and c. lobatulus from Plio-pleistocene lagoonal
sediments from Greece. He concluded that these taxa have a tolerance to
hyposaline conditions.

From studies of Recent environments it appears that the Elphidium species
have indeed a wide tolerance to salinity fluctuations. Murray (1973, 1976)
and Boltovskoy (1976) mention these species as important constituents of
the living fauna of hypo- to hypersaline lagoons, where they live mainly on
vegetation. Also C. lobatulus seems to be tolerant to salinity changes although
not especially to hypersaline conditions. Like the Elphidium species, it may
live on vegetation as well as on sediment (e.g. Blanc-Vernet, 1965, 1969;
Atkinson, 1969; Le Campion, 1970). In Recent environments C. lobatulus is
most frequent in shallow marine areas, where it may cause local "blooms"
on muddy as well as sandy substrate in protected as well as in exposed environ-
ments (Thompson, 1978). Sen Gupta (1971), however, concluded that C.
lobatulus is specifically related to the type of substrate and is most frequent
on sand an coarser sediments. Its tolerance to salinity fluctuations is de-
monstrated by its frequent occurrences in estuarin~ areas, in waters with an ex-
ceptionally low salinity (Erskian and Lipps, 1977).

No data are available for Asterigerina planorbis. Murray (1973) reports
that Asterigerina species live in subtropical-tropical waters, in open-marine
to innershelf environments, but gives no specific data. The group of Discorbis
species (in our case mainly R. globularis, Discorbis sp. cf. D. biaperturata and
D. araucana) follows the pattern of c. lobatulus.

It can be concluded that the four epiphytic or vegetation-bound categories
of group I have more or less constant ecologic patterns, i.e. a high tolerance
for salinity fluctuations and the ensuing environmental conditions, through
time.

B. plicatella is linked to the group of epiphytes. In Pliocene sediments quite
another picture emerges. In some sections it is abundant, but is not specifi-
cally linked with the epiphytes or with the laminated sediments. In most



Plio-pleistocene sections it is only a relatively minor constituent of the faunal
associations (unpublished internal reports). No data are available concerning
B. plicatella from modern environments. B. pseudoplicata, however, is a
species which is morphologically close or even synonymous. This species is
reported as an open marine mud-dweller, confined to relatively shallow water,
living at depths of less than 200 metres (Phleger, 1951; Murray, 1971;
Kafescioglu, 1975). It has never been reported from hyper-saline waters,
but Boltovskoy and Lena (1971) report it from hypo-saline waters. Radford
(1976) reports B. subexcavata (morphologically resembling B. plicatella mera)
from very shallow depths (less than 5 metres) on very well sorted, fine sand.
In this report it concerns small populations before the mouth of the Cour-
land River (Tobago), which suggests a tolerance to low salinities. Harman
(1964) reports B. plicata from the Santa Barbara Basin (off California). This
species is not linked with the oxygen minimum zone there, but it seems to
live in the overlying zone with better aeration. Other authors (e.g. Douglas
and Heitman, 1979) do not report representatives of the plicatella group
from oxygen depleted environments. Smit (1963) in an extensive study
of Bolivina species, does not mention the plicatella-group in connection with
oxygen deficiency either. It may be concluded that B. plicatella exhibits a
rather irregular ecological pattern through time. Everywhere in the Mediter-
ranean this species is very frequent in Upper Miocene sediments, but less so
in Pliocene ones, whereas in Recent environments it seems to be scarce.
From Miocene to Recent it must have changed its habitat, since at present it
is not frequent in oxygen depleted waters or in highly saline environments,
although a tolerance to low salinities might exist. Alternatively it is possible
that during the Miocene the plicatella-group lived in very shallow waters and
was in some way or another vegetation-bound. In that case the oxygen tol-
erance, as suggested in our previous interpretation, would not exist, and the
statistical tie to lamination would point to yet another example of allo-
chthony. This would partially explain the supposed shift in habitat, since in
Recent environments the group is not specifically abundant in oxygen de-
pleted environments either.

In the Miocene sections R. spinulosa seems to be intermediate between
groups I and III. It has distinct ties with the group of epiphytes and is posi-
tively correlated with the laminated type of sediment in the Vrysses section.
It decreased in abundance in the course of the Messinian.

Tolerance to low oxygen conditions is also reported by Meulenkamp et al.
(1978) for the Pliocene Prassa section. Hageman (1979) reports R. spinulosa
as being tolerant to slightly hyposaline conditions, since it is related to his
Ammonia, Elphidium, Cancris and Nonion boueanum association. In modern



environments (sometimes reported as R. atlantica) tolerance to stress condi-
tions is not reported, although it is almost always found in very shallow waters
(Phleger, 1951; Wilcoxon, 1964; Drooger and Kaasschieter, 1958; Iaccarino,
1967). Parker (1958) however, reports dead specimens down to a depth of
3300 metres. Radford (1976) describes the species from shallow environ-
ments with an optimum depth ranging from 24 to 39 metres, at entrances
to bays living on coarse grained carbonate sediments. This does not seem to
exclude a tolerance to salinity fluctuations, although Levy (1971) described
the species as stenohaline.

It can be concluded that group I as a whole is difficult to use in paleo-
ecology, if an actualistic approach is adopted. The modern tolerance patterns
of especially B. plicatella and R. spinulosa are not really comparable to those
inferred for their Miocene counterparts. The absence of miliolids in our Mio-
cene associations is especially surprising, since one would expect to find such
species in an association like group 1. In Recent environments they are par-
ticularly abundant in hypersaline waters (Murray, 1973, 1976). The opposite
pattern can be observed for B. plicatella; this species is very abundant in
Miocene associations, but scarce or absent in modern environments.

Group II was interpreted as being tolerant to high salinities (U. gaudryinoi-
des less so) and tolerant to oxygen depletion. It was surmised that the reason
for the occasionally extremely high frequencies of group II is related to food
abundance. In Pliocene sections (e.g. the Prassa section, Meulenkamp et al.,
1978) B. spathulata and morphologically similar species reach peak frequen-
cies in laminated sediments, but not exclusively in these; they can be just as
frequent in homogeneous marls. In this respect, they exhibit a behaviour
very similar to that of their Miocene counterparts.

In Recent environments, B. spathulata and B. dilatata are marine mud-
dwellers with a very wide depth range. Most references indicate a preference
for depths between 50 and 200 metres and further occurrences down to
1000 metres (Iaccarino, 1964, 1967 ;Murray, 1965, 1971; Bandy and Chierici,
1966; Blanc-Vernet, 1969). Very similar species may be frequent in oxygen-
depleted waters (Smith, 1963; Harman, 1964). Douglas and Heitman (1979)
confirm high frequencies of these species in oxygen-depleted areas but only
in association with high standing stocks above sill depth. Also Smith (1963)
concludes that the great abundances of the Bolivina species in the oxygen
minimum zone suggest favourable conditions for these species. She points
out that these maximum abundances coincide with maximum concentrations
of nutrients. Another indication of dependance on food abundance might
be the high frequencies of B. spathulata found on the fringe of deltaic areas



(Frerichs, 1970; Adegoke et al., 1976). There may be a large input of nutrients
in such areas.

U.gaudryinoides is only common in Miocene and Lower Pliocene sediments.
It is less frequent in Upper Pliocene deposits, whereas in modern environments
it is scarce or absent. In Pliocene associations this species seems to have been
replaced by u. bononiensis, which is frequent in laminated sediments (Meulen-
kamp et al., 1978; Brolsma, 1978). The pattern of U.gaudryinoides resembles
that of B. plicatella, i.e. frequent in Miocene associations and gradually di-
minishing in the course of time.

B. elongata is not very frequent in Mediterranean Pliocene sediments, but
if present it is positively correlated, together with B. subulata, with laminated
sediments (Meulenkamp et al., 1978), which points to its tolerance to oxygen
depletion. Extremely high frequencies in laminated sediments of Pliocene
age have been recorded for B. exilis, which is a species which closely resembles
morphologically B. elongata and that does not occur in Miocene associations.
In Recent environments B. elongata is an open marine mud-dweller, living at
shallow depths above 100 metres (Murray, 1971). It is never reported as being
tolerant to or frequent in highly saline or oxygen-depleted waters.

B. costata, according to our analysis an intermediate species between groups
II and III, is not very frequent in the Miocene laminated sediments, except in
the Potamidha section. In comparable Pliocene associations, however, it be-
comes highly abundant (for instance in Sicily, reported as B. inflata by Brols-
ma, 1978). In modern environments B. costata and related forms are open
marine mud-dwellers, with a considerable depth range (Phleger, 1951; Blanc-
Vernet, 1969; pflum and Frerichs, 1976; Wright, 1978); most reports indicate
occurrences between 100 and 3000 metres. The only report known to us
concerning the occurrence of this group of species in oxygen-depleted environ-
ments is by Douglas and Heitman (1979). They report the occurrence of B.
mexicana in the O2 minimum zone, but below sill depth where the standing
stocks are low and the sediment changes from sandy silt to silty clay.

In view of the above-mentioned data, one can conclude that the tolerance
patterns of these four species as inferred from the Miocene data differ from
those inferred from the occurrences in modern environments. The species,
although still living, are never very frequent in Recent environments. Some
of them, or morphologically close species, may occur in oxygen-depleted en-
vironments. It is remarkable however, that associations in modern oxygen-
depleted areas are quite different from the Miocene ones. In modern environ-
ments many other Bolivina, Bulimina and Uvigerina species are much more
important than the species mentioned for the Miocene. Moreover, although
the Miocene species seem to have been tolerant to salinity fluctuations (u.



cylindrica gaudryinoides and B. costata less so), their Recent counterparts
are essentially open marine mud-dwellers with no known tolerance to salinity
fluctuations.

For the Miocene associations it was inferred that the peak frequencies of
the four species were related to food abundance. In modern areas these four
species are never frequent in outfall areas. But other Bolivina and Bulimina
species may be highly abundant there (Bandy et al., 1964a, b, 1965). More-
over, Bulimina, Bolivina and Uvigerina species may be frequent in front of
delta areas, where presumably large amounts of nutrients are brought into
the sea by rivers (e.g. Adegoke et al., 1976). In both cases these species domi-
nate associations of very low diversity, as is the case during the Miocene.
This concurs with the observation of Phleger (1958, 1976) that a low diversity
association may be indicative of high production.

Because of the positive correlation with B. spathulata, B. subulata has a tie
with group II, although statistically it belongs to group III. Hageman (1979)
describes this species as an open marine mud-dweller with a tolerance to con-
ditions deviating slightly from fully marine. In the Prassa section (Meulen-
kamp et al., 1978) and in the Pliocene sections from Sicily (Brolsma, 1978)
this species proliferates to a varying degree in the laminated sediments. Here,
in contrast with the Miocene associations, B. subulata seems to be tolerant
to oxygen depletion.

In modern environments B. subulata is described as an open marine mud-
dweller, with a long bathymetric range (0 to 2400 metres, most frequent be-
tween 100 and 400 metres: Phleger, 1951; Parker, 1954; Uchio, 1960; Iacca-
rino, 1967, 1969; Blanc-Vernet, 1969; Frerichs, 1970; Pujos, 1971). Levy
(1971) describes this species as euhaline. It is however, never highly frequent.
Moreover, it has never been described as being abundant in highly saline
waters or in oxygen-depleted areas.

H. boueana is reported as an open marine species living at depths between
20 and 200 metres, sometimes down to 500 metres (Iaccarino, 1964, 1967,
1969; Van Voorthuyzen, 1973). No tolerance to raised salinities is reported.
This however, does seem to have been the case in the Miocene associations.

Neither in Pliocene nor in Miocene associations is U. peregrina frequently
abundant in laminated sediments. In Recent environments it inhabits a long
bathymetric range (Parker, 1954; Drooger and Kaasschieter, 1958; Blanc-
Vernet, 1969; Pujos, 1971; Cita and Zocchi, 1978; Lohman, 1978). Accord-
ing to Drooger and Kaasschieter it avoids salinity fluctuations, a fact which
concurs with the Miocene data. There are reports, however, that indicate a
correlation of U. peregrina with waters characterized by a decreased oxygen
content (Schnitker, 1979; Douglas and Heitman, 1979). Moreover, Seiglie



(1968) summarised data which suggest that this species favours fine-grained
sediments rich in organic carbon. This general pattern would not concur with
that in the Miocene associations.

According to the analysis of the Miocene data c. ungerianus is an open
marine species, not tolerant to salinity fluctuations and oxygen deficiency.
The same pattern emerges from the Plio-pleistocene record (Hageman, 1979;
Meulenkamp et al., 1978). In modern environments it inhabits a considerable
depth range, living mainly on muddy substrates (Drooger and Kaasschieter,
1958; Jarke, 1960; Iaccarino, 1967; Blanc-Vernet, 1969; Murray, 1973;
Brasier, 1975).

Neither records of the agglutinants, occurring in our Miocene associations
(mainly Spiroplectammina carinata), nor of B. reticulata are mentioned in the
literature. Most of the species of the rest-group in our Miocene associations
are just as infrequent in Recent environments. Nevertheless, some peculiar
discrepancies do occur. The most obvious one is the infrequent occurrence
of the miliolids in the rest-group, whereas in modern hypersaline environ-
ments they may form the bulk of the association (e.g. Murray, 1973, 1976).
Moreover, high numbers of A. beccarii are equally absent in our material
whereas in modern hypo- and hypersaline environments the species occurs
abundantly.

From the above review it is clear that a rigid actualistic approach in fora-
miniferal paleoecology may entail serious difficulties, if applied to, for in-
stance, our Miocene associations. The differences between the fossil and
Recent abundance patterns suggest the possibility that niche patterns changed
through time, and that certain species were replaced by other species in certain
niches. As an alternative we might assume that our environmental estimate,
which was partly based on the interpretation of the stable isotope analysis,
is exaggerated or at least that the effect of the environmental changes on the
benthic fauna is an overestimate. This subject will be treated more fully in
chapter V.

Planktonic foraminifera

The frequency patterns of the planktonic and benthic foraminifera were
analyzed from the same samples. The frequencies of all the planktonic taxa
were entered in the computer analysis, together with the parameter PIB ratio

Note: In the highest Messinian samples studied, morphotypes of G. bulloides occur, which are homeo-
morph with G. siphonifera. These homeomorphs were included in the counts of G. siphonifera; the
consequence of this procedure may be that in some samples the percentages of G. siphonifera are over-
estimated.
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and a characteristic of the lithology type. The numerical data for the plank-
tonic foraminifera from the Exopolis, Vrysses and Khaeretiana sections, de-
picted in figures 30 to 32, were analyzed separately, followed by an analysis
for the three sections together. If the analyses of the separate sections are
compared, they show a rather inconsistent pattern of correlations. Also the
total analysis is often inconsistent with the analyses of the separate sections.

In the Exopolis section Globorotalia conomiozea shows a positive corre-



lation with Neogloboquadrina acostaensis, Globigerinoides trilobus and
Globorotalia scitula. The first three species are the only ones that are posi-
tively correlated with the laminated type of sediment. Another positive
correlation is found between Globigerina bulloides and Globigerina falconen-
sis. Globigerinoides obliquus appeared to be correlated negatively with the
PIB ratio and with the laminated type of sediment, while Globigerinella sipho-
nifera has a negative correlation with the P/B ratio. In fig. 33 these correla-
tions are indicated, together with some others (P < 0.05).

In the Vrysses section (fig. 34) only one of the positive correlations at the
1% level found in the Exopolis section, is found again, i.e. the one between
G. bulloides and G. falconensis. Several other positive correlations appear
now: between G. obliquus and Globigerina apertura, Globigerinita glutinata
and Globigerina quinqueloba, Orbulina universa and G. obliquus and between
Globigerina multiloba and G. quinqueloba, G. bulloides and G. glutinata. G.
multiloba and G. obliquus show a negative correlation. Correlations with the
laminated type of sediment were found for G. apertura (positive) and G.
quinqueloba and G. glutinata (negative).

In the Khaeretiana section (fig. 35) only two correlations were found to
be significant at the level P < 0.01: a positive one between G. obliquus and
G. apertura as in the Vrysses section and a positive correlation between O.
universa and G. trilobus, which occurs in the Khaeretiana section only.

In view of this rather variable pattern of correlations one begins to wonder
whether the total analysis of the three sections together can be trusted.
From a paleontological point of view such a total analysis could be easily
defended. The sections cover consecutive time slices and one can assume that
within one bioprovince the planktonic foraminiferal populations will be
homogeneous whatever the depth of deposition. This implies that the scatter
of the locations on Crete cannot provide a serious argument against the reli-
ability of the total analysis. From the statistical point of view however, one
could object that positive or negative correlations with no geological meaning
might be induced by putting the three sections together. Section-based or
time-based differences in the composition of the associations might have
induced trends in the total analysis which could have led to meaningless cor-
relations.

In fig. 36 the matrix of correlations is given for the total analysis. In this
matrix only those correlations, occurring in at least one of the three separate
sections, have been entered. On the basis of these data it seems to be im-
possible to group the planktonic species meaningfully. G. trilobus, N. acosta-
ensis and G. conomiozea seem to form a cluster which, by means of G. trilo-
bus, has a tie with the laminated type of lithology.
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If we accept all correlations, including those that are not retraceable in the
separate sections, a more coherent pattern emerges (fig. 37).

Group I consists of G. obliquus and G. apertura to which G. nepenthes
may be added. G. obliquus is positively correlated with both other species.
Negative correlations are found between G. apertura and G. bulloides, G.
quinqueloba, G. siphonifera, G. glutinata and the P/B ratio. G. obliquus is
negatively correlated with G. glutinata, G. siphonifera and the P/B ratio. On
the basis of these correlations the three species may be considered to form
one group, although it must be admitted that G. nepenthes is added on the
basis of one positive link with G. obliquus.

Group II consists of G. conomiozea, N. acostaensis and G. trilobus, as in
the earlier analysis. G. trilobus is positively correlated with the laminated
sediments.
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data from the Exopolis section.



Group III is made up of all other species. The species show some mutual
correlations, i.e. G. bulloides and G. falconensis, G. bulloides and G.glutinata,
G. quinqueloba and G. scitula, G. glutinata and G. siphonifera, o. universa
and G. siphonifera and G. multiloba and G. glutinata. There are two main
reasons for uniting these eight species in one group. Firstly, four out of the
eight species of this group have a positive link with the P/B ratio (G. bulloides,
G. siphonifera, G. quinqueloba and o. universa). These four species all have
positive correlations with one or more of the other species of group III.
Secondly, four species show negative correlations with G. apertura (G.
bulloides, G. quinqueloba, G. siphonifera and G. glutinata) and two (G.
siphonifera and G. f<lutinata) are negatively correlated with G. obliquus.
Although group III is heterogeneous it can be concluded that a common deno-
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minator of the group is the positive correlation with the PIB ratio and the
negative correlation with the central species of group 1.

Fig. 38 shows the trends of the planktonic foraminifera in the separate
sections and as they appear in the total analysis. Only trends that were retrace-
able in the analyses of one or more of the separate sections were accepted in
the total analysis. It appears that in the overall analysis only G. glutinata, G.
quinqueloba and G. multiloba display significant positive trends; only G.
nepenthes shows a negative trend.

The combination of the three species of group II seems to be the most
consistent combination in all the analyses. Visual inspection of the distribu-
tion charts of figures 30 to 32 suggests that G. trilobus has regular peak
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frequencies in the laminated sediments of Exopolis and the lower part of
Vrysses. For some intervals one gains the impression that such peaks are fol-
lowed by peaks of G. conomiozea and of N. acostaensis. The peaks of the
latter two species are often in the top-parts of the laminated beds or just
above them (see also figures 25-28). This position relative to the laminated
intervals might give a clue to the paleoecology of the three species.

The stable isotope analyses indicate that no particular salinities or tempera-
tures of the surface waters distinguish the laminated from the homogeneous
sediments. Nevertheless, the peak occurrences of group II seem to coincide
with these laminated intervals. It can be surmised that during the time of the
deposition of the laminated marls, when there was oxygen-deficiency at the
bottom, organic material and other nutrients were not sufficiently oxidized
and were stored at the bottom. During the lamination phase surface waters
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of relatively normal salinity may have entered the eastern Mediterranean
from the central Mediterranean. These waters may have introduced extra
nutrients (compare chapter IVA.). Recycling of abundant nutrients from the
deeper water may have played a role after each stagnant phase when the
vertical circulation and mixing was firmly re-established. If so, the three
species of group II would react primarily on the abundance of nutrients,
rather than on ternperature or salinity. The occasionally high frequencies of N.
acostaensis in the Khaeretiana section indicate that this species is the only
one of the three that is tolerant to raised salinities.

The species of group I are most frequent in the lower part of the studied
interval (Potamidha section, Zachariasse, 1979; the Exopolis section and the
lower part of the Vrysses section) which corresponds to relatively normal
marine salinities. Since the group is not particularly frequent in the laminated
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· intervals (see figs. 25-28) or in the higher part of the studied interval (for
which an overall increase of the salinity was inferred), it can be concluded
that this group is most frequent during times of fairly stable marine condi-
tions. The negative correlation with the P/B ratio of G. obliquus and G.
apertura indicates that this group may be frequent during times of low plank-
tonic productivity or during periods of diversified and rich bottom life. In
view of the rich benthic associations in the Potamidha section (Wonders and
Van der Zwaan, 1979) and in the Exopolis section, the latter condition seems
to be the more likely one.

If one is justified in treating group III as one unit, one can assume that the
group has preferences opposite to those of group 1. Some of the species show
negative correlations with G. obliquus and G. apertura, and four of them
have positive correlations with the P/B ratio. The species of group III are
frequent in the higher part of the studied interval, for which the stable iso-
tope analysis suggests deposition in rather saline waters.

It can be concluded that the species of group III are rather tolerant to en-
vironmental extremes, like high salinities and the ensuing environmental con-
ditions. In group III G. bulloides and G. falconensis are the least tolerant to
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the raised salinities, since they only proliferate in the lower part of the Khaere-
tiana section, above which they become rather scarce.

Miocene versus younger planktonic faunal patterns

Comparison of our faunal patterns with Recent ones is rather a risky under-
taking since data are still inadequate. Also Pliocene quantitative data are
scarce and often difficult to interpret.

In Pliocene sediments in the Mediterranean, the counterparts of the species
of group I (G. obliquus, G. apertura and G. nepenthes) are not indicative of
laminated sediments. Just as in the Miocene sediments, they seem to be the
most frequent during periods of relatively stable environmental conditions,
i.e. not strongly fluctuating or deviating from normal marine (compare
Meulenkamp et a1., 1978, 1979b).

The modern representatives of G. obliquus and G. apertura (G. ruber and
possibly G. rubescens) are characteristic for tropical and subtropical waters.
In these waters they are able to tolerate relatively high salinities (Be and
Tolderlund, 1971; Zobel, 1971; Cifelli and Benier, 1976; Be and Hutson,
1977; Be, 1977). As Reiss et a1. (1974) pointed out, these waters are charac-
terized by a low nutrient abundance, which is confirmed by the analysis of
Be and Hutson (1977). The water-masses are relatively stable owing to the
presence of a thermocline. In these respects, the ecology of the modern
species seems to be more or less in line with the environmental requirements
of the Miocene species of group 1.

Many authors consider G. trilobus and G. ruber as competitive in similar
water-masses. Jones (1967) suggested that the abundance of these species
is dependent primarily on temperature, both species being less influenced by
salinity. Other authors however, consider G. trilobus the more stenohaline
species, whereas G. ruber would be more frequent in the more saline or less
saline waters (Berggren and Boersma, 1969; Reiss et a1., 1974; Be, 1977;
Be and Hutson, 1977).

It is striking that G. trilobus inhabits particularly the equatorial belt which
is often a zone of high fertility, associated with current boundaries (Parker,
1960; Be and Hutson, 1977). G. ruber inhabits the less fertile water-masses
north and south of this zone. In this context it is indicative of the high nutrient
preference of G. trilobus that it is more frequent in the northern Sargasso
Sea (with a regular turn-over of the water-column) than in the southern
Sargasso Sea (Cifelli and Smith, 1974). The frequency patterns of G. ruber
and G. trilobus described by Zobel (1971) suggest that in the nutrient-rich
zones of upwelling in the Indian Ocean, G. trilobus is relatively more abun-
dant than G. Tuber. It seems that the interpretation of the environmental re-



quirements of G. obliquus and G. trilobus in the Miocene assoClatlOns is
comparable to the ecological patterns displayed in modern waters by G.
ruber and G. trilobus respectively.

G. menardii, considered to be the modern representative of the G. conomi-
ozea group, is more distinctly linked to fertile waters than G. trilobus. This
species is often frequent in upwelling systems like the upwelling front off
Africa (Thiede, 1975) and other productive areas (cf. Reiss et a1., 1974).

It is interesting to see that in our Miocene data G. conomiozea and G.
trilobus show statistical ties with N. acostaensis. Analyses of Pliocene sedi-
ments, e.g. by Meulenkamp et a1. (1978, 1979a, b), suggest that N. acostaensis
is most frequent during periods of high productivity. There seems to be no
correlation with specific temperature or salinity conditions. This is in fair
agreement with the Recent distribution of the N. dutertrei/N. pachyderma
complex, which contains the modern representatives of N. acostaensis.
These species have a world-wide distribution but they are most frequent
in highly productive systems like upwelling currents (Be and Tolderlund,
1971; Glac;on et a1., 1971; Reiss et a1., 1974; Be, 1977; Be and Hutson,
1977). Their world-wide distribution suggests that the group as a whole is
tolerant to a wide range of temperature and salinity.

It can be concluded that the tolerance patterns of the Miocene species and
the Recent species thought to be the descendants of the species of our groups
I and II, are in fair agreement.

Almost all species of group III are rather frequent in Pliocene and Recent
associations. In some Pliocene Mediterranean sediments G. bulloides and G.
falconensis have no specific link with laminated marls or with any other dia-
gnostic feature (Brolsma, 1978; Meulenkamp et a1., 1978). In other sections,
however, Meulenkamp et a1. (1979b) describe peak occurrences of G. bullo-
ides in brownish beds and diatomites, together with N. acostaensis. The
authors suggested that this mi;;ht have been caused by high selective produc-
tivity, possibly connected with an increased run-off.

In Recent waters, G. bulloides and G. falconensis are often regarded as
species characteristic of cool to transitional waters (Be and Tolderlund, 1971;
Cifelli and Smith, 1974; Thiede, 1975; Be, 1977; Be and Hutson, 1977;
Thunell, 1978). According to Malmgren and Kennett (1977) the two species
form a cline of which G. falconensis is most frequent in waters with a tem-
perature higher than 13° C, whereas G. bulloides is more frequent in waters
with a lower temperature. This implies that the cline as a whole is very wide-
spread and copes successfully with a wide range of temperature (and thus a
rather wide range of salinity). These two species make up high percentages
of the low diversity associations at high latitudes. But Reiss et a1. (1974)
pointed out that especially G. bulloides may be frequent during periods of



high production, for instance upwelling (e.g. Zobel, 1971), more or less in-
dependent of temperature (e.g. Cifelli, 1971). The overall picture of the
Recent frequencies of these species concurs to some extent with the conclu-
sion drawn from the Miocene distribution patterns. The species seem to have
a rather wide tolerance to environmental stress, including salinIty differences;
they may proliferate in low diversity associations. Their ability to proliferate
in fertile waters could not be retraced in the Miocene associations; yet, the
analysis of our data from the Sicilian Falconara section suggest that under
certain circumstances this might have been the case.

In analyses of Pliocene associations the data about G. quinqueloba and G.
scitula are often inconclusive. Especially G. scitula is seldom encountered in
high frequencies. Zachariasse (1978) found high abundances of G. quinqueloba
in laminated Pliocene sediments from Sicily and attributed this to upwelling
phenomena.

In Recent environments G. quinqueloba may be frequent in polar waters,
waters bordering continents and in low salinity waters. But the species may
be just as frequent in some upwelling areas (Be, 1977; Thiede, 1975) and in
subtropical, low productive waters of the Gulf of Elat (Reiss et al., 1974). In
some respects this species resembles G. bulloides ecologically, although it
seems to be more tolerant and less frequent in highly productive systems. This
concurs with the data from our Miocene sections, in which G. quinqueloba
is certainly more tolerant to high salinities, since it remains present when G.
bulloides disappears from the highest parts of the Khaeretiana section.

G. multiloba is a species which is restricted to the Uppermost Miocene of
the Mediterranean. G. glu tinata, G. siphonifera and O. universa occur in almost
every Pliocene association. However, they seldom have clear links with other
species or with sedimentary features like laminated sediments. Zachariasse
(1978) reports a negative correlation between the abundance of G. glutinata
and the occurrence of diatomites. He interpreted this as caused by the ability
of this species to thrive at low nutrient levels.

In modern environments the three above-mentioned species are very wide-
spread but are rarely seen to proliferate (Be and Tolderlund, 1971; Reiss et
al., 1974; Be and Hutson, 1977). The ecological factors that favour the
Recent species, which are comparable to the species of group III, remain
rather obscure. However, it seems to be correct to conclude, in view of the
wide distribution, that they are tolerant to various stress conditions. This is
in fairly good agreement with the interpretation of the Miocene data.

The assumed tolerance patterns of our Miocene species can generally be
retraced in Recent associations. Differences may exist however, because cur-
rent practice in studies on plankton ecology is to emphasize the temperature
dependence of species, which is not obvious from the Miocene distribution
patterns.



One section located in Sicily, Falconara (fig. 39), was investigated in some
detail. The aim of this study was to establish whether the faunal pattern in
Sicily was comparable to that in Crete and thus to find out whether the pat-
tern is recognizable over a greater part of the Mediterranean during the same
time span.

The faunal analysis of the sampled part of the Falconara section revealed
the presence of the G. conomiozea group. The shift in the coiling direction
of N. acostaensis and the flood-entry of G. multiloba are recorded in our
topmost samples. This implies that the sampled part of the section covers a
biostratigraphic interval that is comparable to that of the Cretan sections
Exopolis, Vrysses and Khaeretiana together (fig. 9).

Earlier studies of the section are to be found in several publications.
McKenzie et al. (1980) dealt with the stable isotope data of bulk samples.
Gersonde (1980) studied the diatom associations and Catalano and Sprovieri
(1971), d'Onofrio et al. (1975) and Rio et al. (1979) dealt with various aspects
of foraminiferal and nannoplanktonic associations. Recently Colalongo et al.
(1979a) proposed defining the Tortonian-Messinian boundary in the Falconara
section.

The local base of the section consists of a chaotic mixture of several litho-
types ("caotico" in Italian literature). This is overlain by a thick series of
blue-grey clays characterized by the regular presence of brown, sometimes
laminated beds, which are 20 to 25 em thick. The contact between these
brown sediments and the underlying marls is always sharp. Upwards the
individual brownish beds pass gradually into the overlying sediments. Sampling
started in this unit, some 70 metres below the top of the section. Some 30
metres below this top the character of the sediments changes. The homoge-
neous sediments become more calcareous and contain dolomite (McKenzie
et al., 1980). Instead of the laminated brownish beds we find more complicated
sequences consisting of a lower part of brown, laminated marls, followed by
a white, laminated, diatomaceous upper part, which in turn grades into the



overlying homogeneous marls. The thickness of the brown marl/diatomite
sequences varies from 10 cm to 1.5 metres. The diatomite often contains fish
remams.

Gersonde (1980) concludes that the clay-mineral composition of the various
lithologies is more or less the same, i.e. does not fluctuate in connection with
the laminated and homogeneous alternations. Smectite, illite and kaolinite
(in this order) are the most abundant components together with small amounts
of palygorskite.
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The section is capped by a cavernous limestone without clear bedding. In
the Italian literature this unit is named "Calcare di Base" and it is generally
considered to be the basal part of the evaporitic sequence.

Forty-eight samples were studied from the section (fig. 40); they are rather
irregularly distributed and the lithology in between has not been accurately
described. From all samples the planktonic and benthic foraminifera, in as
much as they were present, were studied quantitatively. The stable isotope
composition of the carbonate of O. universa and G. obliquus was studied as
well.

After this analysis had been completed we felt we needed to obtain a better

• Diatomite

EJ Clay/marl



understanding of the faunal changes connected with the diatomite-homo-
geneous alternations. Therefore some parts were re-sampled in great detail in
1978, which resulted in another 29 samples, corresponding to sample inter-
val]T 1916-]T 1934.

At present, the faunal contents of samples of two other sections, Scardilli
and Scicli (fig. 39), are being studied quantitatively. These sections are lo-
cated in the more marginal part of the Caltanisetta Basin and on the Ragusa
Platform, respectively. They are not described in detail, but reference will
be made to the preliminary results of these faunal studies in the following
sections. The age relations of all the Cretan and Sicilian sections are sum-
marized in fig. 9.

The paleogeographic setting of the Sicilian sections differs completely
from that of the Cretan ones. The Falconara and Scardilli sections are located
in the large Caltanisetta Basin. A short review of the geological history of
this basin has been given recently by Meulenkamp et al. (in press); the following
information is based largely on their paper.

During the Miocene, especially during the Langhian-Tortonian time-span,
open marine sediments accumulated. During that time submarine relief came
into existence. The Scardilli section is located near the former basin margin;
the sediments of the Falconara section accumulated more basin-inwards. Al-
though the faunal contents of the latter section are meagre, they suggest
deposition at considerable depths, which does not contradict the evidence of
the field.

The Tortonian-Messinian transitional interval was a time of high tectonic
instability, which resulted in the splitting up of the large and comprehensive
Caltanisetta Basin into smaller blocks, that subsided fairly rapidly. Simulta-
neously, the sediments changed from clay-marl to diatomite-marl sequences.
As on Crete, the Messinian sediments onlap on older ones, suggesting con-
tinuous subsidence.

The Scicli section is located on the Ragusa Platform; the geological history
of this part of Sicily differs from the history of the Caltanisetta Basin. The
data are as yet too scanty for us to be able to give a detailed account of the
paleogeography during the Tortonian-Messinian time-span.

The percentages of pelite and carbonate (fig. 41) fluctuate rather regularly
in the Falconara section. The laminated, diatomaceous sediments show rela-
tively high percentages of pelite (or rather of clastic mud < 1611) and low



Fig. 41 Pelite and carbonate percentages in a suite of selected samples from the Falconara section.
Horizontal and dashed lines indicate diatomites and brown, laminated marls, respectively.

percentages of carbonate. The latter is probably not caused by dissolution
phenomena. Firstly, the fauna shows no signs of dissolution, and secondly
the total number of planktonic foraminifera increases rather than decreases
in the laminated diatomaceous sediments (fig. 42). The brown, laminated
beds in the lower part of the section are not clearly distinguishable from the



homogeneous sediments, either by the percentages of carbonate and pelite or
by the total foraminiferal number.

The higher pelite percentages of the diatomites may indicate a greater
input of clastic material during their deposition and is probably not caused
by the effect of lower carbonate production. One should be careful with this

TOTAL NUMBER PLANKTONIC FORAMI N IFERA PER

30 GR. DRY SEDI MENT

Fig. 42 Total numbers of planktonic foraminifera and radiolaria (black) in a suite of selected samples
from the Falconara section. Horizontal and dashed lines indicate diatomites and brown,
laminated marls, respectively.



hypothesis, since a large quantity of organic silica, such as diatom particles,
may be included in the percentage of pelite.

The higher foraminiferal num bers in the diatomites seem to point to a higher
productivity. The increased numbers of radiolaria and the extremely high
numbers of diatoms suggest this as well. According to Gersonde (1980) the
lamination of the diatomites consists of dark laminae rich in clay, alternating
with light, diatom-rich laminae. Gersonde could not prove that the existence
of seasonal fluctuations in productivity had caused the laminae, since the
diatom composition of the dark and light laminae is essentially the same.

• Homogeneous sediment OJ

C;;
o Diatomaceous sediment 0

o Brownish (laminated) sediment ,G'l
c
(:)--.c'
t::
t::
C/)

+1•
0 ........~~. 0

a •••• •a aD] -1
0 0

DO 0 -20

-3
a

a -4

-5

-6

-7

a
5 13C G,obliquus

,- ,-
-7 -6 -5 -4 -3 -2 -1 0 +1 +2 +3



The results of the stable isotope analyses have been published by Van der
Zwaan (1979b). These are partly repeated here in order to arrive at a com-
prehensive paleoenvironmental interpretation.

Since benthic foraminifera are too scarce, we analyzed two species of plank-
tonic foraminifera. From 34 samples the carbonate of G. obliquus was ana-
lyzed, while 35 samples proved to be suitable for the analysis of the carbonate
of O. universa. These two species were chosen because the Recent represen-
tatives of these species have habitats at different depths. G. ruber, the modern
representative of G. obliquus, is generally considered to be a species living at
very shallow depths (not lower than 50 metres), whereas O. universa lives
deeper, at depths of 50-100 metres (Be and Tolderlund, 1971; Berger,
1969; Be, 1977). Using these two species, we hoped to obtain some insight
into the past changes of at least the top part of the water-column.

Isotope composition of foraminifera

From the scatter diagrams of the isotope compositions (figs. 43-46) it is
evident that in laminated and homogeneous sediments the carbonate of G.
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obliquus shows different isotope values. In contrast, the carbonate of o.
universa displays essentially the same values for both types of sediment. If
the scatter diagram of the 8l3e values and the 8180 values of G. obliquus (fig.
43) is considered, we see that the 8180 values of the carbonate of G. obliquus
in the laminated sediments (brown marls and diatomites) are distinctly more
negative.

The lower 8180 values of G. obliquus in the laminated sediments suggest a
relative lowering of the salinity of the surface water during the corresponding
periods, or alternatively, a rise in temperature. We prefer to explain the fluc-
tuations mainly in terms of salinity. The average composition of the carbonate
of G. obliquus in the diatomites is -2.2%0; in the interbedded homogeneous
sediments it is around 0%

0, This implies a difference between the average
composition of 2.2%0 or, in terms of temperature a change of about 10° e.
Such a temperature change is thought to be too high to have occurred in any



fairly large water-mass. If on the other hand the change had been caused by
salinity alone, it would correspond to an average lowering of the surface sa-
linity during the deposition of the diatomites of about 3.5°100 (d. Epstein,
1951; Epstein and Mayeda, 1953; Berger and Gardner, 1975; Kammer, 1979).

If the lowermost Tortonian samples reflected normal Mediterranean salini-
ties, comparable to those of today, the average lowering of the salinity of

the surface water during the deposition of the diatomites would correspond
to a maximum drop of salinity from 37-38°100 to about 33.5-34.5%0'

These results seem to point to "contamination" of only the surface water-
layer with water characterized by a lower salinity, since the <') 180 values of
O. universa were not affected. Influxes of normal oceanic (e.g. Atlantic)
water over more saline Mediterranean water might explain our data. Alter-
natively, the lowering of the salinity might have been caused by a strongly
increased run-off from the "hinterland" during the deposition of the laminated
sediments. In chapter IV.4 the origin of the laminated sediments will be dis-
cussed more fully.
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Trends in isotope composition

The a 180 composition of G. obliquus fluctuates strongly but no trend is
apparent (fig. 47). The oxygen isotope values of O. universa however, dis-
play an upward shift to increasingly more positive values up to sample JT
1921 (fig. 47). Further on, the values drop to close to 0%0, but in the course
of the time they shift again to more positive values. The magnitude of both
shifts is about 2.5%0, We consider this too great a difference to be attribut-
able to temperature alone, because such a difference would correspond to
some 11°C cooling of the water. If salinity is considered to be the sole factor,
the maximum change would correspond to a salinity increase of 4%0, This
would imply that the salinity changed from 37-3 8%0 (taken arbitrarily for
the lowermost samples studied, by analogy with Recent Mediterranean waters)
to 41-42%°' It should be noted that such high salinities would occur in the
uppermost 100-150 metres of the water-column, since the measurements
were carried out on planktonic foraminifera. Thus deeper water-layers could
be even more saline. On the other hand, the surface layer (uppermost 50
metres) seemingly was constantly refeshed, since the a 180 values of G. obliquus
show no trend.

The carbon isotope values of the carbonate of both G. obliquus and O.
universa show an irregular trend up to sample JT 1928 (fig. 48). The values
become increasingly more negative. Above this interval the reverse although
indistinct trend to less negative values can be observed.

The same explanation can be given for this change in the a 13Ccomposition
as was given for comparable trends found in the Cretan material. Contribu-
tion of organic material is considered to be the most likely cause. This organic
material (with a very light composition of -20 to -25%0, Sackett et al.,
1965) may be of continental origin. But since the trend is neither related to
lithology nor to the 0180, mechanisms like input of organic material from the
continent, for instance by increasing run-off, do not seem to have operated.
Addition of methane is thought to be the best explanation. Methane has an
extremely light isotopic composition (-30 to -70%0) and may have been
generated by microbiological degradation of organic material at the bottom.
Considerable quantities of organic material might have been stored during
periods of anoxic bottom conditions. The methane would be oxidized near
the surface and thus contribute to the very light isotopic composition of
the CO2 in the sea water. If this in fact occurred, the a 13c trends might have
been caused by an increasing contribution of methane in the course of the
Messinian, up to about the level corresponding to sample JT 1928. From
that level upwards, an indistinct trend in the opposite direction is observed,
which may indicate a return to less stagnant conditions.
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Altogether 77 samples of the Falconara section were studied and used for
the microfaunal analysis. In most samples benthic foraminifera appeared to
be scarce or absent; only in the lowermost samples were counts performed
on the benthic associations, but the number of counts was too small for
computer analysis.

Planktonic foraminifera were present and well preserved in almost all
samples. Only in some samples from the homogeneous marls between the
diatomites, did the planktonic foraminiferal fauna appear to be greatly im-
poverished and there were not enough specimens present for the associations
to be analyzed quantitatively.

Forty-eight samples, derived from the originally sampled suite, were used
for the computer analysis. All the taxa were included in this analysis as well
as the parameter for the lithology.

Benthic foraminifera are extremely scarce in the Falconara section. Nor-
mally only 2-5 specimens were encountered per 200 counted specimens of
planktonic foraminifera. From about sample JT 1909 upwards, all samples
are almost devoid of benthic foraminifera, apart from some specimens of
Bulimina aculeata (= B. echinata of earlier authors).

The association in the lowermost samples is completely different from the
Cretan associations. Dominant species are Cibicides kullenbergi, c. italicus,
C. robertsonianus, Siphonina reticulata, Oridorsalis umbonatus and Karrer-
iella bradyi. In the uppermost part of the section, the benthic foraminiferal
fauna re-appears after its quasi-absence in the middle part. Some 19 metres
below the Calcare di Base, B. aculeata becomes the most frequent species
and may constitute mono-specific associations. Other benthic foraminifera
are rarely encountered in this interval; if present, they are found mainly in
the 60-125fJ- fraction. These are small Bolivina species (B. spathulata, B.
plicatella and B. compacta) and some epiphytic species (c. lobatulus and
Discorbis species).

The benthic associations indicate that during the Tortonian the Caltanisetta
Basin was much deeper than the Cretan basins. Especially C. kullenbergi, C.
robertsonianus and O. umbonatus are regarded as deep water indicators, al-
though O. umbonatus may occur in shallow waters as well (Wright, 1978,
1980). K. bradyi can also be considered as a relatively deep species. Brolsma
(1978) describing comparable associations from the Pliocene Trubi sediments
from Sicily, concluded that these associations belonged to deep water (500



to 800 metres). As already stated earlier (Van der Zwaan, 1979a) it is hardly
possible to give values for absolute depth or to establish whether any shallow-
ing trend occurred during the deposition of the Falconara section.

However, it is interesting to note the vigorous reaction of these deep-water
associations to the deteriorating conditions. Isotopic analyses show that the
salinity started to increase around the level corresponding to the entry of
the G. conomiozea group, but already before this event the benthic fauna
reacts by virtually disappearing. The periodical stagnation and oxygen deple-
tion at the bottom which caused the brown, laminated sediments, evidently
did not playa predominant role in the disappearance of the benthic fauna,
since benthic foraminifera are also absent from the homogeneous sediments.
Increased bottom salinities are likely to have been the main cause. The oxygen
isotope values of O. universa point to relatively high salinity values for the
upper waters below the surface layer and the salinity increase must have
been even stronger at the bottom.

The benthic fauna of the Scardilli section is richer and more diversified
than the benthic fauna of the Falconara section. In addition to the species
present in the Falconara associations we found Globobulimina species,
Uvigerina peregrina, U. rutila, u. cylindrica gaudryinoides, Bulimina costata,
Valvulineria complanata, c. lobatulus and Elphidium species. In this respect
the fauna resembles the Cretan fauna to some extent and confirms the evi-
dence from the field that the Scardilli section is located in the more marginal
parts of the basin. Although the Scardilli section covers a similar biostrati-
graphic interval as the Falconara section, the samples are never completely
devoid of benthic foraminifera. This suggests that the salinity increase started
in the deeper parts of the basin and was felt in the shallower parts only later
and then less vigorously.

The benthic associations of the Scicli section resemble the Cretan fauna
to a great extent. Similar species proliferate in the laminated sediments (u.
cylindrica gaudryinoides, B. spathulata, B. elongata and sometimes B. costata)
and the fauna seems to display comparable trends through time. These pre-
liminary results suggest that the Cretan faunal patterns have an extra-regional
character.

Planktonic foraminifera

The relative frequencies of the planktonic species in the Falconara section
are depicted in fig. 49. The computer analysis was performed on the counts
of the 48 samples of the originally sampled suite. This analysis reveals that
there are practically no correlations between the species frequencies or be-



tween these frequencies and the lithology. Positive correlation at the 1% level
exist between the couples G. bulloides-G. falconensis, G. apertura-G. obliquus,
and G. siphonifera-G. glutinata. A negative correlation was found between
G. obliquus and G. multiloba. These correlations, together with the ones at
the 5% level, are indicated in fig. 50.

On the basis of these data it is impossible to form clusters of positively
correlated species, as was done for the Cretan associations. The reason for
the lack of correlations between the species abundances may be the fact that
in contrast to Crete, only 48 samples were included in the computer analysis.

'" >, " '" '" ~
" ~ " '"0. '" " ::: " "0 "0 .Q ~ "E 0 G.obliquus

~ " ~ " G.conomiozea ~" " "" .c

"- "-
;:: " '"<fl ~ " " E 0,

'" " '" "f- --' '" "..., '" '"
, 94 2 ~ ~ ~
1940

1900
42

••45
1946

1911
19110
1910

Fig. 49 Relative frequencies of planktonic foraminifera in the Falconara section. Horizontal and
dashed lines indicate diatomites and brown, laminated marls, respectively.



Moreover, the samples are rather irregularly distributed along the lithological
column and are derived from three types of sediment (brown laminated, dia-
tomite and homogeneous marl) instead of two types, as on Crete.

To obtain more insight into the distribution patterns, we sampled some
diatomites in detail. These samples reveal a rather consistent fauna distribu-
tion (fig. 51), which in combination with the distribution patterns found in
the main section, may be interpreted as follows. The relative abundances of
G. obliquus and G. apertura are not correlated with the diatomites. These
species reach high relative numbers in the homogeneous sediments or in the



brown, laminated marls at the base of each diatomite cycle. These two species
and G. nepenthes are rare in the uppermost part of the main section. If we
lump this evidence together we can conclude that the three species were not
able to tolerate deviating environmental conditions, such as high salinities
or the nutrient abundances during the deposition of the diatomites. This
conclusion is in line with the one based on the Cretan material.

N. acostaensis has distinct peaks in the diatomites. It seems to be plausible
that the high frequencies of this species were related to the decreased surface
salinities and/or the high nutrient abundance in the surface waters.

G. conomiozea seems to be rather consistently related with the diatomites
as well. This supports the suggestion, based on the Cretan associations, that
this species was ecologically closely related to N. acostaensis. Because G.
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trilobus is so scarce, one cannot judge whether this species had any relation
with the sediment type.

G. bulloides and G. falconensis are abundant in some of the uppermost
diatomites, but sometimes they are equally abundant in the homogeneous
marls. In the Cretan analysis these species were placed in the "stress tolerant"
group. This is confirmed here inasmuch as they may be abundant in the
upper part of the section for which high salinities are inferred. But they also
proliferate in some of the diatomites. This may indicate that these two species
proliferate in nutrient rich waters, but only if most of the species of the
Cretan group II (N. acostaensis, G. trilobus and G. conomiozea) are absent
owing to some other environmental factor.

Some of the species of the Cretan group III (there consisting of the eight
species O. universa, G. bulloides, G. falconensis, G. multiloba, G. glutinata,
G. siphonifera, G. quinqueloba, and G. scitula) become very frequent in the
upper part of the interval studied (fig. 49, 51), mostly in the homogeneous
sediments. In the absence of less tolerant species, however, they may prolifer-
ate in the topmost diatomites as well.

Some overall faunal trends can be compared to the ones observed in the
Cretan planktonic foraminiferal associations (fig. 52). G. nepenthes, G.
scitula, and G. menardii show significant upward decreasing trends in the
Falconara section. Also G. conomiozea and G. trilobus (although no statis-
tically significant trends are observed) disappear early from the 200-counts
in the course of the Messinian. As on Crete, this is followed by the dis-
appearance of G. obliquus and G. apertura and a little higher by the dis-
appearance of G. bulloides, G. falconensis and G. siphonifera. The associa-
tions in the highest Messinian strata are dominated by G. glutinata, O. uni-
versa, G. quinqueloba and G. multiloba. Almost the same pattern was ob-
served on Crete. The decreasing diversity and eventual dominance of a few
species might be explained by the increasing salinity of the surface waters.
Only the most tolerant species could survive the deteriorating conditions.
However, the trends of G. conomiozea and G. trilobus need not be explained
a priori in the same way. A southward shift of the Atlantic bioprovinces,
relating to a global climatic cooling, might be an equally satisfactory explana-
.tion of the trends (d. Cifelli, 1976).

The results of the analysis are not in disagreement with the Cretan data.
The species of group I seem to have been most frequent during stable marine
conditions. The species of group II would have reacted primarily to nutrient
abundance, although especially N. acostaensis was rather tolerant to environ-
mental stress as well. The species of group III were tolerant to the increased



'"" »
'"

E
0

c 0
(j) .c~
Cl. ...J

U

3088
3087

3086

3085

3084

3083

3082

3081

3080

3079

3078

'" "" '" '"'- '" ::> N
::> ::: .Q 0

G.ob/iquus <: c: 0 EO N.Qcostaensis
'" '"Q. Q. ;: 0

c '" c:
<6 c: <6 0

"CO <6

3069

3068

3067

3066

3065

10Qem

75
3063

50 3062

25 3061

60 80ofo

Relative frequencies of planktonic foraminifera in detailed sampled intervals from the Fal-
conara section. Asterisks indicate barren samples. Dashed lines indicate brown, laminated
marls; solid lines indicate diatomites.



" "' ".Q

"' "'
~

" 5: '" '"Q; 1J <: ....
3: c '" <:~ <: 6.gl utinata O. un; versa0- ~ :: " " a.multi/oba

<: ~ ~ .<:

'" .Q ~ .~~ to
0- to "'
co to co



surface salinity and proliferated during fertile conditions only in the absence
of the species of group II. G. bulloides and G. falconensis were species eco-
logically intermediate between the species of groups IIand III.
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Fig. 52 Trends of planktonic foraminifera in the Falconara section, with probability level (P) below
0.05.



The environmental development of the Mediterranean during the Late
Miocene is still a matter of considerable controversy. During the last ten years
many of the discussions have focussed on the Messinian salinity crisis and
much attention has been paid to reconstructions of the depositional environ-
ments of the huge amounts of evaporites and of the overlying Pliocene strata.
This research received a great impetus from the publications that followed
the first Mediterranean cruise of the Glomar Challenger (Ryan, Hsii, et al.,
1973). Ryan, Hsii and Cita were the defenders of the "deep basin - shallow
water" model as opposed to the more traditional "shallow basin - shallow
water" model.

Some points raised by the scientific staff of the Glomar Challenger could
be proved or made acceptable in subsequent research. It cannot be denied,
however, that there are still some flaws in the model, even after its re-evalua-
tion following the second cruise of the Glomar Challenger (Hsii, Montadert
et al., 1978).

Many questions concerning the climatological and environmental develop-
ment during the Tortonian-Messinian remained unanswered. In the following
sections various aspects of this pre-evaporitic period will be discussed. The
newly gathered data from the Cretan and Sicilian sections serve as the basis
for a review of the existing models concerning the structural, climatic and
environmental development of the Mediterranean.

A general outline of the structural evolution has been presented by Biju
Duval et al. (1978), Hsii et al. (1978) and Montadert et al. (1978). If we
compare our data with their large scale reconstructions, some new elements
may be added.

Both on Sicily and Crete the interval including the Late Tortonian and

Note: After our manuscript was completed Rouchy (1981) published an extensive study on the Medi-
terranean Messinian salinity crisis. Although we share many of his views, his thesis appeared too late
for liS to discuss his paper.



"Early" Messinian is characterized by onlapping sequences. This means that
either there was a rise in the sea-level or that the respective areas underwent
subsidence. These relative movements more or less coincided with important
sedimentary chang~s. In both areas the sediments changed from predominantly
clastic during the Tortonian to predominantly calcareous in the course of
the Messinian. In addition, they became characterized by a distinct increase
in various laminated sediments. Such occurrences really became frequent
from the entry of the G. conomiozea-group onwards.

The onlap pattern is not restricted to Crete and Sicily. It is to be found
in many other Mediterranean basins, although it is usually not recognized as
such. The Upper Tortonian of Italy provides many more examples. Lazza-
rotto et al. (1964) described a fluviatile sequence from Tuscany for which
they presume a Tortonian Age, followed by a marine Messinian sequence
with gypsum intercalations (see also Bossio et al., 1978). Savelli and Wezel
(1979) described vertical block-movements during the Tortonian-Messinian
boundary interval, followed by a transgression, in the Pesaro area. Rizzini
and Dondi (1980) mentioned a considerable subsidence during the Tortonian
to "Early" Messinian in the Plain of Lombardy. In Calabria such a Messinian
transgressive phase was described by Martina et al. (1979).

Many more examples can be found outside Italy. They have been described
for Macedonia (Strimon Basin, Meulenkamp 1979c), Crete (Meulenkamp et
al., 1979c), the Lorca Basin (Geel, 1978) and the Sorbas Basin (Dronkert,
1978) in Spain, Algeria (Tauecchio and Marks, 1973) and Corsica (Orszag-
Sperber, 1979). .

In fact, this pattern of transgression seems to be so general that it is diffi-
cult to find places in the Mediterranean with the opposite pattern. Neev
(1979) described, for Israel, erosional phenomena of possibly Tortonian-
Messinian Age. A problem here is the precise faunal dating. El Heiny (1979)
reported the uplift of blocks during the Tortonian-Messinian in Egypt, causing
extensive erosion. There may be another example, to be found at the other
end of the Mediterranean in the Betic "Street". Benson (1976a) and Berggren
and Haq (1976) reported the relative rise of blocks; this is concluded from
faunally-based bathymetrical evidence, but there is a lack of detailed strati-
graphic information.

Sedimentation patterns without change during the Late Tortonian-"Early"
Messinian time-slice may have existed but as yet they are unknown to us either
from the literature or from our own observations.

The general pattern indicates that the Late Tortonian-"EarlY" Messinian
period was essentially a period of active block-movements and of differentia-
tion between rapidly and more slowly subsiding blocks. The relative rise of



the base level of erosion may explain the onlap of the sediments of this age
in many areas. Acceptance of this might explain the general changes observed
in the sedimentary patterns. As Drooger (1976) already pointed out, the
Tortonian sediments are mostly fine-clastic. Huge amounts of clay and some
bioclastic limestones accumulated. Generally speaking this would point to a
strongly reduced relief during these times. The relative rise of sea-level during
the Late Tortonian-"Early" Messinian might have accentuated this pattern.
The rise of the base-level of erosion might have caused a reduction in the in-
put of clastic material and the generally observed change from clastic to
calcareous sedimentation.

This transgression is seemingly in contradiction with the often observed
shallowing in the course of the Messinian. In our opinion this can be explained
by an eustatic lowering of the sea-level. This must have followed the trans-
gressive phase of the preceding period. The pattern resulting from the assumed
interaction of tectonic and sea-level movements is almost impossible to un-
ravel. An argument in favour of the assumption of sea-level lowering, follow-
ing the "downward" movements during the Tortonian-"Early" Messinian,
might be the progradation of the reefal successions as observed during the
Messinian (Esteban, 1980; Rouchy, 1980), although this can be attributed to
local uplift as well. Indications of an eustatic sea-level lowering are found
outside the Mediterranean as well (Adams et al., 1977; Vail et al., 1977;
Batchelor, 1979). The drop must have been less than 100 metres, however.
This seems to be rather an insignificant amount, but it may have had a tre-
mendous effect on the restriction of the inflow and outflow patterns of the
waters in the Mediterranean basins.

The overall picture suggests that during the Tortonian-Messinian transition
period, the Mediterranean underwent considerable changes. A transgressive
phase caused the drowning of the Tortonian land areas at many places. Large
sedimentation realms were split up into smaller ones by vertical block move-
ments.

Although the majority of the authors agree about the shallow character of
the Messinian sediments in the circum-Mediterranean areas, there is more
controversy about the depositional depth of the central parts. In Sicily, the
south-central basin was certainly much deeper than most other areas on-land
today. Accurate estimates, however, are impossible, certainly if they are based
on the often meagre microfaunal contents. There seems to be no reason,
however, to doubt that the Tortonian-"Early" Messinian Mediterranean sub-
marine topography was rather rugged. Geophysical evidence also suggests
that some of the central basins were already in existence during that time



(Biju Duval et al., 1978; Montadert et al., 1978). The fact that the Main Salt
Sequence is confined to the central Mediterranean basins indicates that they
were depressed areas already before the evaporitic period (Busson, 1979). In
such depressions one would expect the first evaporation to take place from a
brine, long before the marginal areas were affected. Since no one has con-
vincing arguments against a "deep" water environment for the deposition of
the Main Salt Sequence, the model of Schmaltz (1969), postulating evapora-
tion under a considerable water-cover, cannot be rejected.

During the deposition of the higher Messinian units (upper evaporites) the
submarine topography seems to have been more uniform all over the Mediter-
ranean. As far as is known, shallow water deposits seem to have prevailed in
both the central and marginal parts of the Mediterranean. This might have
been caused by the infill of the more central depressions by the huge masses
of the Main Salt Sequence; in other words, sedimentation would have exceeded
subsidence. In this way the original relief might have been reduced. During
the final phase of evaporation gypsum and carbonate were formed everywhere,
whereas the amount of clastics reached a minimum. This seems to point .to
a large area of shallow seas bordered by landmasses with strongly reduced
relief. Many of the evaporite series, however, are covered by clastic sediments
which are often coarse, e.g. conglomerates and sands. These clastics point to
a considerable rejuvenation of the relief, either as a result of tectonic move-
ments or as a result of a marked lowering of the sea-level as a final event during
the Messinian.

Anyone arguing in favour of the deposition in shallow water of all the eva-
porites should realize that this implies a Late Messinian subsidence of at least
1500 to 2000 metres if the huge amounts of sediments were to be hosted.
If subsidence had not been sufficient to balance sedimentation, the basins
would have starved rapidly. In fact, it seems quite likely that differential
subsidence occurred already before and during the evaporation phase and
that the central Mediterranean blocks subsided more rapidly than the circum-
Mediterranean blocks.

From the foregoing discussion it is evident that the tectonic evolution of
the Mediterranean during the Tortonian and the Messinian must have had a
fundamental effect on the distribution and the facies of the evaporites. How-
ever, the development outlined above does not explain the origin of the salinity
crisis. Since the increase in the salinity of the Mediterranean waters started
already at the G. conomiozea-entry level, the roots of the crisis must be sought
at this level or even earlier.

In the structural outline presented by Biju Duval et al. (1978), Hsli et al.
(1978) and Montadert et al. (1978) two events are of special importance.



These are the termination of the connection between the Pacific and the
Mediterranean (already during the Early Miocene) and the restriction of the
Atlantic-Mediterranean connection towards the end of the Miocene. Almost
all authors conclude that these events were instrumental in bringing about
the salinity crisis. In addition to the restriction of the Atlantic-Mediterranean
connection as a result of tectonic events, a lowering of the sea-level might
have hindered the water inflow and outflow. The relative amount of outflow
is thought to be especially decisive for the evaporation balance, which led to
the deposition of salts.

If we consider the closure of the Mediterranean in combination with the
relative rise of the sea level during the Tortonian-"Early" Messinian time,
the latter may be of importance. Meulenkamp (pers. comm.) suggested that
there might be some causal relationship between the Paratethys, Red Sea,
and Mediterranean evaporite bodies and transgressions, in view of the fact
that these three "crises" were all preceded by transgressions.

The consequences of a transgression on the waterbudget of a sea have not
been studied. In our view it is conceivable that the total surface area of the
sea was considerably enlarged by the transgression. Consequently, the total
amount of water-loss might have increased significantly, which would have
resulted in an increased negative Mediterranean water-budget.

All three tectonic events (closure of the Pacific-Mediterranean, Early Mio-
cene; closure of the Atlantic-Mediterranean and circum-Mediterranean trans-
gression, both Tortonian-"Early" Messinian) are thought to have played an
equally important rale in the origin and timing of the Mediterranean salinity
crisis.

Since the Utrecht seminar (Draoger, 1973) much has been done to trace
climatic changes during the Mio-pliocene and especially to detect fluctua-
tions which might have had a causal connection with the salinity crisis. Never-
theless, Benda's observation (1973) that no notable climatic changes took
place in the Mediterranean during the Messinian still seems to be valid. Ac-
cording to Benda the most important change took place already during the
Serravallian-Tortonian. At that time the Mediterranean climate became cooler
and drier. According to Benda these climatic conditions remained constant
well into the Pliocene, when another change towards more humid conditions
took place.

Outside the Mediterranean a general cooling and the development of polar
ice-sheets during the Miocene to Recent time-span is confirmed by many suites



of stable isotope data (e.g. Boersma and Shackleton, 1977; Letolle et al.,
1979; Keigwin, 1979; Kennett et al., 1979). The Late Miocene in particular
might have been a cooler period. Loutit and Kennett (1979) inferred a cool-
ing around the G. conomiozea entry in New Zealand, which might be syn-
chronous with cool phases found elsewhere (see references in Loutit and
Kennett, 1979). Cita and Ryan (1979) however, suggest a warming up in the
"Early" Messinian for the Cape Bojador site. According to their data this
warmer phase was followed by a cooling. This cooling phase may be correlated
with the onset of the evaporation in the Mediterranean. Because of the geo-
graphical shape and position of the Mediterranean it is feasible that the cool-
ing had considerably less effect on the circum-Mediterranean climate than on
the Atlantic water-masses.

The general picture fits in with the model described by Jasko (1979). He
pointed out that the distribution of evaporites and lignites in space and time
indicates a gradual migration of the climatic belts southwards during the
Neogene. Also evidence of the marine microfossils from the Atlantic and
Mediterranean indicates a cooling trend. The planktonic foraminiferal associa-
tions in the Mediterranean suggest relatively high water temperatures during
the Tortonian and "Early" Messinian. The presence of species like Globoro-
talia menardii and G. trilobus points to a tropical to subtropical association.
The association reflects a cooler depositional environment of the Pliocene
sediments. A southward shift of the planktonic foraminiferal bioprovinces
during the Mio-pliocene was suggested by Cifelli (1976) and this is supported
by our data.

Two Miocene Mediterranean datum-levels should be considered in this con-
text: one which corresponds to the entry of the G. conomiozea group and
the other which is based on the shift in the coiling direction of N. acostaensis.

Loutit and Kennett (1979) and Zachariasse (in preparation) conclude that
the presence of the conomiozea forms is connected with cooler water-masses.
In contrast, the menardii types would be associated with more tropical water-
masses. In our opinion the entry of the conomiozea group in the Mediterra-
nean thus implies that the relatively cooler waters had reached the entrance
of the Mediterranean. The datum-level could then be explained by the south-
ward shift of the Atlantic menardii- and the more northern conomiozea-
provinces. Also the shift in the coiling direction of N. acostaensis may be a
result of the southward migration of Atlantic bioprovinces. In the course of
the Messinian the sinistral province of N. acostaensis had shifted too far
to the south, causing the more northern dextral province to reach the entrance
of the Mediterranean.

The hypothesis of Ryan et al. (1974), recently defended again by Cita and



Ryan (1979), that the salinity crisis was the cause and not the consequence
of the Antarctic ice cap, seems to be untenable. The cooling and the south-
ward migration of Atlantic bioprovinces had already occurred before the on-
set of the evaporation. Furthermore, salinities started to increase already
during the very beginning of the Messinian, not suddenly during the evapora-
tion phase as supposed by Ryan et al. (1974). However, possibly the salinity
crisis contributed to the glaciation, as proposed by Van Couvering et al.
(1976). The extraction of salt may have caused a reduction in the salinity of
the surface water of the oceans which in turn might have contributed to the
expansion of the ice-sheet. In this way both events may have become instru-
mental in strengthening each other.

In conclusion, we concur with Jasko (1979) that the salinity crisis in the
Mediterranean was the result of the interplay of a suitable basinal setting (in
this case a restricted connection between the Mediterranean and the oceans)
and a global change in climatic conditions. The assumedly dry, rather warm
Mediterranean climate was a very prominent factor, but a lowering of the
sea-level connected with an overall cooling trend was probably equally im-
portant.

During the Early-Middle Miocene benthic grou ps show evidence of a reason-
ably diversified bottom life in the Mediterranean. The ostracodes may even
point to the existence of a psychrosphere (Benson, 1973, 1976b, 1978). This
means that relatively deep oceanic water could enter the pre-evaporitic Medi-
terranean. The first obstruction to the Mediterranean inflow and outflow
patterns was probably the closure of the Mediterranean-Indian Ocean con-
nection at the very beginning of the Miocene (Hsii et al., 1978; Drooger,
1979). Approximately from this time onwards sapropeletic layers can be
observed in the sedimentary record. Meulenkamp et al. (1979a) suggest that
the occurrence of such layers, rich in organic material, might be a consequence
of this closure. They furthermore point out that fragmentation of the Medi-
terranean must have taken place already during the Middle Miocene and they
consider a mosaic pattern of basins as one of the prerequisites for the devel-
opment of stagnant water-masses.

During the Tortonian the vertical water-circulation became increasingly
more sluggish; the stable isotope record of Sicily is a pointer in this direction.

It was in this environmental setting that the Messinian salinity crisis began.
The defenders of the "deep basin-shallow water" model claim that there was
a sudden drying out of the Mediterranean by evaporation, which was repeat-



ed many times afterwards. According to these authors, the turning point
coincides with the transition from open marine Messinian sediments to the
evaporites. Isotope studies show conclusively, however, that the increase in
salinity of the surface and bottom waters started as early as the G. conomi-
ozea entry, i.e. at the Tortonian-Messinian boundary (this paper; Vergnaud .
Grazzini, 1978; McKenzie et a1., 1980). These data suggest that important
changes took place in the circulation patterns of the Mediterranean already
during the Tortonian.

Faunal and structural evidence would point to the shoaling of the Atlantic-
Mediterranean connection after the end of the Middle Miocene (cf. Hsu et
a1., 1978). This event, which occurred after the closure of the Mediterranean-
Pacific connection, should have had a considerable effect on the Mediterra-
nean water-circulation patterns, for example on the elimination of the psy-
chrosphere. Benson (1978) could not find any more psychrospheric ostra-
codes in the Tortonian sediments.

Since all data point to the predominance of a relatively dry climate, it seems
likely that, just as at present, evaporation-loss and outflow of deeper water
were compensated by a surface inflow from the Atlantic, direct precipitation
and run-off from the adjoining land-masses.

If we assume that the climatic conditions in and around the Mediterranean
were fairly stable during the Late Miocene, it follows that the annual amounts
of evaporation loss and fresh water input were approximately constant. If
evaporation loss outbalanced the fresh water supply, there had to be a con-
stant annual volume of inflow from the Atlantic ("anti-estuarine" circulation).
Evaporation might have increased drastically from the Tortonian- "Early"
Messinian times onward, by the enlargement of the surface water-area by the
transgressive phase.

We have to accept a more rapid and larger inward current through the en-
trance gate and a slower, smaller and deep outward counter-current of more
dense and saline Mediterranean water. Such a system must have existed al-
ready during the Tortonian in order to account for the absence of an oceanic
psychrosphere; at no time of the year could deep and colder Atlantic water
enter the Mediterranean. The deeper outflowing counter-current and possibly
a shallow sill depth prevented such a deep Atlantic inflow.

The amount of deeper Mediterranean outflow was determined by the
strength of the inflow. Evaporation being at a maximum and fresh water
supply at a minimum in summer (autumn), the outflow during this season
was less than it was in winter (spring).

If the cross-section of the entrance diminished while the annual amount
of Atlantic water needed in the Mediterranean remained the same, the in-



ward currents became stronger, reducing the volume of water that could
flow out. Eustatic sea-level lowering, or shoaling and narrowing of the gate
caused by tectonic events, would have had similar effects. The latter might
have been a fairly gradual process throughout the Late Miocene causing a
gradual deterioration of the connection, but a larger number of eustatic fluc-
tuations may have been the primary cause of the repeated alternations of the
laminated and homogeneous sediments during the Tortonian and "Early"
Messinian.

With this model we can imagine that once the outflow was stopped by the
inflow throughout the year, the salinity could rise rapidly to saturation point
followed by the deposition of evaporites. The bulk of the Messinian evapo-
rites is thought to have been formed, under constant water-cover, from brines
that concentrated in the somewhat deeper basin areas. With the uninterrupt-
ed inflow of Atlantic water it is understandable that carbonates, sulphates
and even "normal marine" sediments are found mainly in the shallow, (today)
on-land areas, whereas halite is predominant in the off-shore deeper parts. It
is quite feasible that at the end of the Messinian even the inflow became im-
possible, causing the increased influence of fresh water, considerable lowering
of the sea-level, alluvial transport and deposition, and even dessication and
canyon forming.

The laminated sediments
Superimposed on the general trend of salinity increase we find the repeated

deposition of laminated sediments. Most authors agree that the occurrence
of these sediments indicates periods of oxygen deficiency at the bottom, but
there is a considerable difference of opinion concerning the interpretation of
the events which led to such oxygen crises. Recent studies carried out by
Bizon et al. (1979), McKenzie et al. (1980) and the results of our own inves-
tigation seem to suggest that the occurrences of laminated sediments cannot
be attributed to a single process. McKenzie et al. concluded that warmer
periods connected with upwelling caused the deposition of the Sicilian diato-
mites. On the basis of the data from the same Italian section Van der Zwaan
(1979b) concluded that fresh water input, at least to some extent, was involved
in the genesis of these diatomites. Bizon et al. (1979) inferred upwelling during
cooler periods for the diatomites of Morocco. For Cyprus, where the lami-
nated sediments are not particularly rich in diatoms, they inferred that during
periods with sea-water intruding into the more saline basins, a higher input
of nutrients and of silica resulted in a higher productivity. In contrast, Van
der Zwaan and Thomas (1980) concluded that the laminated sediments on
Crete were the result of an increased salinity stratification during periods of
slow water-refreshment.



In view of these diverging theories it seems to be rather difficult to present
one comprehensive model to explain the origin of all types of laminated sedi-
ments. In order to do this, we must make a distinction between pre-evaporitic
Messinian diatomites and laminated sediments. Most of the Messinian lami-
nated sediments are not characterised by exceptionally high percentages of
diatoms. Those from Crete contain especially large quantities of sponge
spicules, but diatoms are not particularly frequent.

Ogniben (1957) compared the composition of many diatomitic sediments
and reported that the percentages of silica were 70 to 90. Important occur-
rences of such sediments with an extremely high diatom content (called
"tripoli") have been described only for Italy (Sicily, Ogniben 1957; Piemonte,
Sturani and Sampo, 1973; Calabria, Martina et al., 1979; minor occurrences
in Tuscany and Marche), Spain (e.g. Dronkert, 1978; Geel, 1978), Algeria
(Dalloni, 1915; Anderson, 1933) and Morocco (Bizon et al., 1979). Other
occurrences, for instance for the Ionian Islands (Heimann et al., 1979) and
for Cyprus (Bizon et al., 1979; Rouchy, 1980) have been described as diato-
maceous sediments but they contain relatively small percentages of diatoms.
Heimann et al., for instance, reported sediments with only 16% of silica.

The picture that emerges from the above review is that the main occur-
rences, as far as is known, are located in the present-day marginal western
Mediterranean areas, with a certain "clustering" near the modern Atlantic-
Mediterranean connection (Spain, Morocco, Algeria) and the western-eastern
Mediterranean connection (Sicily, Calabria). Such a distribution has never
been taken into account in an explanation of the genesis of the diatomites
with their peculiarly rhythmic sedimentation patterns.

Traditionally three interpretations have been given to explain the forma-
tion of diatomites. Sometimes diatomites are associated with volcanic deposits,
which are thought to have brought an excessive amount of dissolved silica
into the water. Sea-water is undersaturated with respect to silica, which
might be a factor that restricts growth (Bougis, 1976). Therefore, an extra
amount of silica would lead to a diatom-bloom if other nutrients were present
in sufficient quantities. Such a mechanism was suggested for the diatomites
of Algeria (Anderson, 1933) and might also explain the juxtaposition of fresh
water diatomites and volcanic deposits in Italy, as reported by Varenkamp
(1979). Generally, however, no causal relationship between volcanic activity
and diatomite-genesis could be proved.

An alternative explanation involves upwelling, which brings nutrients to
the surface layer. The occurrences of the diatomites of Morocco (Bizon et
al., 1979), Sicily (McKenzie et al., 1980; Gersonde, 1980) and Piemonte
(Sturani and Sampo, 1973) are explained in this way. Although the model of



upwelling is an attractive one, most authors do not indicate the cause of up-
welling and do not explain why these upwelling phenomena were especially
frequent during the Messinian.

A third explanation is the increase in the input of water derived from the
continent. Such waters contain a high amount of silica and nutrients. Benda
(1974) for instance, emphasized the importance of this mechanism for the
fresh water diatomites in Germany. The only study in which an increased
amount of fresh water input, correlative to Messinian diatomites, was indi-
cated, concerned the Sicilian diatomites of the Falconara section (Van der
Zwaan, 1979b). It was suggested that at least part of the fertilization was
caused by the input of nutrient-rich water derived from the continent. Further
studies in which the input of fresh water in marine environments is mention-
ed concern the formation of Pleistocene laminated sediments in the eastern
Mediterranean (e.g. Cita et al., 1977; Thunell et al., 1977; Vergnaud Grazzini
et al., 1977). However, during that time it was not diatomites which were
formed but black, sapropelitic layers.

It is clear from the aforegoing discussion that the following factors must
be taken into account in a reconstruction of the depositional environment of
the diatomites 1. Diatomites are located in present-day marginal western
Mediterranean areas and the more important occurrences tend to cluster
around the Atlantic-western Mediterranean and the western-eastern Mediter-
ranean connections 2. An important point is the timing: the diatomites are
suddenly widespread in the Messinian pre-evaporitic sediments. In view of
the data gathered up to now, we consider our previously published models
(Van der Zwaan, 1979b; Van der Zwaan and Thomas, 1980) as untenable;
we now support the model of upwelling.

As remarked earlier, a shallowing or narrowing of the Mediterranean-Atlan-
tic connection would cause a more vigorous inflowing current, which could
have led to the partial or complete obstruction of the outflowing counter-
current. As soon as the inflowing stream started to obstruct the deeper out-
flowing one, the lighter inflow may have remained at the surface above the
more saline Mediterranean waters, which would result in an increasing salinity
gradient. This model is in agreement with our stable isotope data (see chapter
111.3). The consequence of this density stratification was stagnation, which
caused oxygen deficiency at the bottom. Such a mechanism would explain
the genesis of laminated sediments but it is strongly dependent on the exis-
tence of silled basins. Apparently, this condition was fulfilled already during
the Tortonian on Sicily, which would explain the brown, laminated intervals.
On Crete and elsewhere, these conditions were satisfied from the Tortonian-
Messinian boundary interval onwards. According to this hypothesis the whole



process of the deposition of laminated sediments started with the narrowing
of the entrance, possibly by eustatic lowering of the sea-level.

In the course of the Messinianhowever, additional phenoma can be observed,
i.e. diatomites were deposited on top of the brown laminated marls. Follow-
ing our present line of reasoning, the diatomite deposition can be explained
by an increasing narrowing and shallowing of the entrance gate, resulting in
an increasingly strong inflowing surface current. The position of the diatomites
along the marginal areas in the western Mediterranean indicates that the en-
hanced surface current was so strong that it caused deep waters (by dragging
and eddying) to upwell against barriers and shoals. The restriction of the im-
portant diatomite occurrences to the western Mediterranean might be ex-
plained by the fact that this western part contained considerably more nutri-
ents than the eastern part, just as today. But more important might have
been the fact that the strength of the surface current decreased from west to
east; when it reached the eastern Mediterranean it probably was not power-
ful enough to cause upwelling.

During periods when the sea-level was relatively high the strength of the
in flowing stream would decrease drastically and the outflowing counter-cur-
rent would be re-established. This enhanced the vertical circulation and caused

Fig. 53 Schematic representation of the changes in water-mass properties during and after the deposi-
tion oflaminated sediments on Crete. For explanation see text.



the homogenization of the waters, reduced the salinity gradient and put an
end to the oxygen deficiency at the bottom and the upwelling.

In such a hypothesis one would expect to find symmetrical cycles, i.e. re-
deposition of brown, laminated marls above the diatomites. The only explana-
tion we can think of to explain the absence of such upper marls is that there
was bioturbation of the top-parts of the cycles.

Laminated sediments are found on Crete and elsewhere in the eastern
Mediterranean from the "Early" Messinian onwards. They contain small
percentages of silica and are not especially rich in diatoms. The genesis of
these sediments is thought to be basically similar to the brown laminated
sediments on Sicily. With the narrowing of the entrance, stagnation occurred
leading to oxygen deficiency at the bottom (see stable isotope data, chapter
11.3.). It seems possible that the surface waters entering from the Atlantic
and western Mediterranean were relatively rich in nutrients, since the lack of
mixing with the deeper water prevented the entrapment of the greater part
of the nutrients already in the western Mediterranean. For the reasons ex-
plained above, diatomites were never widely deposited in the eastern part.
After the stagnant period the waters would become homogenized, leading to
the partial return of the previously stored nutrients from the bottom to the
surface layer. Such a turn-over was only effective in rather shallow basins
and may have caused the high fertility suggested by the planktonic foramini-
fera just above the laminated intervals. However, apparently the fertility was
never high enough to lead to massive diatom blooms.

The above-mentioned models apply only to the laminated sediments and
diatomites formed during the Tortonian-"Early" Messinian. Laminated sedi-
ments found in between and above the evaporites might have been formed
according to different principles.

One important problem remains. Up to now, none of the studies carried
out has been able to prove whether the laminae corresponded to annual cycles
or were caused by other processes. Gersonde (1980) reports no difference
between the diatom floras of the various types of laminae. Other authors
(e.g. Ogniben, 1957) accept the varve-like origin, but do not present any evi-
dence.



In this chapter an attempt is made to synthesize the data and theory pre-
sented in chapters II, III and IV.

In order to evaluate the microfaunal data, effects of post-mortem changes
should be considered first. As mentioned before, the Cretan associations seem
to indicate that shallow-water foraminifera were mixed with mud-dwelling
associations; there was no trace of other changes such as dissolution. Plank-
tonic foraminifera are of course never buried in situ but post-mortem changes
such as dissolution phenomena were not observed.

In the following sections it will be assumed that except in the case of the
Cretan benthic associations taphonomical changes were negligible. This
implies that the thanatocoenosis must have closely resembled the biocoenosis,
although we have no real evidence for this. Effects of burrowing, which have
affected planktonic and benthic associations equally, are also dismissed, al-
though they certainly caused mixing.

Reference will be made to stress and competition. It is difficult to give a
definition of stress. In the marine realm it indicates conditions which the
bulk of the species will avoid for physiological reasons. These conditions
may be extreme temperatures or salinities, chronic low food supply or extreme
variations in environmental conditions.

Competition is equally difficult to define. Generally the term is used to
indicate "the struggle for existence" (Milne, 1961, quoted by Grime, 1977).
It is here used to refer to the situation where species utilize the same resources
and the same space.

In the literature there is some confusion about the meaning of the terms
tolerance and preference. In our study we use the term tolerance to indicate
the environmental range in which a species may occur. Preference indicates
the optimum habitat which may correspond to absolute maximum abun-
dances. Since only relative abundances are considered, preference is generally
used, as it is in this study, to indicate that part of the environmental range in
which the species is relatively most abundant.



Analyses of modern faunal distribution patterns indicate that these are
influenced by many, intimately interdependent factors. The linkage can be
seen during oxygen deficiency which ultimately results in low pH conditions.
Another example is seen when a change in depth coincides with changes in
many other parameters such as light intensity, nutrients and temperature.
Such relations are of extreme importance because it is virtually impossible
to isolate the effect of individual variables. Matters become even more com-
plicated since species have for instance different temperature tolerances at
various pH levels. Nevertheless, two-parameter studies such as carried out by
Muller (1972, in Lee, 1974), are at present no more than crude approxima-
tions of reality, where many more variables are involved.

In the following sections the Tortonian-Messinian benthic paleoecology
will be discussed; this will be followed by a review of modern benthic ecology.
The last part of this section is devoted to the effect of fauna parcelling on
the distribution and abundance of benthic foraminifera.

Tortonian-Messinian paleoecology

In the following sections some factors which are thought to have been of
importance for the Tortonian-Messinian benthic foraminiferal patterns will
be discussed briefly. More specific data are discussed in detail in chapters II
and III.

Food and competition for food. In chapters II and III it was shown that
the physical/chemical properties of the water during the Tortonian-Messinian
could be crudely approximated. Salinity of the bottom water was probably
an important changing parameter, although its effect on the stable isotope
composition cannot easily be separated from the effect of temperature.

If interpreted correctly, the salinity changes that were connected with the
alternation of the laminated and homogeneous types of sediment were very
small and did not induce faunal changes. On Crete, however, salinity is thought
to have had a considerable effect on the circulatory pattern of the water.
During the deposition of the laminated sediments, the salinity gradient in-
creased and the vertical water-circulation decreased, which in turn brought
about oxygen depletion at the bottom. It is likely that the altered oxygen
content of the bottom water caused the accumulation of nutrients. This
chain of events illustrates that it is hardly possible to evaluate the influence
of each separate environmental factor. The whole complex of changing factors
had a marked effect on both the benthic and planktonic foraminiferal asso-
ciations.



As described in chapter II, a group of benthic foraminifera (consisting
mainly of B. spathulata, u. cylindrica gaudryinoides and B. elongata) prolif-
erated, sometimes extremely, in and just above the laminated intervals. More-
over, it was found that in some other sections U. bononiensis, G. laevigata
(both in the Ay. Ioannis section), V. complanata, G. auricula and Globobu-
limina species (in the Potamidha section) also belong to thespathulata-group.
These benthic foraminifera were at least tolerant to oxygen deficiency. But,
as discussed in chapter II, it is likely that they reacted primarily to the in-
creased nutrient abundance which resulted from the oxygen deficiency.

Another group of benthic foraminifera (G. ungerianus, U. peregrina, H.
boueana, agglutinants, B. reticulata, which constitute the Cretan group III)
displays more or less the opposite pattern. These species are not at all frequent
in the laminated sediments. It was concluded that the main characteristic of
this group was its ability to maintain itself in stable marine environments
inhabited by many species, each of which with a relatively low frequency.

Since one of the main forms of competition between foraminifera is prob-
ably competition for resources, the abundance of nutrients will inevitably
affect the interspecific competition. Competition might be regarded as being
most lax during the Ordeficient times, when abundant nutrients were stored
at the bottom and immediately after the stagnant phase, when the nutrients
were recycled into the surface waters. The species frequent in these condi-
tions can be regarded as able to proliferate during times of lax competition,
for instance by being able to reproduce extremely rapidly during such favour-
able times. In contrast, groups proliferating during times of stable marine
conditions would consist of species adapted to greater resource competition,
which is connected with the relatively scarce food supply during those periods.

Two effects should certainly not be underestimated, although they cannot
be evaluated. The first is the expected simultaneous decrease in predation
with the decreasing 0rcontent of the water. The second is the possibility
that the type of food available may have changed with the changing oxygen
content of the water. If the foraminifera involved had specific dietetic require-
ments, this may have had a profound effect. Both effects are more fully dis-
cussed in the section on modern distribution patterns.

Salinity. The effect of changes in salinity on the stable isotope composi-
tion is difficult to separate from the effects of temperature. However, accord-
ing to our data there seems to be little doubt that the salinity increased sig-
nificantly in the course of the studied interval. The simultaneous decrease in
the relative numbers of some species may indicate that these were not able
to cope with this environmental change. On Sicily this can be said of almost



all benthic species (the most frequent being c. kullenbergi, K. bradyi, S.
reticulata, O. umbonatus). On Crete all species belonging to group III (c.
ungerianus c.s.) decreased in abundance. Although salinity is likely to have
been the prime reason in this case, the consequent suite of events may have
contributed as well. One might think of the decrease in oxygen content of
the water, due to the slower vertical circulation connected with the salinity
increase.

If the evidence of the previous section is combined with these results, one
concludes that benthic foraminifera which are not tolerant to increased sali-
nities are probably also intolerant to oxygen depletion and are not frequent
during periods of abundant nutrients.

Species displaying a pattern of increase through time and which are frequent
in the uppermost intervals studied are supposed at least to have been tolerant
to the increased salinities, although they did not necessarily prefer them.
Epiphytes, Elphidium species and the Discorbis species increased in frequency
but they were probably displaced. If B. plicatella were autochthonous, this
species may indeed have been tolerant.

Temperature. According to our interpretation of the stable isotope data,
temperature probably did not have much influence on the faunal patterns.
In view of the rather eurythermic character of the modern benthic foramini-
fera (see following sections), it seems likely that rather large temperature
fluctuations are needed to cause any marked effect. Such fluctuations could
not be established.

Oxygen. The oxygen content of modern waters is intimately dependent
on the salinity, temperature and the circulatory patterns of the water-masses.
Obviously, changes in the oxygen content of the bottom water had a pro-
found effect in the course of the sequence studied. The repeatedly occurring
oxygen deficiency is witnessed by the occurrence of the laminated sediments
and the sometimes co-occurring pyrite.

Our results indicate that the oxygen content of the water is by far the
most important denominator of benthic ecology and it is indeed the para-
meter which can help us to identify our species associations. In modern en-
vironments oxygen deficiency almost never acts as a limiting agent, hamper-
ing the metabolism (see following sections); thus there is no reason to assume
such a limitation for the Late Miocene associations. It is likely that the
greatest control stems from the changes in the amount of food available as
well as from possibl~ changes in the quality of food (see previous section).

pH. Probably pH was not an important agent controlling the abundance of
the species, neither during their life-span nor after burial.



The occurrence of dissolution phenomena on calcareous tests or the domi-
nance of agglutinated foraminifera is the only tool to establish strong pH
changes. Neither of these has been observed, in spite of the oxygen deficient
periods which theoretically would lead to low pH values. Apparently the
water was never completely stagnant and this prevented great pH deviations.

Substrate. The composition of the sediment and the grainsize are remark-
ably constant throughout the sections investigated. This means that these
factors did not exert much influence on the changes in the composition of
the benthic foraminiferal associations.

Depth. In the Cretan associations we could not detect any clear trends in
faunal composition that were attributable to changes in depth. The same
holds for the Falconara section. This result is not surprising since in modern
associations only rather large changes in depth induce faunal changes (see
following sections).

In semi-enclosed basins, like the Mediterranean, it is risky to use P /B ratios
as depth indicators. This is demonstrated by the fact that with the changing
bottom conditions, for instance in the Khaeretiana section, the P/B ratio
fluctuates markedly from one sample to the next.

The composition of planktonic foraminiferal associations might be another,
very crude measure of depth changes. An increasing number of deep dwelling
species, like Globorotalia, may indicate an increase in depth. It is certainly
true that in the supposedly deeper basin of Falconara, more and larger Globo-
rotalia specimens are found than in the Cretan associations. But this is rather
a worthless observation since these differences may also have been induced
by biogeographic differences. At present, we simply do not possess objective,
trustworthy means to carry out reliable depth-estimates.

Conclusions. Although all the parameters mentioned were to a great extent
interdependent, food seems to have played an important role, its quality and
quantity being probably intimately related with the oxygen content. Salinity
was the second most important parameter.

The reactions of the species to the environmental changes can be grouped
in three categories. One group of species (G. ungerianus c.s.) maintained it-
self in stable marine conditions; an intolerance to oxygen deficiency went
together with an intolerance to increased salinities. These species never pro-
liferated during times of nutrient abundance.

Another group of species (B. spathulata c.s.) followed the opposite pat-
tern. These species were able to tolerate a great deal of environmental change
and were tolerant to oxygen deficiency and salinity increase. Moreover, they



were able to proliferate, sometimes extremely, during periods of nutrient
abundance.

A third group of species is less readily defined. It consists mainly of B.
plicatella, which belongs to neither of the groups mentioned. Possibly, its
reaction to environmental changes can best be described as indifferent, which
implies a great tolerance to physical/chemical changes. In this sense this species
resembles the group mentioned previously, but it differs from this group be-
cause it never obviously proliferated during times of nutrient abundance.

Recent benthic foraminiferal ecology

In this section the most important parameters and the processes by which
they influence the distribution and abundance of benthic foraminifera are
discussed. In this review only the most general principles are discussed; more
detailed information can be found in the references mentioned or in the ex-
tensive list of references given by Boltovskoy and Wright (1976).

Substrate. The nature of the substrate is often regarded as an important
factor limiting the distribution of benthic foraminifera. It is not known how
substrate actually influences the distribution. It might be that the very nature
of the substrate exerts some control. Clinging forms, for instance, need a
firm substrate like rock or vegetation. Vegetated areas are restricted to shal-
lower waters, where turbulence is high. This may explain the often found
relation between epiphytes and coarse clastic sediments (e.g. Blanc-Vernet,
1969; Sen Gupta, 1971).

Another type of relation has been described by Haake (1977), who noted
a correlation between the relative abundance of some agglutinated foramini-
fera and the grain size of the sediment in the Adriatic Sea. Such a relation
is difficult to explain, but some agglutinants may perhaps select a certain
grain size in order to construct their test.

Fine grained sediments generally contain more nutrients than the coarse-
grained ones. Many mud-dwellers may therefore select their substrate be-
cause of their nutrient requirements.

The mobility of species is possibly another reason. Sliter (1965) reports
that specimens of Rosalina globularis move easily on fine sand but hardly or
not on a coarse substrate. Radford (1976) and Douglas and Heitman (1979)
report that certain species are restricted to mobile sediments. Radford (op.
cit.) suggests that these species are frequent on mobile substrate (generally
fine-grained sediments) because of their ability to move quickly.

Although substrate seems to be an important factor, further study is re-
quired. The foraminiferal associations dealt with in this paper were derived



from sediments which have a fairly constant grain size and carbonate content.
Therefore, the sediment type cannot playa role in our explanation of the
differences in the associations. It should be kept in mind, however, that the
sediment may have been covered with layers of filamentous algae, diatoms
and bacteria. Differences in the composition of such a slimy top layer may
have been of importance, although this cannot be retraced in paleoecology.

pH. From laboratory experiments it is known that pH may affect the
population size. Many species have rather narrow pH limits within which re-
production takes place (Bradshaw, 1961; Sliter, 1970; Lee, 1974). In natural
environments, especially in the somewhat deeper marine realm, the chemical
system is fairly well buffered with respect to pH changes.

In fully marine environments one might expect aberrant pH values in oxygen-
depleted environments. Fine-grained sediments form another subenviron-
ment, in which strongly deviating pH values can be expected. As far as is
known, no details about faunal changes in the latter subenvironment are re-
ported in the literature. The only environments from which the effects of a
large shift in pH are reported are marshes and some deep sea regions. There,
the fauna is dominated by agglutinants, due to the decrease in the carbonate
ion concentration.

Temperature. The effect of temperature on the abundance of benthic
foraminifera has been studied best in laboratory experiments (for a review
see Lee, 1974). These studies show that temperature has a profound effect
on the duration of the reproductive cycle of foraminifera. This effect be-
comes more complicated, however, if it is considered in combination with
other parameters like salinity and pH. Muller (1972, in Lee, 1974) showed
that the optimum temperature range for the reproduction of some species
is different at different levels of pH and of salinity.

In most Recent environments, many species exhibit wide ranges in depth
and latitude. This implies that they are probably rather eurythermic. Indeed,
the laboratory data seem to indicate that only relatively strong temperature
changes of in the order of 5 to 10° C can cause considerable changes in the
rate of reproduction (Bradshaw, 1961; Muller, 1972, in Lee, 1974; Sliter,
1970) and consequently in the frequency patterns.

Oxygen. The oxygen content of the water is of prime importance in modern
marine ecosystems. Oxygen is involved in two basic processes, which directly
and indirectly affect organisms. Metabolism is the first one. The metabolism
of most marine organisms is not disturbed by changes in the oxygen content



of the water, as long as a certain minimum value is not surpassed. Foramini-
fera too seem to be quite tolerant and their metabolic processes are not directly
influenced as long as the oxygen content of the water is higher than 0.5 ml/l
(Murray, 1973). This limit was confirmed by the study of Phleger and Soutar
(1973).

The second important process in which oxygen is involved concerns the
chemical balance of the environment. Oxygen is used to oxidize organic
material and thus it is necessary for the recycling of nutrients. Other chemical
parameters depend equally on the oxygen content; pH, for instance, changes
considerably in the absence of oxygen.

The effects of these two basic processes are difficult to separate; if it can
be proved that oxygen depletion has taken place, one has to consider whether
the organisms reacted because of the impact on their metabolism, or because
of the change in the chemical and biological conditions.

The presence of benthic foraminifera in modern laminated sediments in
some oxygen deficient basins indicates that the bottom conditions are not
toxic, at least to the species present. This points to the presence of at least
minimum amounts of oxygen, since in truly anoxic basins the development
of H2S prevents bottom life (Richards, 1965; Calvert, 1976). The amount
of oxygen present is apparently sufficient for the metabolism to operate
adequately. Since, as far as metabolism is concerned, oxygen deficiency is
possibly not the most important agent exerting control over the distribution
patterns, one must consider the effect of changed biological conditions. Dif-
ferent conditions might be the greater storage of nutrients, a change in the
nature of the nutrients available or a change in the pattern of competition.

Salinity. Salinity is an important factor in the distribution patterns of
Recent benthic foraminifera. From laboratory experiments it has become
evident that there are lethal salinities (Bradshaw, 1955, 1957, 1961; Murray,
1963; Lee, 1974). Some foraminiferal species are able to stand extremesalini-
ties - as high as 90%0 or as low as 10%0 - and in some cases even fresh
water (Boltovskoy, 1976). In most deeper marine environments salinity is
rather stable, being neither extremely high nor extremely low. Generally,
there is an overall difference between foraminiferal associations from hypo-
saline (mixohaline, 18-30%0, sensu Boltovskoy, 1976) environments and
normal marine ones (euhaline, 30-40%°' sensu Boltovskoy, 1976). Hypo-
saline foraminiferal associations are restricted to the corresponding environ-
ment and do not occur in normal marine waters. Foraminiferal associations
from hypersaline environments (hyperhaline, 40-75%0, sensu Boltovskoy,
1976) on the other hand, do occur in waters with a salinity of 30-40%0, This



crude distinction (hypersaline, hyposaline and normal saline) is generally
applicable. Very few detailed determinations of the preferred salinity range
per species have been made. Moreover, preferred salinities may vary with
changing temperatures. From laboratory and field evidence it appears that
most foraminifera have rather wide tolerance ranges; consequently, salinity
fluctuations will have to be rather high before the distribution patterns are
affected.

In the context of this study concerning associations from Messinian sedi-
ments, it is of importance to note that most hypersaline environments are
characterized by abundant epiphytes. Generally, Elphidium, A. beccarii and
miliolids strongly dominate the associations (Murray, 1970a, b, 1971, 1973;
Boltovskoy and Wright, 1976).

Food and competition for food. Quality and quantity of food and com-
petition for food are the parameters most difficult to evaluate in paleoecology.
Yet, from recent field studies and laboratory studies it is known that these
parameters play an important role (see summary in Lee, 1974). Food quantity
changes are probably most readily assessed by comparing Recent oxygen-
poor and well-ventilated basins. In the oxygen-poor basins increased amounts
of organic material are preserved in the sediment, due to the lack of oxyda-
tion. Phosphate and nitrate concentrations are higher than in oxidized basins
(Deuser, 1975), and consequently more food is available. Simultaneously with
the oxygen depletion the quality of the food may change and this may be
even more important. Specific chemosynthetic bacteria increase markedly in
number (e.g. Belyaev, Lein and Ivanov, 1980) and the numbers of other
bacteria decrease. This means that foraminiferal species with a specialized
diet (as mentioned by Lee, 1974) may be affected not only by the lowered
oxygen content of the water, but possibly more seriously by the altered nu-
trient composition.

There are two more, general consequences of oxygen deficiency. If oxygen
deficiency really acts as a limiting factor, the quantity of food may increase
significantly for the low-oxygen tolerant species; this may make them increase
their productivity. A second consequence is the reduction in predation, since
predators will also be affected by the oxygen deficiency. This may lead to an
increase of the standing stocks of the species which are able to survive the
oxygen deficiency. As a consequence, in oxygen deficient basins one expects
the standing stocks of benthic foraminifera to be high, although the diversity
might be low. This is confirmed by the data of Harman (1964) and Phleger
and Soutar (1973).

Harman (1964) and Phleger and Soutar (1973) reported the dominance of



Bolivina species together with Globobulimina species and Suggrunda eckisi
in the Baja di California. Othertaxa too, such as Uvigerina peregrina (Lohman,
1978; Douglas and Heitman, 1979) and Cassidulina (Wright, 1978; Douglas
and Heitman, 1979) are known to be common in oxyg~n-deficient waters.
It is still not known however, whether these high relative frequencies of a
few species are caused just by their tolerance (and absence of species which
are intolerant) or whether other factors are involved as well.

Phleger and Soutar (1973) studied three areas with oxygen deficient bottom
waters and they concluded that these waters were characterized by excep-
tionally high standing stocks. Moreover, they concluded that the dominance
of only a few species was caused by the absence of predation and competi-
tion.

There is a remarkable resemblance between associations from oxygen-
deficient areas and those bordering deltaic systems. There, Bulimina and
Bolivina species are dominant, together with Uvigerina and Cassidulina and
sometimes Epistominella (Lankford, 1959). In other fertile waters, like out-
fall areas, Bulimina and Bolivina, together with Florilus, Fursenkoina and
Nonionella, strongly dominate the associations (e.g. Bandy et a1., 1964a, b,
1965; Seiglie, 1968). The total pattern suggests that these taxa all prefer an
environment with a high amount of nutrients.

Depth. It has long been noted that benthic foraminifera exhibit a certain
depth zonation. With increasing depth one association is replaced by another.
But, zonations from various areas are strikingly different as far as the upper
and lower depth limits of specific taxa are concerned. It is interesting to con-
sider the reason for the existence of such depth zonations. Why, at increasing
depths, should benthic foraminiferal associations be replaced by others? The
fact that local zonations differ from each other indicates that these zona-
tions depend on many more variables than the simple increase in hydrostatic
pressure (see Murray, 1973 and Boltovskoy and Wright, 1976, for various
depth zonations). Sometimes one finds that a local factor is responsible for
elevated and depressed depth-limits. The delta-effect, described by pflum
and Frerichs (1976), may serve as an example.

It seems to be impossible to construct a scheme that fits the bathymetric
zonation from all places in the world. The possible reason is that the bathy-
metric distribution of a species is to a great extent dependent on the local
setting and the specific physical/chemical and biological conditions for each
particular area.

Two boundaries, however, occur in almost every zonation, although the
species which define the boundary are different for the separate areas. An



important break occurs between 50 and 80 metres. The zone above this limit
(littoral and sub-littoral/turbulent zone d. Boltovskoy and Wright, 1976) is
inhabited by stress-tolerant species. In this depth range we find variations in
turbidity, sediment transport, wave action, current activity, salinity and
temperature. At many places a depth of 50 to 80 metres coincides with the
lower limit of the photic zone. With increasing depth the environmental vari-
ability diminishes. In this increasingly less variable environment the number
of species is found to increase; an increasingly finer ecological network is
established.

Another important break occurs between 750 and 1000 metres. Already
at shallower depths faunal breaks are observed, but these differ markedly
from place to place. The break between 750 and 1000 metres may be related
to the fact that the relatively favourable conditions (stable environment,
ample food) of the shelf and upper bathyal zone come to an end. The lower
bathyal zone is characterized by extremely little variation in the environ-
ment; the amount of available nutrients is low. Only species which are adapted
to such environments are able to cope with these restrictions. With decreasing
oxygen content and waning food supply, stress tolerant species become pre-
dominant.

Conclusions. From the aforegoing discussion the conclusion may be drawn
that benthic foraminifera have a rather strong tolerance to changes in most of
the factors mentioned. Changes in depth, salinity and temperature have to be
rather large to have some substantial influence on the abundance patterns.
However, changes in food abundance, closely dependent on the oxygen con-
tent and substrate-type, seem to be highly important. This suggestion is sup-
ported by the studies of e.g. Lohman (1978) and Douglas (1979). In such
studies, where a number of environmental parameters and the abundance
patterns are subjected to modern statistical analyses, one of the few para-
meters which almost always shows up is oxygen content and a suite of depen-
dent factors.

As will be discussed in the next section, it appears that various water-masses
are the best identifiers of species associations and that no single environmental
factor, except perhaps oxygen content, can explain species abundance or
species distribution.

Benthic fauna parcelling and paleoecology

Johnson and Brinton (1963) discuss the relationship between water-masses
and planktonic species distribution. They define water-masses by their cha-
racteristic temperature-salinity relation. Such water-masses contain a particular



fauna and there is faunal mixing between the water-masses. In this sense the
concept of water-mass is very close to that of fauna parcelling (Cifelli and
Benier, 1976; Cifelli, 1979) and of ecotones and ecosystems (McGowan,
1974 ).

Benthic foraminiferal distribution patterns also seem to coincide to a great
extent with water-mass boundaries; in modern environments this is confirm-
ed by the studies of e.g. Boltovskoy (1976), Culver and Buzas (1981), Douglas
(1979), Lohman (1978), Milam and Anderson (1981), Schnitker (1974),
Streeter (1973) and many bathymetric studies. The data suggest that tempera-
ture-salinity relations define water-masses which contain benthic faunas of
rather a specific composition. In the shallow zone (0-50 metres) sedimen-
tation rate and vegetation may modify the composition as well as do wave-
and current-action.

Little is known about the mode of dispersal of benthic foraminifera, but it
seems likely that due to the mobility of the fauna, the faunal mixing by water-
mass mixing and the rather considerable temperature-salinity tolerance of
the species, most if not all of the species may occur in more than one water-
mass, albeit in different relative frequencies.

Although the broad outlines of the distributional patterns are defined by
the tolerance of the species to salinity/temperature of the water-mass, in ad-
dition to tolerance to current and wave-action in the shallow zone, the prob-
lem of abundance still remains unsolved. With our present knowledge every-
thing seems to point to the fact that most abundance patterns are strongly
influenced by the oxygen content and the substrate, both factors determining
food quantity and quality. This would imply that the trophic structure of
the benthic ecosystem within a water-mass determines which of the species
becomes abundant and which not.

There is an inverse relation between resource competition and food abun-
dance, competition being highest when food is most scarce (e.g. Lee, 1974;
Pianka, 1978). This means that the abundance of a species in a water-mass is
strongly dependent on the competitive abilities of the other species present
in the associations. Predation patterns will further shape the species abun-
dance patterns. In fig. 54 the relation between all the parameters discussed
is summarized. If this hypothesis is correct, then species abundance and pos-
sibly species distribution would vary from water-mass to water-mass, depend-
ing largely on biological interaction. The consequence of this could be that
different species are abundant in different water-masses under apparently
similar physical/chemical conditions.

It is rather difficult to define a water-mass paleontologically. In the fossil
record one may recognize the transition of associations derived from differ-



ent water-masses by the entrance of new species, i.e. species which were not
recorded in the previous association.

The importance of a distinction of associations follows from the fact that
each fauna parcel reacts as a "closed" ecological system and species abun-
dance patterns may vary from water-mass to water-mass under comparable
physical/chemical environmental conditions, e.g. oxygen deficiency. A pos-
sible example of this is as follows: from our data it appears that B. subulata
is negatively correlated with the laminated sediments and consequently with
oxygen deficiency. In an association that probably comes from a completely
different water-mass (Sicilian Pliocene, Brolsma, 1978), however, B. subulata
proliferates in the laminated sediments instead of B. spathulata which is only
present in subordinate numbers.

During the last decade many data have been collected concerning the eco-
logy of Recent planktonic foraminifera. Surveys carried out in all oceans have
confirmed the presence of distinct bioprovinces and have revealed many eco-
logical controls. Laboratory experiments have been carried out recently (e.g.
Be et a1., 1977, 1979; Hemleben et a1., 1979; Spindler et a1., 1978) and the
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Fig. 54 Simplified scheme, illustrating the interdependence of factors important to the distribution
and abundance of benthic foraminifera. Direction of the arrow indicates the influence of
one factor on the other.



results make a further contribution to our knowledge of this group of zoo-
plankton.

Although we know considerably more about the planktonic foraminiferal
ecology than about the benthic foraminiferal ecology, many issues are still
open to discussion. Some species seem to have specific food requirements,
whereas others are apparently omnivorous (Anderson et al., 1979). The role
of predation is little known (Be, 1977); the role of feeding frequency, light
variation and of symbiotic algae has been studied by Be et al. (1981a), Caron
et al. (in press) and Be et al. (1981b), respectively. Amongst the physical!
chemical parameters the influence of temperature is well known in general
terms, but the influence of other parameters is still poorly documented.

The major difficulty in the environmental analysis of planktonic foramini-
fera, as in the ecology of benthic foraminifera, is to separate the effect of the
various parameters on the distribution. Most parameters are intimately de-
pendent on each other.

Tortonian-Messinian paleoecology

In the following sections we discuss some of the factors which are thought
to have played a role in the Tortonian-Messinian faunal patterns.

Food and competition for food. Changes in food abundance probably
played an important role in shaping the abundance patterns of the planktonic
foraminifera. In chapter II it was argued that during and especially after each
stagnant period abundant nutrients came into the surface waters. The analysis
of the Cretan data shows that G. trilobus, G. conomiozea and N. acostaensis
reacted primarily to these increased nutrient abundances. The data concerning
the Falconara section show that during comparable periods in addition to
the latter two species G. bulloides and G. falconensis proliferated.

Another group, G. obliquus, G. apertura and G. nepenthes, displayed a
more or less opposite pattern on Crete as well as on Sicily. These species
were most frequent during stable marine conditions and did not react to the
increased nutrient abundance.

As with the benthic foraminifera, these patterns might indicate differences
in the competitive abilities of the species. Species proliferating during times
of nutrient abundance, when resource competition probably was lax, had
possibly rather low competitive abilities. They could have profited from the
favourable conditions for instance by reproducing extremely rapidly. Species
adapted to stable marine conditions possibly maintained themselves by their
strong competitive abilities during times of rather low nutrient abundance,
when resource competition was great.



Salinity. The increasing salinities, as described in chapters II and III, had a
great influence on the faunal abundance patterns. The decrease in the abun-
dance of some species in the studied interval is thought to reflect the increas-
ing salinities. The most marked decreasing patterns through time are displayed
by G. nepenthes, G. apertura and G. obliquus on Crete as well on Sicily. As
stated earlier, the decreasing trend of G. conomiozea and G. trilobus is not
a priori attributable to the salinity increase. G. bulloides and G. falconensis
display decreasing patterns as well, but they are clearly more tolerant to the
high salinities than the group of G. obliquus.

Some planktonic foraminifera (G. multiloba, o. universa, G. quinqueloba
and G. glutinata) seem to have been tolerant to high salinities, since they
are frequent in the uppermost part of the studied interval, both in Sicily
and Crete. As with the decreasing trends of the group mentioned previously,
the increasing trend is likely to have been caused by the increasing salini-
ties, but the consequent suite of events might have contributed as well.
Such a suite of events might have been the decrease of the nutrients with the
increasing salinities and the slower vertical circulation in the coUrse of the
time.

If these results are combined with the evidence of the previous section, it
appears that planktonic foraminifera react to environmental changes in three
different modes. The first group (G. obliquus c.s.) is rather intolerant to the
increasing salinities and at the same time not able to proliferate during times
of nutrient abundance. By contrast, the group of N. acostaensis is rather
tolerant to salinity changes and able to profit from favourable nutrient con-
ditions. A third group (G. multiloba c.s.) seems to be merely tolerant to en-
vironmental changes, without being able to proliferate during times of nutri-
ent abundance.

Temperature. The planktonic foraminiferal patterns were probably rather
independent of temperature changes. Only the decrease in the relative fre-
quencies of G. trilobus and G. conomiozea may have been indirectly con-
nected with temperature. These decreasing patterns might have been caused
by a southward shift of the Atlantic bioprovinces, connected with a global
cooling, which is generally accepted to have taken place during the Late
Miocene to Pliocene.

Oxygen. It seems highly unlikely that the abundance patte.rns of the plank-
tonic foraminifera were actually influenced by oxygen deficiency in the upper
water layers. Nevertheless, the planktonic fauna changed almost as drastically
as the benthic one during and after oxygen-deficient periods. In our view this
can be explained if it is assumed that the abundance and/or quality of the



food changed considerably in the surface water layers as well (see preceding
section).

pH, depth. It could not be shown that changes in pH and depth played
any role at all in the distribution and abundance of the planktonic foramini-
fera.

Conclusions. Food and salinity changes were important factors in shaping
the abundance patterns of the planktonic foraminifera during the Tortonian
and Messinian.

Although planktonic and benthic foraminifera are parts of completely dif-
ferent ecosystems, they both reacted in a comparable way to the changing
environmental conditions. One group of species (G. obliquus c.s.) maintain-
ed itself best during stable marine conditions in diverse associations. These
species were rather intolerant to changing salinities and did not proliferate
during times of increased nutrient abundance. A second group (G. conomiozea,
G. trilobus and N. acostaensis and to a lesser extent G. bulloides and G. falco-
nensis) was rather tolerant to salinity increase and proliferated during periods
of nutrient abundance. A third group is characterized mainly by a great toler-
ance to changing salinities but this group did not proliferate during favourable
nutrient conditions.

Recent planktonic foraminiferal ecology

In this section the most important parameters influencing the distribution
and abundance of modern planktonic foraminifera are discussed.

pH. During their lifetime planktonic foraminifera occur in the uppermost
few hundred metres of the water-column. These water-masses are buffered
against fluctuations in pH; strong fluctuations are only observed in the surface
waters of isolated water-bodies (Riley and Chester, 1971). It therefore hardly
seems likely that pH fluctuations are important in the distribution of plank-
tonic foraminifera. But clear evidence for this assumption has never been given
in the literature.

Temperature. Temperature is one of the best studied factors in the distri-
bution of planktonic foraminifera and is often regarded as the most important
one. Biogeographical studies (summarized by Be and Tolderlund, 1971; Be,
1977; Kennett, 1979; coulbourn et a1., 1980) show that there is a significant
correlation between species distribution and surface water temperature.
Studies of seasonal differences also indicate the important role that tempera-
ture plays (Be, 1960 ; Jones, 1967; Be et a1., 1971; Tolderlund and Be, 1971;
Fairbanks et a1., (1980).



Be (1977) and Be and Hutson (1977) gave a review of planktonic species
with respect to their temperature preference in the Indian Ocean. Although
it is clear from their table that the species show a definite ranking as to the
surface water temperatures at which they reach maximum abundances, most
of the optimum temperature values show a large standard deviation. This
indicates that most species have a considerable range and consequently a
considerable tolerance. This is confirmed by the fact that there is no evidence
of a fixed relationship between the frequencies of species and temperature
(Cifelli, 1971; Coulbourn et a1., 1980).

Since planktonic species move along with ocean currents, a decisive factor
in their distribution is the circulatory pattern of the oceanic water. There-
fore, the planktonic associations are more strictly associated with water-
masses than with temperature. As Cifelli (1979) pointed out, the planktonic
faunas are parcelled parallel to the major current-systems, which in turn
are clearly defined by several physical parameters the most important of
which is temperature.

Oxygen. Oxygen content of the water, fertility, salinity and temperature
are intimately related oceanographic parameters. Be (1977) and Be and Hutson
(1977) report the ranking of some species with respect to the oxygen con-
tent of the waters of the Indian Ocean. This ranking shows a pattern that is
almost completely the reverse of the ranking pattern in the table based on
the temperature. This is logical since cooler waters contain a higher amount
of oxygen, whereas warmer waters are relatively oxygen-poor. Therefore it
seems impossible to separate the effect of temperature and oxygen content.

Jones (1967) found some correlations between the occurrence of species
and the oxygen content of the water. Later, however, the same author (1971)
was unable to retrace this pattern. Shackleton and Vincent (1978) found
some evidence that Pulleniatina obliquiloculata, Globigerinella siphonifera
and Neogloboquadrina dutertrei deposited their carbonate in the shallow
oxygen minimum zone, but this has never been confirmed. Reiss et a1. (1974)
did not find any correlation between oxygen content and species abundance
in the Gulf of Elat either.

It seems to be likely that oxygen is a parameter that does not seriously
affect the distribution of planktonic foraminifera as long as certain minimum
values are not surpassed.

Salinity. In modern oceans temperature, salinity and nutrients are strongly
correlated. This is the reason why the patterns of the salinity ranking of
planktonic species are almost the reverse of the patterns of the temperature
ranking (Be and Hutson, 1977). Again the environmental controls on the



various species are difficult to separate. Coulbourn et al. (1980), however, con-
cluded that temperature and nutrient abundance best identified the groupings
of planktonic species. Salinity appeared to be the third most important dis-
criminator. Reiss et al. (1974) reached more or less the same conclusion.
They considered density as a more important factor, which is directly related
with salinity and temperature. But even density differences could not be
proved to be of great influence in the distribution of planktonic foraminifera
in the Gulf of Elat.

Depth. Planktonic foraminifera exhibit a distinct depth distribution.
Spinose forms are generally the shallower living species, whereas Globorotalia
are considered to live deeper (Be, 1960; Berger, 1969; Douglas and Savin,
1978; Be and Hutson, 1977; Fairbanks et al., 1980). However, Be (1977) re-
marks that this does not imply that all species are rigidly restricted to certain
depth zones. But since planktonic foraminifera do show a certain depth
zonation, depth factors may affect paleoecological interpretations.

Food and competition for food. Notwithstanding recent research efforts,
we still know next to nothing about the food requirements of planktonic
foraminifera. Some species seem to be omnivorous and other carnivorous. Be
(1977) suggested that some species might even be able to feed upon commencal
algae. Data concerning food quantity are equally scarce. Be (oral communi-
cation) observed in the laboratory experiments that the rate of reproduction
increased with increased food abundance.

Coulbourn et al. (1980) concluded that nutrient distribution is the second-
most im portant factor for distinguishing planktonic foraminiferal associations.
With respect to individual species they remark that G. bulloides, G. quinque-
loba, N. dutertrei and G. glutinata accumulate below both warm and cold
waters. The high frequency distributions of these species would tend to follow
high concentrations of nutrients. This indicates that although the effects of
temperature and nutrients are difficult to separate (both parameters are
negatively correlated, Be and Hutson, 1977), the distribution of some species
is certainly strongly influenced by nutrient concentrations.

Reiss et al. (1974) concluded that Globorotalia species, Neogloboquadrina
and possibly G. bulloides proliferate during periods of high fertility. Review-
ing the relevant literature (see chapter 11.6.) one can conclude that in addi-
tion to these taxa, G. trilobus and G. quinqueloba too sometimes have a link
with fertile waters. G. bulloides, G. quinqueloba and especially N. dutertrei/
N. pachyderma are frequent in nutrient rich waters, but are slightly tempera-
ture dependent, whereas G. trilobus and G. menardii seem to be restricted
to certain well-defined temperature zones.



Abundances in nutrients may be related to the amount of resource com-
petition. During periods of high fertility resource competition is lax due to
the high quantity of food per individual. On the other hand, during periods
of low nutrient abundance species which are able to compete keenly may
have an advantage. This introduces a biological factor which is difficult to
assess in a study of species abundance.

Regions of anomalously high fertility in the surface waters have been sum-
marized by Zeitschel (1978). River run-off brings a large amount of nutrients
into the surface waters which may cause high productivity. Mixing pro-
cesses such as upwelling and current divergences may have the same effect.
Another process, pertinent to our investigatIon, may occur in stagnant basins
where a higher concentration of phosphates in bottom sediments is observed.
Higher nutrient concentrations in the bottom waters are caused by the release
of phosphates from the sediments (Richards, 1965; Deuser, 1975). This release
of phosphates starts with the first appearance of sulphides (Deuser, 1975).
Accurate data about the nutrient supply to the surface water-layer are not
available. Renewal of the circulation after the stagnant period may have a
great effect, since this would bring to the upper water-layers a considerable
quantity of the nutrients stored at the bottom.

Conclusions. The modern patterns of planktonic foraminifera suggest,
even more than do the data on benthic foraminifera, that the distribution is
closely related to water-masses. Although the fauna parcelling is rather clear-
cut, the extensive faunal mixing between the various water-masses suggests
that almost all species have rather great salinity and temperature tolerances.
The temperature and salinity tolerance limits of the species and the dispersal
of plankton by currents determine the extension of the distribution.

The data further suggest that the abundance patterns within each fauna
parcel are decided mainly by food abundance, which in turn influence the
amount of competition. Thus whether a species is abundant or not will also
depend on the presence or absence of stronger competitors.

Planktonic fauna parcelling and paleoecology

The recognition of fauna parcelling has important consequences for paleo-
ecological research. If we consider various modern water-masses we have to
conclude that, depending on the geographical position and the faunal con-
tent of the water-mass, different species may be abundant in .different water-
masses under seemingly similar conditions. For instance, G. bulloides, N.
dutertrei, N. pachyderma and G. trilobus may be relatively abundant in equally
fertile regions but in different water-masses. Our data from the Tortonian-



Messinian associations possibly illustrate the same principle. G. trilobus is
extremely frequent in the Cretan associations during supposedly fertile con-
ditions. However, G. trilobus is almost absent in the comparable Sicilian
associations, where G. bulloides is frequent in addition to G. conomiozea
and N. acostaensis.

From many data it appears that some of the species mentioned above, for
instance G. bulloideslG. falconensis and N. dutertreilN. pachyderma, have
very wide tolerance ranges. Clearly, their abundance patterns are strongly
influenced by biological interaction, i.e. competition and predation. This
implies that species abundances vary from one water-mass to the other, mainly
depending on biological interaction and to a lesser extent on changes in
physical/chemical factors like salinity and temperature. This would mean
that species abundance patterns are not clearly correlated with temperature
and salinity, as indeed has been 0bserved.

In fig. 55 the relation between species abundance and distribution and
various parameters is summarized.

The difference between water-masses may be seen in vertical, fossil se-
quences. This makes it necessary to find tools to distinguish the faunal con-

Resource
competition

Distribution---t- --
Abundance of

species

IDepth I

Fig. 55 Simplified scheme, illustrating the interdependence of factors important to the distribution
and abundance of planktonic foraminifera. Direction of the arrow indicates the influence of
one factor on the other.



tents from the different water-masses. At present, the best indicator of water-
mass boundaries seems to be the entrance of previously absent species.

If it were true that within a fauna parcel nutrients is the most important
factor influencing abundance, this will have consequences for the application
of all transfer functions. These techniques are based on the orderly latitudinal
array of fauna successions from various water-masses with a changing factor,
e.g. temperature. No transfer function makes use of fauna changes that are
tied to environmental changes within one water-mass. Nevertheless, the results
of the analysis are applied to changes which might have taken place within
one water-mass. The outcomes of such transfer functions are therefore most
probably invalid.

In chapter II it was concluded that the environmental tolerance patterns,
as inferred from our Miocene data, did not correspond to all tolerance pat-
terns known from Recent species distribution. This conclusion referred mainly
to the benthic foraminifera.

There are many reasons to be sceptical about such assumed differences be-
tween distributional patterns. They might be caused by scanty data concerning
the Recent distribution. Furthermore, one may question the conclusion we
have drawn on the basis of the stable isotope data and the paleogeographical
reconstruction; consequently our environmental estimates may be wrong or
exaggerated.

However, if the results are accepted for the time being, some aspects need
to be clarified. Benthic foraminifera frequent during the Miocene in some
particular environment, are replaced in comparable modern environments by
other species, although they are still living. B. plicatella, for instance, seems
to have been characteristic of some stressed environments during the Miocene,
but in modern environments it is only a minor component of shelf associa-
tions. In the equivalent of the Miocene habitat it has become numerically re-
duced by other, better adapted species.

If U. peregrina is followed through time, one notes that this species was
negatively correlated with oxygen deficiency during the Miocene (see chapter
II) but it is positively correlated with oxygen deficiency in modern waters.
U. cylindrica gaudryinoides was the dominant species during periods of
oxygen deficiency during the Miocene, but it was replaced in this environ-
ment by u. bononiensis during the Pliocene. In this environment U. bononi-
ensis was in turn replaced by u. peregrina during the Plio-pleistocene and the
latter then becomes the dominant Uvigerina species in oxygen deficient



Fig. 56 Theoretical example of the potential fitness patterns of two species in a changing environ-
ment through time. For explanation see text.



waters. U. peregrina seemingly, not necessarily actually, changed its niche.
Other possible examples are c. laevigata and Globobulimina species, which
are only minor constituants in Miocene associations that are indicative of
oxygen deficient waters. But in Recent oxygen deficient waters they are
sometimes frequent. Still further examples are cited in chapter II.

As we have seen in the previous sections, species tend to have no fixed
relations with environmental factors. In many cases species distribution is
broadly determined by physical/chemical factors, but almost never directly
linked to them. It is probably biological interaction which is one of the main
causes of the variation in species abundance patterns from water-mass to
water-mass. In fact, this variation is comparable to the one we encounter in
species patterns through time.

Faunal changes in space and time may be understood with the help of the
following model. Theoretically, it can be assumed that an organism lives in a
so-called fundamental niche, which indicates a hypothetical space in which
an organism encounters no enemies and in which its physical environment is
optimal. But by competition and predation, the organism occupies less space
than it is potentially able to occupy. The space actually occupied is the realized
niche (compare Pianka, 1978).

Using this niche model, two cases may be considered in order to explain
the patterns described above. The first possibility, as indicated in fig. 56, is
a change in the environmental characteristics. At first, species A will be most
fit and consequently most abundant. With the environmental change how-
ever, species B will become the most fit and consequently increase in abun-
dance. Species A will decrease in abundance. This example may partly account
for the observed increasing or decreasing abundance patterns through time.
It also explains faunal changes within one water-mass. In fact, it deals with
a "closed" ecological system in the sense that no new species enter. Judging
from the data, species fitness will be primarily affected by changes in nutri-
ent abundance and to a much lesser extent by factors like salinity and tem-
perature. One would expect that within a "closed" ecological system species
will react to the changing conditions in a specific order. In the Cretan associa-
tions both benthic and planktonic foraminifera show such order with chang-
ing nutrient abundance and changing salinities.

A second possible explanation involves a constant environment (fig. 57).
If in such an environment a species enters which is much better adapted in
one part of the environmental range, it will become abundant at the expense
of the previously existing species. The outcome of such a process due to
biological interaction is relevant to paleoecological research. It means that
the realized niche of species A changes through time, or more correctly, its
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Fig. 57 Theoretical example of the potential fitness patterns of two species in a constant environ-

ment. For explanation see text.



realized niche becomes reduced. Species A may continue to exist, however,
if its niche is large enough to ensure sufficient offspring. Judging from the
wide tolerance ranges of most species, this certainly has often been the case.
The consequence of this process will be that if species A and B are living in
modern environments their abundance data are not applicable to the fossil
record, since the optimum abundance patterns of species A shifted consider-
ably. This implies that a non-analogue situation is created by biological inter-
action. The same principle applies in fact to two different water-masses which,
according to the chemical/physical properties can be inhabited by species A
and species A and B respectively. If B is the fittest species, A will be abun-
dant in one water-mass, B in the other. IfB is an inferior competitor to species
A, A will be abundant in both water-masses. This means that data can only
be applied to the fossil record if they are derived from an association with a
comparable species composition in modern waters.

In our view there is no doubt that both processes occur widely. The first-
mentioned process of changing environments is widely recognized and is the
backbone of paleoecology. The second process of biological interaction, how-
ever, is by no means less important but almost never considered because the
evident difficulty there is in establishing it. In Recent ecology, however,
many examples of the limitation of species distribution and changes in realized
niche are known to occur in associations of groups of organisms other than
foraminifera (e.g. Krebs, 1978). Foraminiferal ecology should therefore focus
on these processes.



Our taxonomy of the planktonic foraminifera is mainly after Zachariasse
(1975, 1978, 1979). The reader is referred to the publications of this author
for a description of the species categories. There is one deviation from his
species concepts: Globigerina pseudobesa, distinguished by Zachariasse, is
included in our G. bulloides.

In this chapter only references are listed to the benthic taxa referred to
in the previous chapters. At some places short comments will be made in
order to elucidate our species concept. Short remarks are made on the
assumed habitat of the most frequent benthic foraminifera. The order of the
species list is alphabetic.

Ammonia beccarii (Linnaeus)
PI. 1, fig. 1

Nautilus beccarii Linnaeus, 1758, Syst. Nat. Ed. 10, vol. 1, p. 710, pI. 1, figs. la-c.
Ammonia beccarii (Linnaeus), Loeblich and Tappan, 1964, Treatise, p. C 607, pl. 479, figs. 2, 3.

Remarks: Our specimens belong exclusively to the variety A. beccarii bec-
carii. The species is not frequent in our associations, except for some samples
in the Khaeretiana section. For the quantitative analysis it was included in
the rest-group.

Asterigerina planorbis d 'Orbigny
PI.1, fig. 2

Asterigerina planorbis d'Orbigny, 1846, For. Foss. Vienne, p. 205, pl. 11, figs. 1-3; Marks, 1951,
Contr. Cushm. Lab. For. Res., vol. 2, p. 66, pI. 8, figs. la, b.

Remarks: This species is considered to have had an epiphytic mode of life;
the distribution patterns point to a tolerance to increased salinities.

Bolivina dilatata Reuss
PI. 1, figs. 3,4, 5

Bolivina dilatata Reuss, 1850, Denkschr. K. Akad. Wiss., Wien, vol. 1, p. 381, pl. 48, figs. 15a, b, c.
Brizalina dilatata (Reuss), Hageman, 1979, Utr. Micropal. BulL, vol. 20, p. 89, pi. 2, figs. 3a, b, 4.

Remarks: There is some confusion in the literature concerning the taxonomic
position of B. dilatata. It is morphologically very close to B. spathulata (Wil-



Hamson). Both types seem to intergrade in our material.
B. dilatata is used here for the thicker, less keeled morphotypes of the as-

semblages with a length/width ratio of approximately 2 : 1. Our B. spathulata
is the type with a more pronounced keel, a length/width ratio of approxi-
mately 3 : 1, a less rounded, more spatulate outline and a more flattened
test. In the quantitative analyses B. dilatata and B. spathulata were taken
together under the name of B. spathulata.

The Miocene B. dilatata probably was a mud-dweller with a tolerance for
oxygen depletion and a preference for an environment with a high nutrient
content. It was less tolerant for raised salinities than B. spathulata, since it is
not present in the uppermost studies intervals for which high water salinities
were inferred.

Bolivina plicatella Cushman
PI. 2, figs. 7-10, textfig. 58

Bolivinaplicatella Cushman, 1930, Florida State Geol. Surv. Bull. 4, p. 46, pI. 8, figs. lOa, b;Cushman,
1937, Cushm. Lab. Foram. Res., Spec. Publ., no. 9, p. 89, pI. 11, figs. 3, 4.

Bolivina plicatella Cushman var. meTa Cushman and Ponton, 1932, Florida State Geol. Surv. Bull. 9,
p. 82, pI. 12, figs. 4a, b.

Remarks: In this variable group there is a continuous variation between B.
plicatella and B. plicatella mera. According to the original description the
latter is different by its less developed ornamentation. Typologically both
types are recognizable, but when using a species concept based on the entire
assemblage, the distinction becomes problematical, especially in badly pre-
served material. Therefore these types were lumped under the oldest existing
name.

The distribution patterns suggest that this species was highly tolerant to
raised salinities and to oxygen deficiency. It was probably a mud-dweller,
but an epiphytic mode of life cannot be excluded.



Bolivina reticulata Hantken
PI. 2, fig. 6

Bolivina reticulata Hantken, 1875, Magy. Kir. fOld't into evkonyve, vol. 4, p. 65, pI. 15, figs. 6a, b;
Cushman, 1937, Cushm. Lab. Foram. Res., Spec. Publ., no. 9, p. 50, pl. 6, figs. 24-27.

Remarks: An open marine mud-dweller with no tolerance for increased salin-
ities or for oxygen deficiency; it is relatively frequent in diverse associations,
characteristic for stable marine conditions.

Bolivina spathulata (Williamson)
PI. 2, figs. 1-5, textfig. 59

Textularia variabilis Williamson var. spathulata Williamson, 1858, Rec. Foram. G. B., p. 76, pl. 6, figs.
164, 165.

Brizalina spathulata (Williamson), Hageman, 1979, Utr. Micropal. Bull., vol. 20, p. 89, pI. 2, figs. Sa, b.
Bolivina dentellata Tavani, 1955, Sci. Nat. Pisa, Atti Mem., ser. A, vol. 62, p. 144, pl. 1, figs. 1-3.

Remarks: The assemblages of B. spathulata contain a morphotype, referred
to in the literature as B. dentellata Tavani. The latter can be distinguished by
the coarser perforation and the dentate outline. This morphotype is typical
for the Upper Miocene (Messinian) sediments of the Mediterranean; it has
not been described from elsewhere. The great abundance of this type in the

Fig. 59 Variation of B. spathulata in sample CP 1295; the spathulata type intergrades with the den-
tellata type. Magnification X 100.



upper parts of the Khaeretiana section, suggests that it was particularly fre-
quent in highly saline waters. Evidently, B. dentellata is an ecophenotype of
B. spathulata.

Another morphotype in the spathulata assemblages is B. tortuosa (Brady),
which is particularly frequent in the laminated sediments of Crete. This type
differs from B. spathulata in having a twisted test and a thicker wall with
coarser perforation. If B. tortuosa is present, also other Bolivina species may
contain specimens with twisted tests.

Fig. 60 Variation of the Bolivina morphology in laminated samples; with the occurrence of B.
tortuosa (fig. 60c) also other Bolivina species tend to obtain a tordated test. Sample Gr
3005, magnification X 100.

The frequencies of B. tortuosa and B. dentellata are included in those of
B. spathulata for the quantitative analysis.

The abundance patterns of B. spathulata suggest that it was probably a
mud-dweller with a wide environmental range; it was tolerant to high salinities
and to oxygen deficiency. Possibly it preferred a high nutrient environment.

Bulimina aculeata d'Orbigny
PI. 2, figs. 1, 2, textfig. 61

Bulimina aculeata d'Orbigny, 1826, Tabl. meth. Ceph., Ann. Sci. Nat., ser. 1, vol. 7, p. 269; For-
nasini, 1902, Mem. R. Accad. Sci. 1st., ser. 5, vol. 9, p. 153, fig. 4.

Remarks: In our assemblages clear transitions were found between B. aculeata
and B. elongata. B. aculeata is distinguishable by the spines on the earlier



chambers; it is frequent in the uppermost stratigraphic levels studied, for
which high salinities were inferred. For the quantitative analyses the fre-
quencies of B. aculeata and B. elongata were taken together under the name
B. elongata.

The distribution of the species suggests that it was a mud-dweller with a
great tolerance for high salinities and for oxygen deficiency. Possibly it
preferred nutrient abundance.

Fig. 61 Variation between B. subulata (fig. 61a), B. aculeata (figs. 61e, f) and B. elongata (fig. 61d)
in sample CP 1241; magnification X 100.

Bulimina costata d'Orbigny
PI. 3, figs. 9-11, textfig. 62.

Bulimina costata d'Orbigny, 1826, Tabl. merh. Ceph., Ann. Sci. Nat., ser. 1, vol. 7, p. 269; Fornasini,
1901, Boll. Soc. GeoL Ital., vol. 20, p. 174, pl. 1.

Bulimina striata d'Orbigny, 1826, Tabl. meth. Ceph., Ann. Sci. Nat., ser. 1, vol. 7, p. 269; Fornasini,
1902, Mem. R. Accad. Sci. Bologna, ser. 5, vol. 9, p. 372, pI. 1.

Bulimina buchiana d'Orbigny, 1846, For. Foss. Vienne, p. 186, pl. 11, figs. 15-18.
Bulimina injlata Seguenza, 1862, Accad. Gioenia Sci. Nat. Catania, ser. 2, vol. 18, p. 109, pI. 1, fig. 10.

Remarks: In our samples we found assemblages which showed all gradations
between the morphotypes mentioned in the synonymy list. This variation



concerns mainly the number and length of the costae, and the size increase
of the chambers as added. No clearly distinct assemblages can be defined
however, using the original descriptions.

The interpretation of the relative frequencies of this species suggests that
it was a mud-dweller with but a slight tolerance to increased salinities. It is
relatively most abundant during periods of oxygen deficiency and nutrient
abundance.

Bulimina elongata d'Orbigny
textfig. 61d

Bulimina elongata d'Orbigny, 1846, Foram. Foss. Vienne, p. 187, pI. 11, figs. 19,20; Cushman and
Parker, Contr. Cushm. Lab. Foram. Res., no. 13, p. 49, pI. 7, figs. 1-3.

Remarks: A mud-dweller with a tolerance for high salinities and oxygen de-
ficiency; it possibly had a preference for nutrient abundance.

Bulimina subulata Cushman and Parker
PI. 3, figs. 4-8, textfig. 61

Bulimina elongata d'Orbigny var. subulata Cushman and Parker, 1937, Cushm. Lab. Foram. Res.,
Contr. no. 13, p. 49, pI. 7, figs. 6, 7; Longinelli, 1956, Pal. Ital., novo ser., vol. 19, p.151, pI. 13,
fig. 6.

Bulimina aculeata d'Orbigny var. minima Tedeschi and Zanmatti, Riv. Ital. Pal. Strat., vol. 63, p. 249,
figs.3a-c.

Remarks: In our material we observed a considerable variation in ornamen-
tation (heavily to weakly spinose), in relative width of the last whorl (from
~ to more than half of the total length) and in the increase in size of the suc-



cessive chambers. In fact, this variation covers the range from the typical B.
elongata subulata to the typical B. aculeata minima. We therefore lumped
these taxa under the oldest name available. Sometimes, specimens belonging
to the subulata assemblages are difficult to distinguish from the aculeata
types.

From our data we concluded that it was a mud-dweller with a great to-
lerance for raised salinities; in our Miocene associations it appeared to be
only slightly tolerant to oxygen deficiency.

Cancris auricula (Fichtel and Moll)
PI. 4, fig. 1

Nautilus auricula Fichtel and Moll, 1798, Test. Micr., Wien, p. 108, 110, pI. 20, figs. a-f.
Cancris auricula (Fichtel and Moll), Murray, 1971, Atlas, p.136, 137, pI. 57, figs. 1-7.
Pulvinulina oblonga Brady, 1884, Rep. Voy. Chall., p. 688, pI. 106, figs. 4a-c.

Remarks: In our material there is a complete gradation between the auricula
and oblonga types.

The distribution of this species suggests that it was a mud-dweller with
little tolerance for increased salinities but rather tolerant to oxygen deficiency.

Cibicides bradyi (Trauth)
PI. 4, fig. 2

Truncatulina bradyi Trauth, Denkschr. K. Akad. Wiss. Wien, Math. Nat. CL, vol. 95, p. 235.
Cibicides bradyi (Trauth), Pflum and Frerichs, 1976, Cushm. Found. Foram. Res., Spec. Publ., no. 14,

pI. 3, figs. 6, 7.

Remarks: This species is relatively frequent only in the Falconara section.
A mud-dweller which preferred deep, stable waters; no tolerance to in-

creased salinities or to oxygen deficiency.

Cibicides dutemplei (d'Orbigny)
PI. 5, figs. 1, 2, textfig. 63

Rotalinadutemplei d'Orbigny, 1846, Foram. Foss. Vienne, p.157, pI. 8, figs. 19-21.
Heterolepa dutemplei (d'Orbigny), Loeblich and Tappan, 1964, Treatise, p. C 759, pI. 623, figs. 3a-c.

Remarks: This species shows some variation in the height of the dorsal side.
Most specimens are biconvex, but planoconvex variants do occur. Such va-
riants intergrade with types belonging to C. ungerianus. For this reason and
because the distribution patterns of c. ungerianus and c. dutemplei are
similar to a great extent, both were taken together for the quantitative
analyses.



A mud-dweller, with little tolerance for oxygen deficiency or increased
salinities.

Cibicides italicus Di Napoli Alliata, 1952, Riv. Ita!. Pa!. Strat., vol. 58, p. 3, figs. 1-7; Brolsma, 1978,
Utr. Micropa!. Bull., vol. 18, pI. 4, figs. 4a, b.

Remarks: This species is relatively frequent only in the Falconara section.
A mud-dweller, which preferred deep, stable waters with little deviations

in salinity and oxygen content.

Cibicides kullenbergi (Parker)
PI. 4, fig. 4

Cibicidoides kullenbergi Parker, 1953, Swedish Deep Sea Exp., vol. 7, p. 49, pI. 11, fig. 7, 8; Wright,
1978, Rep. DSDP, vol. 42, part 1, p. 713, pI. 4, figs. 5-7.

Remarks: This species is relatively frequent only in the Falconara section.
It preferred rather deep waters with stable marine conditions; it had no

tolerance to great deviations in salinity and oxygen content.

Cibicides lobatulus (Walker and Jacob)
PI. 7, figs. 1-4, textfig. 63

Nautilus lobatulus Walker and Jacob, Kanmacher, p. 642, pI. 14, fig. 36.
Cibicides lobatulus (Walker and Jacob), Hageman, 1979, Utr. Micropal. Bull., vol. 20, p. 91, pI. 3, figs.

6a, b; pI. 4, figs. la, b.

Remarks: Within this variable group we distinguished two varieties. One is
the typical C. lobatulus, which is irregular in shape and coarsely perforated.
The height/diameter ratio is approximately 1 : 3 or 1 : 4. The other variety
resembles c. refulgens (De Montfort) and is more regularly shaped, more
finely perforated, while the height/diameter ratio is approximately 1 : 1. Be-
tween these types a continuous variation exists; therefore, they were taken
together for the quantitative analyses.

The distribution patterns suggest that C. lobatulus was an epiphyte with
a tolerance to increased salinities.



Cibicides robertsonianus (Brady)
PI. 4, fig. 3

Truncatulina robertsonianus Brady, 1881, Quart. J. Micr. Soc., vol. 21, p. 65; 1884, Rep. Voy. Chail.,
p. 664, pI. 95, fig. 4.

Remarks: This species is relatively frequent only in the Falconara section; it
occurs sporadically in the Potamidha section.

A mud-dweller with little tolerance to increased salinities or to oxygen
deficiency.

Cibicides ungerianus (d'Orbigny)
PI. 6, fig. 2, textfig. 63

Rotalina ungeriana d'Orbigny, 1846, Foram. Foss. Vienne, p. 157, pi. 8, figs. 16-18.
Cibicides ungerianus (d'Orbigny), Marks, 1951, Cushm. Found. Foram Res., Contr., vol. 2, p. 73,

pI. 8, figs. 2a, b.

Remarks: Specimens with a coarse perforation on the ventral side and with-
out thickening of the dorsal side so that all whorls remain visible, re~emble_
the original C. ungerianus. Such types intergrade with others characterized by
a fine perforation of the ventral side and some extra dorsal calcareous mate-
rial which obscures part of the earlier whorls. In the literature the latter
types are usually labelled as c. pseudoungerianus (Cushman). Yet another
type in our C. ungerianus assemblages resembles c. burdigalensis Colom. It
is characterized by compressed peripheral parts of the chambers, while the
whorls on the dorsal side are almost completely obscured by a thick cal-
careous mass.

The distribution patterns of this species suggest that it was an open marine
mud-dweller, with no tolerance to oxygen deficiency or to increased salinities.

Discorbis species

For the quantitative analyses we lumped under this label all the species be-
longing to the family Discorbiidae. This was done because the frequencies of
all species of this group appeared to be positively correlated, at least if their
relative frequencies are compared visually. Three species are predominant:
Discorbis cf. D. biaperturata, D. araucana, and Rosalina globularis. In addi-
tion there is a rather diverse group of scarce and irregularly occurring species.

Discorbis araucana (d'Orbigny)
PI. 8, fig. 3

Rosalina araucana d'Orbigny, 1839, L'Amerique Mer., vol. 5, p. 44, pI. 6, figs. 16-18.
Discorbina araucana (d'Orbigny), Brady, 1884, Rep. Voy. Chall., p. 645, pI. 86, figs. 10-11.





Fig. 63 Variation in an association of Cibicides from sample Gr 3004. Typicallobatulus types (figs.
63a, b) tend to intergrade with refulgens types (fig. 63d) on the one hand, and with C.
ungerianus (fig. 63e) and C. dutemplei (fig. 63f) on the other hand. Magnification X 100.

Discorbis sp. d. D. biaperturata (Pokorny)
PI. 8, figs. 1, 2

Biapertorbis biaperturata Pokorny, 1956, Univ. Carolina, Geol., vol. 2, p. 265, figs. 4a, b, 5, 6.
Discorbis biaperturata (Pokorny), Loeblich and Tappan, 1964, Treatise, p. C 572, pI. 451, figs. 6a-c, 7.

Remarks: D. biaperturata, as figured by Pokorny and Loeblich and Tappan,
closely resembles our specimens. However, this species was originally de-
scribed from the Upper Eocene. As far as we know, it has' never been de-
scribed from the Upper Miocene and therefore we use the cf. notation.

The distribution patterns suggest that this species was an epiphyte with a
great tolerance to high salinities.



Elphidium species

All Elphidium species were dealt with as one group for the computer analyses.
The relative numbers of the most frequent species appeared to be positively
correlated to a great extent.

Seven species are dominant in the Elphidium associations of the Cretan
sections: E. aculeatum, E. advenum, E. complanatum, E. crispum, E. fich-
tellianum, E. minutum and E. reussi. The distribution patterns of all species
suggest that they were living shallow marine and vegetation bound, and had
a great tolerance to increased salinities.

Elphidium aculeatum (d'Orbigny)
PI. 8, fig. 6

Polystomella aculeata d'Orbigny, 1846, Foram. Foss. Vienne, p. 131, pI. 6, figs. 27, 28.
Elphidium aculeatum (d'Orbigny), Cushman, 1939, U.S. Ceol. Surv., Prof. Paper 191, p. 44, pI. 11,

figs. 6a, b.

Elphidium advenum (Cushman)
PI. 8, fig. 7

Polystomella advena Cushman, 1922, Carnegie Inst. Publ., vol. 311, p. 56, pI. 9, figs. 11, 12.
Elphidium advenum (Cushman), Hansen and Lykke-Andersen, 1976, Fossils and Strata, vol. 10, p. 6,

pI. 2, figs. 10-12; pI. 3, fig. 1.

Elphidium complanatum (d 'Orbigny)
PI. 9, figs. 3, 4

Polystomella complanata d'Orbigny, 1839, Hist. nat. Canaries, vol. 2, p. 129, pI. 2, figs. 35, 36.
Elphidium complanatum (d'Orbigny), Cushman,1939, U.S. Ceol. Surv., Prof. Paper 191, p. 56, pI. 15,

figs. 18, 19.

Elphidium crispum (Linnaeus)
PI. 9, figs. 1, 2, textfig. 64

Nautilus crisp us Linnaeus, 1758, Syst. Nat., Ed. 10, 1, p. 709, pI. 19, figs. a-d.
Elphidium crispum (Linnaeus), Cushman, 1939, U.S. Ceol. Surv., Prof. Paper 191, p. 50, pI. 13,

figs. 17-21.
Nautilus macellus Fichtel and Moll, 1798, Test. Micr., p. 66, pI. 10, figs. h-k.

Remarks: E. crispum and E. macellum are considered conspecific because
the two types show unmistakable morphological intergradation. The variation
mainly concerns the size of the umbilical knob, which is very small or absent
in the macellum type.



Fig. 64 E. crispum from sample CP 299; within the assemblage a-typical, pustulous specimens do
occur with a spinose keel (fig. 64a). Magnification X 100.

In the uppermost Miocene samples studied, macellum types have a peculiar,
spinose keel and a pustulous surface of the earlier chambers.

Elphidium fichtellianum (d'Orbigny)
PI. 9, fig. 8

Polystomellafichtelliana d'Orbigny, 1846, Foram. Foss. Vienne, p.125, pI. 6, figs. 7, 8.
Elphidium fichtellianum (d'Orbigny), Marks, 1951, Contr. Cushm. Found. Foram. Res., vol. 2, p. 52,

pI. 6, figs. 12a, b.

Elphidium minutum (Reuss)
PI. 9, fig. 5

Polystomella minuta Reuss, 1864, Denkschr. K. Akad. Wiss. Wien, vol. 50, p. 478, pI. 4, figs. 6a, b.
Elphidium minutum (Reuss), Cushman, 1939, U.S. Geol. Surv., Prof. Paper 191, p. 40, pI. 10, figs. 23,

24.

Elphidium reussi Marks
PI. 9, figs. 6, 7

Elphidium flexuosum var. reussi Marks, 1951, Contr. Cushm. Found. Foram. Res., vol. 2, pI. 6, figs.
7a, b.

Hanzawaia boueana (d'Orbigny)
PI. 10, fig. 1

Truncatulina boueana d'Orbigny, 1846, Foram. Foss. Vienne, p. 169, pI. 9, figs. 24-26.
Gibicides boueanus (d'Orbigny), Marks, 1951, Contr. Cushm. Found. Foram. Res., vol. 2, p. 72, pI. 8,

figs. 9a, b.

Remarks: Some types are distinguishable by a more heavily keeled periphery
and more limb ate sutures. They were included in the concept of H. boueana.



The distribution pattern of the species suggests that it had a rather great
tolerance to increased salinities, but no such tolerance to oxygen deficiency.

Karreriella brad yi (Cushman)
Pi. 10, figs. 2,3

Gaudryina bradyi Cushman, 1911, U.S. Nat. Mus., Bull. 71, p. 67, fig. 107.
Karreriella bradyi (Cushman), Wright, 1978, Rep. DSDP, vol. 42, part 1, p. 715, pI. 5, fig. 18.

Remarks: This species is relatively frequent only in the Falconara section. It
probably was an open marine, deep dwelling species, with no substantial
tolerance to salinity- or oxygen deviations.

Rotalina umbonata Reuss, 1851, Deutsch. Geol. Ges. Zeitschr., vol. 3, p. 75, pI. 5, fig. 35.
Oridorsalis umbonatus (Reuss), Wright, 1978, Rep. DSDP, vol. 42, part 1, p. 716, pl. 6, figs. 15-19.

Remarks: O. stellatus (Silvestri), a species with a subacute periphery and a
stellate pattern on the ventral side, is included in the concept of o. um-
bonatus.

A mud-dwelling species with some tolerance to increased salinities, but
without tolerance to oxygen deficiency.

Reussella spinulosa (Reuss)
Pi. 10, figs. 4,5

Verneuilina spinulosa Reuss, 1850, Denkschr. K. Akad. Wiss., Wien, vol. 1, p. 374, pI. 47, fig. 12.
Reussellaspinulosa (Reuss), Loeblich and Tappan, 1964, Treatise, p. C 563, pI. 445, figs. 3-5.

Remarks: The assemblages of R. spinulosa contain an easily distinguishable
variety, R. spinulosa laevigata Cushman. The most pronounced difference is
the lack of a well defined keel along the periphery of the latter. For the
quantitative analyses the types were taken together.

The distribution pattern of this species suggests that it possibly was an
epiphyte with a slight tolerance of increased salinities and some tolerance to
oxygen deficiency.

Rosalina globularis d'Orbigny
Pi. 10, fig. 7

Rosalina globularis d'Orbigny, 1826, Ann. Sci. Nat., vol. 1, p. 271, pI. 13, figs. 1-4; Loeblich and
Tappan, 1964, Treatise, p. C 584, 585, pI. 459, figs. la-c.

Remarks: For the quantitative analyses this species was added to the Dis-
corbis species; it had the same habitat as these species.



Siphonina reticulata (Czjzek)
PI. 10, fig. 8

Rotalina reticulata Czjzek, 1848, Naturw. Abh. Wien, vol. 2, p. 145, pI. 13, figs. 7-9.
Siphonina reticulata (Czjzek), Wright, 1978, Rep. DSDP, vol. 42, part 1, p. 717, pI. 7, fig. 19.

Remarks: An open marine species without notable tolerance to salinity- and
oxygen fluctuations.

Spiroplectammina carinata (d'Orbigny)
PI. 11, fig. 1

Textularia carinata d'Orbigny, 1846, Foram. Foss. Vienne, p. 247, pI. 14, figs. 32-34.
Spiroplectammina carinata (d'Orbigny), Marks, 1951, Contr. Cushm. Found. Foram. Res., vol. 2, p. 35,

pI. 6, fig. 2a, b.

Remarks: This species is frequent only in the Exopolis/Vrysses sections; it
inhabited waters characterized by stable marine conditions, without fluctua-
tions in salinity and oxygen content.

Uvigerina cylindric a (d'Orbigny)
subsp. gaudryinoides Lipparini

PI. 11, fig. 4, textfig. 65

Uvigerina tenuistriata Reuss var.gaudryinoides Lipparini, 1932, Ciorn. Ceol., ser. 2, vol. 7, p. 65, pI. 6,
figs. 7,8.

Uvigerina cylindrica (d'Orbigny) subsp. gaudryinoides Lipparini, Thomas, 1980, Utr. Micropal. Bull.,
vol. 23, p. 150, pI. 1, figs. 2a, b, c; pI. 4, figs. 5, 6; pI. 5, figs. 2, 4, 7.

Fig. 65 Typically (fig. 65b) and a-typically (fig. 65a) ornamented specimens of U. cylindrica gaudry-
inoides. In figs. 65d, e a-typically ornamented specimens of U. bononiensis; in fig. 65c
typical specimen of U. bononiensis. Magnification X 100.



Remarks: In the uppermost samples from the Khaeretiana section, the as-
semblages of u. gaudryinoides contain varieties with a more pronounced or-
namentation, i.e. more strongly developed costae or spines. The same phenom-
ena were observed in the assemblages of u. cylindrica cylindrica and u. bo-
noniensis. The latter two taxa were not included in the computer analyses.

The distribution patterns of U. cylindrica gaudryinoides suggest that it
was a mud-dwelling species, with a great tolerance to oxygen depletion, but
less to increased salinities. It possibly preferred nutrient abundance.

Uvigerina peregrina Cushman
PI. 11, fig. 9

Uvigerina peregrina Cushman, 1923, U.S. Nat. Mus. Bull. 104, p. 166, pl. 42, figs. 7-10; Murray,
1971, Atlas, p.121, pl. 50, figs. 1-7.

Remarks: A mud-dwelling species, most frequent in diverse associations
characteristic of stable marine conditions; during the Miocene it had no great
tolerance to oxygen depletion or increased salinities.

Valvulineria complanata (d 'Orbigny)
PI. 11, fig. 8

Rosalina complanata d'Orbigny, 1846, Foram. Foss. Vienne, p. 175, pl. 10, figs. 13-15.
Discorbina complanata (d'Orbigny), Fornasini, 1900, Mem. R. Accad. Sci. 1st. Bologna, vol. 8, p. 393,

tex tfig. 43.

Remarks: V. complanata was a mud-dweller with some tolerance to oxygen
deficiency, but without a notable tolerance to increased salinities.
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581 200 1 0 0 0 4 2 9 1 11 1 0 83 0 16 35 0 37
582 200 0 1 0 0 7 4 10 0 4 1 0 101 0 3 20 0 49
584 200 0 3 0 3 5 21 24 7 9 10 0 59 7 5 10 0 37
585 200 1 2 0 0 0 34 38 9 4 25 0 31 6 6 2 0 42
586 200 1 8 2 0 4 32 31 7 9 22 1 16 13 9 4 0 41
587 200 2 36 76 29 1 2 3 0 0 0 1 0 1 11 0 0 38
588 200 2 31 6 0 5 25 42 5 9 14 0 11 14 4 1 0 31
589 200 1 54 21 45 2 5 13 2 6 3 1 7 1 3 1 0 35
590 200 3 21 2 8 8 13 33 5 9 9 3 22 2 10 3 0 49
591 200 4 4 3 6 5 9 17 0 5 5 8 29 9 34 6 1 55
592 200 3 10 0 0 8 9 27 2 5 6 3 38 1 15 13 0 60
593 200 1 8 0 0 11 9 22 3 5 7 0 51 0 7 14 2 60
501 200 2 7 0 0 3 6 24 4 5 4 0 45 7 11 10 0 72
502 200 4 2 0 0 5 3 17 2 5 7 2 50 9 14 18 0 62
503 200 0 4 0 1 1 6 12 2 4 9 4 42 12 25 14 1 63
504 200 5 7 0 0 11 8 8 8 9 10 0 34 10 20 8 1 61
505 200 3 5 0 2 31 1 17 4 1 5 0 47 11 10 8 1 54
506 200 1 6 0 0 17 9 9 3 5 10 0 33 15 9 12 3 68
507 200 1 2 0 0 11 29 38 7 3 18 2 15 20 3 3 0 48
509 200 3 8 0 0 25 5 10 7 8 6 0 36 10 9 4 4 65
510 200 0 0 0 0 25 7 19 2 6 6 0 43 9 14 13 3 53
511 200 6 3 0 0 21 13 25 2 7 9 0 41 7 16 8 1 41
512 200 1 4 0 0 23 9 10 16 8 9 0 43 8 22· 7 2 38
512A 200 3 33 23 3 11 14 13 2 1 12 3 4 14 17 0 0 47
512B 200 10 22 7 0 12 18 31 4 9 20 0 21 1 4 1 2 38
513 200 6 11 3 2 13 17 42 1 16 24 2 8 20 2 2 1 30
514 200 1 72 5 2 11 5 13 2 4 8 6 9 6 7 1 0 48
515 200 1 15 1 0 17 16 13 2 4 3 6 39 5 16 7 10 45
516 200 1 14 1 1 17 5 19 2 8 6 1 41 9 18 6 6 45
517 200 1 11 1 0 21 2 20 4 10 1 3 52 3 13 9 10 39
518 200 2 9 0 0 28 5 22 2 7 2 0 32 10 4 16 12 49
519 200 2 7 1 1 22 9 17 5 7 6 1 50 4 2 14 5 47
520 200 0 3 0 0 19 12 13 3 5 8 5 40 15 12 6 5 54
521 200 0 11 0 0 11 17 23 1 3 6 8 15 10 19 6 5 65
526 200 4 10 3 1 12 8 21 6 7 5 6 28 8 16 13 10 42
527 200 2 65 3 1 5 9 17 0 4 11 0 9 11 9 0 0 54
528 200 2 90 37 2 7 4 12 1 3 4 2 6 3 2 0 0 25
529 200 6 55 5 3 18 9 13 2 8 7 0 9 3 5 3 2 52
541 200 0 6 5 0 36 12 15 9 7 7 2 29 6 13 6 1 46
542 200 3 28 4 1 6 17 16 3 9 10 1 14 19 5 4 2 58
543 200 6 13 0 4 8 23 40 4 5 28 0 5 21 2 0 0 41
544 200 1 14 0 7 9 40 29 2 5 20 0 21 14 2 0 0 36
545 200 5 6 1 2 9 1 21 6 8 1 0 57 1 19 3 6 54
546 200 6 9 0 0 14 1 19 12 5 3 0 43 0 13 9 3 63
547 200 5 54 4 21 3 1 24 2 8 13 0 10 3 2 1 1 48
548 100 4 105 12 2 3 4 11 1 3 2 8 11 2 4 2 1 25
549 200 5 50 3 2 8 0 16 6 8 10 7 20 2 9 1 2 51
550 200 8 21 1 0 13 4 22 8 10 10 3 38 2 4 0 3 53
551 200 3 16 2 0 4 2 28 0 6 21 2 22 13 3 2 0 76
552 200 11 42 0 16 8 6 1 14 3 36 1 23 6 8 6 0 19

Table I Distribution chart of benthic foraminifera in the Exopolis section.
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581 200 1 14 19 1 21 99 15 1 2 14 1 2 0 10
582 200 5 14 12 1 27 84 18 3 0 25 4 2 0 5
584 199 2 15 25 2 5 110 29 1 1 7 0 0 0 2
585 100 3 19 3 1 2 64 0 0 2 4 1 0 0 1
586 200 2 20 30 1 30 79 5 2 8 16 1 1 0 5
587 198 3 40 73 0 14 29 0 1 2 14 18 1 0 3
588 202 3 28 40 0 30 73 0 1 8 12 6 0 0 1
589 199 2 60 69 0 20 10 0 0 1 6 25 0 1 5
590 200 1 46 16 1 4 65 1 0 1 17 30 5 2 11
591 200 12 39 19 1 5 90 0 3 1 12 18 0 0 0
592 200 5 25 4 1 13 108 8 0 3 9 18 1 1 4
501 200 4 16 32 0 16 113 0 1 1 11 1 2 0 3
502 200 3 12 15 1 24 125 0 3 3 8 0 1 3 2
503 201 3 9 8 0 21 125 0 9 1 16 3 5 0 1
504 200 1 17 2 0 16 130 1 12 4 10 4 1 0 2
505 200 0 27 5 0 14 106 23 6 0 11 1 3 0 4
506 200 1 34 6 0 28 92 0 9 0 19 2 0 0 9
507 200 4 12 12 0 24 123 4 4 2 5 0 2 0 8
509 201 1 27 23 0 7 117 0 3 1 14 4 0 1 3
510 199 4 39 14 0 11 114 4 1 0 6 1 2 0 3
511 200 4 9 16 0 38 121 0 0 0 7 0 1 0 4
512 201 1 9 9 0 25 134 1 6 0 5 3 3 0 5
512A 195 0 15 23 0 33 67 0 21 0 1 33 0 0 2
512B 200 2 9 22 0 23 79 0 2 0 6 52 1 0 4
513 200 3 10 23 0 11 85 0 3 5 9 42 5 2 2
514 200 7 7 6 0 13 90 3 9 13 15 23 4 4 6
515 200 2 16 12 0 7 86 0 16 5 16 25 6 2 7
516 200 2 23 15 1 20 95 0 10 4 12 10 7 0 1
517 200 3 30 17 1 31 87 0 1 0 13 5 5 0 7
518 200 11 19 15 0 17 74 7 24 1 14 4 6 0 8
519 200 5 28 14 0 22 93 7 12 1 5 3 3 0 7
520 200 6 15 25 0 31 67 0 19 8 17 4 1 0 7
521 200 3 3 8 0 33 81 7 41 2 4 13 0 0 5
526 200 6 18 5 0 14 119 0 19 2 11 1 3 2 0
527 200 21 7 24 0 13 100 3 3 0 3 17 6 2 1
528 200 9 23 29 0 13 39 0 30 6 14 31 2 1 3
529 202 5 12 27 0 17 89 0 3 4 20 12 11 0 2
541 200 4 27 23 0 12 96 5 4 2 16 1 5 0 5
542 200 6 4 21 0 17 69 0 50 2 17 5 4 0 5
543 201 2 3 10 0 28 82 0 58 0 3 12 1 0 2
544 201 0 4 7 1 9 41 1 103 13 9 9 1 1 2
546 200 2 6 7 2 13 53 0 52 17 9 32 6 1 0
547 200 3 10 12 0 22 64 2 30 18 6 27 3 2 1
548 200 3 16 13 0 21 47 0 18 13 7 41 10 1 10
549 199 5 13 14 0 16 58 0 7 5 14 38 14 0 15
550 200 4 17 2 1 16 110 0 14 2 7 10 5 1 i1
551 200 1 15 8 2 17 110 0 12 1 9 6 7 0 12

Table II Distribution chart of planktonic foraminifera in the Exopolis section



(") >-J

'" '"
!::: '" '"

:>. " t; ;I: t"r1

'" " !" !::: ;J>

'" £OJ 0 ~. -c (JQE. " ~ ""
~ ~ " 0- " 0- ".. " " ~ " (JQ "~ 2 ,., ,., 0- 2- is" 0- Q " 5.: ~ ~ ~ ~ g: <to

3 " " s·" ~ "- ~ " ~ ~ 0- ~ E· 1? " ~ 5· 0f 0 ;;:- " ~ ,., is" Q " ~. ,., 1? ~. "c
S' S' 1? 1? 0- f ~ ;; ,., ~ ~. ~ S' c

8 s· ~ ,., ~ g 1? '0
1? "

~.

" '" !; ,., ,.,
0- 5.: "~

-------------------
203 200 2 13 1 1 33 4 8 2 9 2 1 61 0 6 5 12 40
204 200 2 15 0 1 15 1 9 4 6 1 0 76 0 5 8 8 49
205 200 2 4 1 0 21 3 8 4 14 1 0 45 2 17 12 11 55
206 200 0 14 0 3 20 2 5 1 8 3 0 51 1 23 12 5 52
207 200 1 36 0 1 18 3 7 0 8 0 18 15 2 19 9 6 57
208 200 0 14 0 4 31 3 8 2 12 0 1 47 1 11 13 12 41
209 200 11 19 0 0 29 0 7 1 11 6 5 38 0 16 13 3 41
210 200 9 16 0 2 22 3 13 2 9 2 0 46 2 8 15 8 43
211 200 1 78 0 12 3 2 4 1 2 3 2 12 6 10 2 6 56
212 200 4 56 46 15 1 8 7 0 3 11 1 6 5 8 1 0 28
213 200 6 73 70 18 3 0 0 0 2 5 0 2 0 8 0 1 12
247 200 3 8 0 1 14 1 5 0 8 2 0 77 1 35 10 0 35
248 200 3 6 1 0 10 0 12 1 13 0 0 71 0 22 10 2 49
249 200 2 28 92 2 3 7 7 1 4 5 0 5 3 3 0 0 38
250 200 4 43 95 3 3 2 2 0 5 5 0 2 6 1 2 0 27
251 200 12 16 4 7 5 13 39 0 4 34 0 14 13 3 0 1 35
252 200 14 26 7 7 9 6 38 2 4 23 7 22 4 8 1 0 22
253 200 0 76 2 6 8 2 4 0 7 2 0 22 1 10 5 1 54
254 200 1 15 0 1 18 2 14 2 10 2 5 44 3 20 17 1 45
255 200 0 7 0 0 14 6 17 3 11 4 5 51 1 14 11 0 56
256 200 5 10 1 0 5 17 19 5 4 14 1 48 4 6 11 2 48
257 200 5 4 2 1 14 2 11 2 6 9 0 60 6 12 8 0 58
258 200 2 42 72 2 3 1 4 1 2 0 14 4 1 7 0 0 45
259 200 1 98 22 3 2 0 7 0 5 6 4 5 2 2 1 0 42·
260 200 3 53 14 5 20 3 2 1 6 2 9 14 3 4 2 6 53
261 200 4 5 0 1 20 0 6 2 10 0 0 81 1 27 5 1 37
262 200 1 5 0 0 15 0 4 0 7 3 1 81 1 26 5 5 46
263 200 0 27 44 2 2 1 3 0 8 0 19 22 0 8 1 2 61
264 200 6 23 0 3 8 11 42 5 16 15 1 10 5 2 3 4 46
265 200 19 36 52 5 0 1 4 2 6 12 5 13 5 8 1 1 30
266 200 14 64 9 12 7 5 10 4 6 10 3 18 6 3 0 1 28
267 200 10 114 7 4 3 0 8 4 5 7 3 4 4 4 1 0 22
268 200 1 130 9 7 5 1 3 0 7 2 4 3 2 3 0 0 23
276 100 1 3 2 0 3 4 6 5 6 3 2 40 0 4 1 1 19
277 200 21 26 38 3 9 9 15 5 6 14 1 6 9 3 1 1 33
278 200 19 29 8 1 6 18 15 8 5 35 9 6 4 4 .1 0 32
279 200 5 99 27 0 4 1 2 2 5 3 11 4 3 5 0 0 29
280 200 3 30 17 1 15 3 16 2 9 7 9 30 1 2 10 2 43
281 200 13 18 2 0 27 2 15 4 15 5 4 44 0 8 3 0 40
282 200 9 21 10 1 33 0 5 2 10 5 2 ·48 0 13 6 4 31
286 200 3 26 0 3 15 2 12 6 10 2 4 37 0 14 5 4 57
289 200 5 33 67 3 8 3 9 1 14 3 5 7 0 5 0 1 36
290 200 39 40 2 5 1 17 14 13 4 29 0 7 5 1 1 0 22
299 200 8 48 19 6 16 0 1 0 11 1 14 20 2 9 3 5 37
300 200 10 73 47 2 5 2 7 0 3 4 1 11 3 5 1 3 23
301 200 7 14 11 0 21 3 7 2 12 4 6 38 3 6 8 6 52
302 100 10 5 2 0 3 1 8 4 5 4 0 25 0 5 3 0 25
303 100 5 1 2 0 8 1 6 9 3 3 0 30 0 14 3 0 15
304 200 3 49 62 1 10 0 4 1 11 1 0 7 2 15 2 4 28
305 70 9 19 25 5 3 1 2 0 0 2 0 0 0 1 1 0 2
306 100 12 26 8 5 5 4 5 2 0 10 0 1 2 0 0 0 20
307 200 8 38 10 0 3 12 10 " 6 32 1 14 8 12 1 0 40
308 200 10 13 2 0 4 13 24 24 3 37 0 10 8 2 1 2 47
309 200 4 85 10 11 3 1 1 2 1 4 9 4 1 1 0 0 63
310 100 3 33 0 6 13 0 1 1 1 1 0 3 0 3 0 0 35
335 100 5 7 0 1 9 2 15 11 3 4 0 14 0 4 0 0 25
338 200 19 16 3 2 11 7 12 16 14 2 2 33 0 8 3 0 52
339 200 8 17 2 3 3 17 24 45 2 18 0 2 6 0 1 0 51
340 200 39 71 5 4 7 14 10 0 20 0 5 4 1 0 0 18
341 200 9 12 1 0 1 12 12 37 2 67 0 1 2 0 1 0 43
342 200 5 96 1 1 15 1 3 2 3 0 0 1 0 2 0 0 70
344 200 1] 0 1 47 1 14 9 3 3 0 39 1 0 1 0 68
345 50 0 1 1 0 0 2 11 4 1 2 0 7 0 1 0 0 20
346 200 20 18 6 4 15 14 9 14 3 7 0 34 3 6 1 0 46
347 200 3 12 0 5 3 20 18 27 12 11 0 20 17 0 1 0 51
348 79 5 3 0 0 4 3 9 11 2 13 0 3 0 0 0 0 26
349 200 5 8 1 4 2 21 26 45 2 36 0 3 2 0 3 0 42
350 200 8 1 1 3 0 15 40 31 3 59 0 5 2 0 0 0 32

Table III Distribution chart of benthic foraminifera in the Vrysses section.
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203 200 5 32 5 0 44 86 0 0 0 12 1 6 0 0 9
204 200 9 24 8 0 23 97 0 9 0 17 0 4 1 1 7
205 200 8 18 6 0 21 110 0 7 0 22 0 5 0 1 2
206 200 8 21 16 0 29 81 0 14 0 18 2 4 0 2 5
207 200 7 8 12 0 36 78 0 24 0 7 19 6 0 0 3
208 200 2 12 10 0 25 101 0 3 0 18 12 4 0 6 7
209 200 2 11 17 0 10 112 8 3 0 17 5 8 0 3 4
210 200 4 18 9 1 21 112 0 7 0 13 5 3 1 2 4
211 200 14 6 23 0 26 72 0 8 0 12 11 6 5 6 11
212 200 9 18 31 2 21 31 0 61 0 7 14 2 2 0 2
213 200 8 14 39 0 28 25 0 31 0 3 '38 3 1 6 4
247 200 5 22 60 0 6 89 1 0 0 3 4 5 0 2 3
248 200 6 28 54 0 8 80 0 0 0 6 3 6 0 0 9
249 200 0 2 7 0 11 42 0 89 0 5 36 2 2 4 0
250 200 0 1 8 0 7 38 2 103 0 4 34 1 0 2 0
251 200 2 4 5 1 58 82 0 5 0 1 27 3 3 9 0
252 201 3 3 13 1 36 34 0 0 0 4 94 4 3 5 1
253 200 4 7 18 1 18 38 0 2 0 5 94 4 0 6 3
254 198 5 11 37 0 6 75 0 5 0 13 28 8 0 5 5
255 200 2 14 25 0 11 34 0 0 0 2 3 4 0 0 5
256 100 2 13 22 0 7 40 0 0 0 6 4 0 0 0 6
257 200 7 18 32 0 26 83 2 2 0 6 5 5 0 4 10
258 200 2 4 20 0 13 81 27 22 0 4 14 1 0 9 3
259 199 4 7 24 0 22 49 0 42 0 2 44 0 0 4 1
260 200 0 15 29 0 26 58 1 13 0 5 36 4 0 12 1
261 201 4 24 23 0 20 100 1 0 0 6 12 7 0 2 2
262 200 9 24 25 0 16 97 1 3 0 2 9 10 0 1 3
263 200 2 3 8 0 26 66 3 56 0 10 21 1 0 0 4
264 199 6 2 8 0 45 93 0 9 0 5 21 4 0 2 4
265 200 1 7 29 0 9 50 0 42 0 13 40 2 1 4 2
266 200 2 7 15 0 15 52 0 35 0 12 22 2 0 33 5
267 201 1 29 20 0 13 41 0 7 0 9 35 6 0 37 3
268 200 1 '19 20 0 15 42 1 8 0 7 48 7 0 28 4
277 200 6 8 22 3 7 58 1 51 0 5 32 2 0 5 0
278 200 7 4 19 1 13 42 0 2 0 48 50 6 0 7 1
279 200 0 8 9 1 9 63 0 1 0 10 76 13 1 8 1
280 200 4 5 11 1 2 50 0 1 0 11 97 4 1 13 0
282 200 9 4 1 3 5 142 1 5 0 14 8 5 0 2 1
283 200 3 9 7 0 12 59 0 23 0 7 71 4 0 4 1
284 200 4 19 7 2 3 53 0 6 a 19 60 12 0 10 5
285 200 3 25 6 1 11 40 0 1 a 31 69 2 0 2 9
286 200 2 15 11 3 6 56 0 a a 42 34 25 0 3 3
289 200 6 4 17 2 14 135 0 2 0 3 6 2 0 9 a
290 200 22 4 26 0 7 85 0 1 0 6 39 9 0 a 1
299 200 4 6 13 0 26 113 5 1 0 2 23 1 2 a 4
300 200 5 7 12 0 61 81 11 0 0 1 18 2 2 a 0
304 200 18 5 5 0 28 130 0 1 0 1 5 2 1 1 3
305 200 a 1 0 7 25 106 1 30 0 0 27 1 0 a 2
306 200 0 1 2 0 75 112 0 a 0 3 4 0 1 0 2
307 200 3 14 6 1 20 60 a 4 0 5 79 3 a 0 5
308 200 4 8 4 3 19 83 0 5 0 15 53 2 1 0 3
309 199 2 19 23 0 8 12 0 1 0 10 115 3 1 0 5
310 200 1 7 9 2 0 7 a 0 2 60 69 21 2 0 20
338 100 4 8 22 a 0 5 0 2 0 10 15 23 0 1 10
339 200 2 20 30 0 58 63 0 a 0 6 5 11 0 a 5
340 200 0 39 110 a 8 34 a a 0 2 3 2 a a 2
342 99 2 6 4 a 0 10 a a 0 10 37 4 3 7 16
344 200 a 102 7 a 2 12 a a 2 26 9 24 0 5 11
346 200 0 99 39 a 13 31 a a 0 3 1 3 0 a 11
347 100 a 12 3 0 4 47 a a 0 4 26 2 0 0 2
348 100 1 7 4 1 24 31 0 4 a 5 12 1 0 0 10
350 200 3 2 3 0 60 111 0 0 0 3 13 1 0 1 3

Table IV Distribution chart of planktonic foraminifera in the Vrysses section
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1201 200 39 29 4 1 9 3 15 15 5 15 1 27 1 1 0 35
1202 200 29 31 2 3 10 0 3 19 16 6 0 38 0 1 0 42
1203 200 35 22 0 1 23 1 8 9 22 11 0 24 0 0 0 44
1204 200 35 20 0 0 38 0 2 13 6 0 39 0 0 0 42
1205 200 16 15 0 2 38 1 11 3 19 8 0 41 0 1 0 45
1206 200 9 31 0 0 62 0 16 3 9 12 0 19 0 0 0 39
1207 200 26 18 0 0 47 0 16 15 6 11 0 16 0 0 0 45
1208 200 19 107 4 1 4 0 16 7 3 5 0 0 0 0 0 34
1209 200 39 108 0 4 1 13 7 2 12 0 0 0 1 0 11
1211 200 75 5 1 0 2 4 39 25 2 21 0 1 0 0 0 25
1212 200 52 6 0 1 3 15 30 15 2 55 0 1 2 0 0 18
1213 200 77 3 0 1 0 10 15 20 1 53 0 4 1 0 0 15
1214 200 96 3 1 1 4 12 10 9 3 31 0 4 1 0 0 25
1215 197 47 6 0 0 20 13 13 13 5 13 0 33 1 1 0 32
1216 100 18 11 0 0 8 3 8 13 0 6 0 18 0 0 0 15
1217 100 8 24 0 0 20 1 5 6 2 2 0 6 0 0 0 26
1220 200 84 5 1 I 1 2 9 43 1 32 0 1 0 0 0 20
1221 200 87 3 0 0 2 0 12 55 1 29 0 4 1 0 0 6
1222 200 85 8 0 0 3 2 7 37 1 27 0 3 0 0 0 27
1223 200 56 33 1 1 3 0 10 33 0 16 0 9 0 0 0 38
1224 100 14 20 0 0 18 0 5 13 9 11 0 6 0 0 0 4
1227 200 4 24 2 3 45 0 5 3 12 5 0 6 0 0 0 91
1230 200 18 86 50 0 2 0 5 6 13 1 0 0 1 0 0 18
1231 ZOO 48 6 0 1 1 13 5 17 1 13 0 3 0 0 0 92
123(, 200 8 14 2 1 20 2 6 25 28 9 0 42 0 2 0 41
1237 200 6 97 5 5 31 0 3 9 1 2 0 1 0 0 0 40
1238 200 1 164 0 1 4 0 3 3 0 4 0 0 0 0 0 20
1239 200 0 110 0 2 34 3 4 2 5 6 0 0 0 0 0 34
1240 200 6 94 1 6 30 0 7 8 6 3 0 0 1 0 0 38
J:~41 200 4 79 22 26 15 0 4 4 1 6 0 0 0 0 0 39
1242 200 36 13 7 3 2 0 7 51 5 45 0 0 0 0 0 31
1249 200 37 94 20 8 0 1 10 5 4 7 0 1 0 0 0 13
1264 200 66 23 1 1 0 42 12 14 1 28 0 0 0 0 0 12
12(,5 200 0 48 1 0 0 26 18 49 0 36 0 0 0 0 0 22
12()() 200 37 15 0 1 1 35 6 24 2 55 0 0 0 0 0 24
1267 200 35 7 0 1 27 16 33 1 59 0 0 0 0 0 19
1268 200 54 18 1 1 4 7 22 13 1 58 0 I 0 1 0 19
1269 200 56 30 0 0 1 18 15 8 1 53 0 0 0 0 0 18
1270 200 44 II 0 1 6 19 15 23 4 51 0 0 0 0 0 26
1271 200 56 42 1 2 2 8 17 16 2 32 0 0 0 1 0 21
1171 200 57 46 3 14 2 10 10 12 3 22 0 0 0 1 0 20
1273 200 12 88 0 9 23 2 4 4 6 6 0 0 0 0 0 46
1274 200 2 125 0 7 17 0 0 0 11 7 0 0 0 0 0 31
1275 200 7 53 0 29 15 3 11 0 8 12 0 0 0 0 0 62
117() 2110 4 88 I 11 25 Il 6 2 13 12 0 0 0 0 0 38
1277 201l 5 41 8 35 8 13 3 31 0 0 0 1 0 48
1281 :ZOO 4 148 Il 3 9 3 11 4 7 0 0 0 0 0 6
12HZ 21l1l lIS I 4 29 4 III 4 10 0 0 0 0 0 17
1283 201l 6 58 0 51 1 9 28 23 0 0 0 0 0 20
1284 200 4 79 0 4 27 3 11 12 24 16 0 0 0 0 0 20
12RS 200 133 31 0 1 0 2 8 0 0 0 1 0 18
12X() 2110 j(, 157 (, 0 1 0 1 1 11 0 0 0 0 0 5
1287 200 79 22 3 1 1 12 26 0 44 0 0 0 0 0 10
1288 21l1l 34 38 I 0 5 13 23 27 2 43 0 0 0 0 0 14
Ill)1 100 III 6 0 0 0 5 16 28 2 26 0 0 0 0 0 7
1293 ioo IS 23 3 4 8 10 12 37 11 38 0 1 0 0 1 37
1294 lOll 10 34 0 I 1 3 14 9 1 10 0 0 0 0 0 17
1295 201l 9 91 17 21 10 0 1 3 9 4 0 0 0 3 0 32

Tahle V Distribution chart of bcnthic foraminifera in the Khacrctiana section.
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1201 200 9 38 18 8 4 39 0 0 0 10 "7 64 0 1 2
1202 205 3 101 4 0 0 0 0 0 1 6 2 88 0 0 0
1203 200 0 88 23 1 0 0 0 0 1 1 3 82 1 0 0
1204 200 1 120 6 0 0 20 0 1 0 0 0 52 0 0 0
1205 200 0 138 17 1 0 0 0 0 0 0 0 44 0 0 0
1206 202 0 151 7 0 0 2 0 0 4 9 3 26 0 0 0
1207 200 0 102 0 0 2 0 0 1 43 3 47 0 0 0
1208 200 0 15 0 2 3 49 0 0 3 64 0 64 0 0 0
1209 200 0 58 11 4 5 3 0 0 2 31 5 76 0 0 5
1211 200 1 15 16 2 0 4 0 0 1 7 6 147 0 0 1
1212 200 13 63 103 0 3 6 0 0 0 3 8 1 0 0 0
1213 201 5 29 14 5 29 69 0 1 0 3 39 7 0 0 0
1214 200 21 21 16 6 1 10 0 0 0 1 111 13 0 0 0
1215 200 14 58 6 10 0 3 1 0 0 2 80 24 0 0 2
1216 100 7 34 0 0 0 1 0 0 0 8 30 20 0 0 0
1217 99 3 20 0 1 0 1 0 0 0 4 33 37 0 0 0
1220 200 0 166 19 2 0 2 0 0 1 3 2 5 0 0 0
1221 200 0 173 9 2 0 5 0 0 1 3 2 5 0 0 0
1222 198 0 158 9 1 0 1 0 0 5 13 3 8 0 0 0
1223 200 1 133 2 0 0 13 0 0 2 14 6 29 0 0 0
1224 100 1 68 0 0 0 8 0 0 0 9 4 10 0 0 0
1227 200 0 142 35 0 0 5 0 1 7 2 1 2 0 0 5
1230 190 1 166 6 0 0 0 0 0 7 2 3 2 0 0 3
1231 210 0 24 165 0 0 1 0 0 5 1 3 10 0 0 1
1236 200 12 91 11 18 0 39 0 4 3 1 11 3 0 0 7
1237 200 4 2 0 7 0 5 0 0 3 6 81 90 0 0 2
1238 200 0 6 0 29 0 0 0 0 13 1 5 145 0 0 1
1239 200 0 0 3 1 0 0 0 0 181 2 1 12 0 0 0
1240 200 0 5 0 1 0 2 0 0 40 4 5 142 1 0 0
1241 200 0 0 0 0 0 2 0 0 29 2 8 157 0 1 1
1242 200 0 1 4 2 0 4 0 1 132 0 2 54 0 0 0
1249 200 67 19 48 17 0 3 0 37 0 0 1 4 0 0 4
1264 100 9 18 1 12 0 23 0 0 8 5 1 18 0 0 5
1265 200 26 2 5 0 0 2 0 0 1 145 6 9 0 0 4
1266 100 4 7 3 2 0 10 0 1 11 19 1 40 1 1 0
1267 200 0 2 5 2 0 11 0 0 0 9 3 163 3 1 1
1268 100 3 1 4 0 0 11 0 0 0 15 3 61 1 0 1
1269 200 1 91 39 4 0 13 0 2 0 29 0 21 C 0 0
1270 200 8 13 21 3 0 1 0 0 0 146 3 3 1 0 1
1271 212 17 3 8 8 0 5 0 0 0 148 12 7 0 0 4
1272 200 12 4 5 6 2 13 0 0 0 134 10 8 2 0 4
1273 199 2 4 10 2 0 40 0 0 0 103 14 8 13 1 2
1274 200 0 0 0 0 0 3 0 0 28 6 2 160 0 0 1
1275 200 1 7 16 5 0 27 0 0 5 115 4 17 1 1 1
1276 200 2 1 3 5 0 12 0 0 39 43 0 95 0 0 0
1277 200 2 8 8 3 3 27 0 3 1 1 109 29 5 0 1
1281 201 6 15 54 1 10 20 0 1 46 4 30 10 2 1 1
1282 200 4 1 12 6 0 7 0 0 88 23 19 38 0 0 2
1283 200 0 0 1 1 0 0 0 0 138 4 2 54 0 0 0
1284 200 0 0 2 1 0 0 0 0 183 9 0 5 0 0 0
1285 200 0 0 0 1 0 0 0 0 189 7 2 1 0 0 0
1287 52 1 2 1 1 0 8 0 0 34 2 1 2 0 0 0
1288 50 3 0 0 0 0 4 1 0 26 7 2 6 1 0 0
1289 50 24 5 0 0 0 7 0 0 2 3 3 5 1 0 0
1291 100 0 3 0 1 0 5 0 0 52 30 5 3 0 1 0
1293 200 0 0 6 0 1 16 0 1 64 40 10 62 0 0 0
1294 100 1 0 1 0 0 1 0 0 2 9 75 11 0 0 0
1295 200 5 0 0 7 0 23 0 0 0 4 161 0 0 0 0

Table VI Distribution chart of planktonic foraminifera in the Khaeretiana section.
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1946 200 5 13 11 0 2 58 0 6 0 23 36 18 0 0 28 0
1945 200 2 17 1 3 3 78 12 9 0 19 17 31 0 0 7 1
1944 200 13 15 5 1 4 57 0 13 0 26 22 20 24 0 0 0
1943 200 22 10 15 3 5 41 23 1 0 17 12 38 11 0 0 2
1900 200 12 1 5 2 5 84 1 3 0 29 30 12 7 0 8 1
1901 200 11 19 11 1 3 67 12 0 0 32 17 17 4 0 4 2
1902 200 4 9 7 8 3 75 6 0 0 34 24 27 0 0 2 1
1903 200 6 7 3 1 2 51 0 2 0 53 31 35 7 0 1 1
1904A 200 5 1 23 0 11 47 0 15 0 30 29 9 28 0 1 1
1904 200 3 15 0 1 1 83 0 0 0 38 18 32 7 0 0 2
1905 199 9 9 7 3 9 62 0 0 0 35 34 17 12 0 0 2
1906 200 7 7 16 1 8 65 0 1 0 22 44 17 6 0 5 1
1907 200 8 22 7 2 6 55 10 0 0 24 26 29 7 0 1 3
1908 200 12 3 4 4 7 66 12 3 0 25 28 26 6 1 1 2
1909 200 8 8 6 1 7 89 1 0 0 25 24 19 10 1 0 1
1910 200 3 11 12 4 8 76 0 1 0 16 25 43 0 0 1 0
1911A 197 8 11 15 0 15 67 0 2 0 13 19 9 5 33 0 0
1911 200 11 6 52 3 8 50 2 1 0 14 27 16 6 1 0 3
1912 200 1 15 4 1 12 46 0 36 0 14 29 32 2 2 0 6
1913 200 5 10 0 5 4 54 1 29 0 10 11 56 1 13 0 1
1914 200 6 8 7 0 2 91 1 45 0 11 3 25 0 1 0 0
1915 200 2 18 1 0 10 53 0 0 0 51 32 22 5 0 0 6
1916 200 4 9 37 2 2 54 0 14 0 10 49 18 0 0 0 1
1917 200 19 9 11 12 2 65 0 35 0 9 9 26 0 0 0 3
1918 201 2 4 7 0 4 23 0 2 0 88 34 19 4 14 0 0
1919 202 10 2 9 2 2 72 0 6 0 59 22 16 1 0 0 1
1920 200 9 17 8 7 1 16 0 1 0 56 63 14 8 0 0 0
1921 200 49 2 0 0 0 3 0 0 0 33 108 0 0 0 0 5
1922 200 4 30 1 0 1 16 0 1 0 8 1 9 0 129 0 0
1924 200 5 4 0 0 15 108 0 0 0 5 61 1 0 0 0 1
1926 200 11 0 0 1 17 45 0 0 0 16 87 23 0 0 0 0
1928 200 26 8 4 3 10 120 10 0 0 0 1 18 0 0 0 0
1929 200 0 5 0 53 0 12 0 0 1 1 3 122 0 0 0 3
1931 200 6 13 1 0 1 34 0 0 0 1 93 12 0 39 0 0
1932 200 38 9 4 4 16 100 0 1 0 5 13 8 0 0 0 2
1933 200 1 57 1 2 1 7 0 0 10 64 3 51 0 0 0 3
1934 200 0 119 60 5 1 2 0 0 0 1 1 8 0 0 0 3
1935 200 93 1 0 2 5 34 0 8 0 0 10 47 0 0 0 0
1936 200 0 3 0 0 0 1 0 0 125 24 2 45 0 0 0 0
1937 200 0 72 7 36 0 1 0 0 0 0 0 83 0 0 0 1
1938 200 0 0 0 0 0 0 0 0 139 25 0 36 0 0 0 0
1939 200 0 0 0 0 0 0 0 0 192 8 0 0 0 0 0 0
1940 200 118 1 0 0 0 0 0 0 76 2 0 3 0 0 0 0
1941 200 0 0 0 0 0 0 0 0 194 6 0 0 0 0 0 0
1942 200 0 1 0 0 0 0 0 0 68 18 0 113 0 0 0 0

Table VII Distribution chart of planktonic foraminifera in the Falconara section.



Figs. la, b Ammonia beccarii (Linnaeus), sample CP 1239.

Figs. 2a, b Asterigerina planorbis d'Orbigny, sample CP 1276.

Figs. 3,4,5 Bolivina dilatata Reuss, samples CP 1295, CP 1295, and CP 252 respectively.

Fig. 6 Ttansitional type betweenB. dilatata and B. spathulata (Williamson), sample CP 1295.

All magnifications X 115





Fig. 1 Bolivina spathulata (Williamson), sample CP 252.

Fig. 2 Bolivina spathulata (Williamson), sample CP 1295.

Figs. 3, 4 Bolivina spathulata (Williamson), dentellata type, sample CP 1295.

Fig. 5 Bolivina spathulata (Williamson), tortuosa type, sample CP 252.

Fig. 6 Bolivina reticulata Hantken, sample CP 252.

Figs. 7-10 Bolivina plicatella Cushman, sample CP 1214.

All magnifications X 115





Figs. 1,2

Fig. 3

Figs. 4-8

Figs. 9-11

Bulimina aculeata d'Orbigny, sample CP 1295.

Transitional type between Bulimina aculeata and Bulimina subulata Cushman and
Parker, sample CP 346.

Buliminasubulata Cushman and Parker, 4-7 sample CP 346, 8 sample CP 1239.

Bulimina costata d'Orbigny, sample 3015.





Figs. la, b Cancris auricula (Fichtel and Moll), sample Gr 3004.

Figs. 2a, b Cibicides bradyi (Trauth), sample JT 1946.

Figs. 3a, b, c Cibicides robertsonianus (Brady), sample JT 1946.

Figs. 4a, b, c Cibicides kullenbergi (Parker), sample JT 1946.

All magnifications X 115





Cibicides dutemplei (d'Orbigny), sample CP 261.

Cibicides dutemplei (d'Orbigny), sample CP 581.

Transitional type between Cibicides dutemplei and Cibicides ungerianus (d'Orbigny),
sample CP 581.

All magnifications X 115





Transitional type between C. dutemplei and C. ungerianus, sample CP 26l.

Cibicides ungerianus (d'Orbigny), sample GR 3020.

Transitional types between C. ungerianus and C. lobatulus (Walker and Jacob),
samples CP 261 and CP 581 respectively.

All magnifications X 115





Fig. 1,2

Figs.3a-c

Cibicides lobatulus (Walker and Jacob), sample CP 1276.

Transitional type between Cibicides lobatulus and Cibicides lobatulus, refulgens type,
sample CP 1276.

Cibicides lobatulus (Walker and Jacob), refulgens type, sample CP 581.





Fig. 1 Discorbis sp. cf. D. biaperturata (Pokorny), sample CP 1277.

Fig. 2 Discorbis sp. cf.D. biaperturata (Pokorny), sample CP 1242.

Fig. 3 Discorbis araucana (d'Orbigny), sample CP 1277.

Fig. 4 Globobuliminapyrula (d'Orbigny), sample CP 1239.

Fig. 5 Glabratella sp., sample CP 1276.

Fig. 6 Elphidium aculeatum (d'Orbigny), sample CP 1277.

Fig. 7 Elphidium advenum (Cushman), sample CP 1212.

All magnifications X 115





Fig. 1 Elphidium crispum (Linnaeus), sample CP 528.

Fig. 2 Elphidium crispum (Linnaeus), macel/um type, sample CP 1212.

Figs. 3, 4 Elphidium camplanatum (d'Orbigny), sample CP 1277 and CP 528 respectively.

Fig. 5 Elphidium minutum (Reuss), sample CP 1212.

Figs. 6, 7 Elphidium reussi Marks, sample CP 1212.

Fig. 8 Elphidiumfichtel/ianum (d'Orbigny), sample CP 1212.

Fig. 9 Nanian depressulum (Walker and Jacob), sample CP 528.

All magnifications X 115





Fig. 1 Hanzawaia boueana (d'Orbigny), sample CP 1276.

Figs. 2,3 Karreriella bradyi (Cushman), sampleJT 1905.

Figs. 4, 5 Reussella spinulosa (Reuss), sample GR 3002 and CP 346 respectively.

Fig. 6 Reussella spinulosa (Reuss) laevigata Cushman, sample CP 346.

Fig. 7 Rosalinaglobularis d'Orbigny, sample CP 1276.

Fig. 8 Siphonina reticulata (Czjzek), sample JT 1946.

All magnifications X 115





Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

Uvigerina cylindrica (d'Orbigny) subsp.gaudryinoides Lipparini, sample CP 300.

Uvigerina cylindrica (d'Orbigny) subsp. cylindrica (d'Orbigny), a-typical ornamented
specimen, sample CP 1239.

Uvigerina cylindrica cylindrica, sample CP 211.

Uvigerina ex. interc.gaudryinoides-cylindrica, sample CP 211.

Valvulineria complanata (d'Orbigny), sample CP 1239.

Uvigerina peregrina Cushman, sample CP 211.





Fig. 1 Globigerina apertura, sample JT 1918.

Figs. 2,3 Globigerina bulloides, sample JT 1918 and GR 3007 respectively.

Figs. 4, 5, 6 Globigerina falconensis, samples CP 250, CP 250 and GR 3007 respectively.

Fig. 7 Globigerina nepenthes, sample CP 518.

Fig. 8 Globigerina multiloba, sample JT 1940.

Fig. 9 Globigerina quinqueloba, sample JT 1918.

Fig. 10 Globigerinitaglutinata, sample JT 1918.

Fig. 11 Globigerinella siphonifera, sample JT 1935.

All magnifications X 115





Figs. 1,2 Globigerinoides obliquus, samples JT 1918 and GR 3007 respectively.

Fig. 3 Globigerinoides trilobus, sample CP 250.

Figs. 4, 5 Globorotalia scitula, sample JT 1944 and JT 1918 respectively.

All magnifications X 115





Fig. 1 Globorotalia menardii, sample JT 1946.

Fig. 2 Globorotalia conomiozea, sample JT 1918.

All magnifications X 115





Figs. 1,2

Figs. 3,4

Globorotalia conomizea, samples JT 1922 and JT 1918 respectively.

Neogloboquadrina acostaensis, sample CP 1295.
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