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The Utrecht working group taking part in the I.G.C.P. project no. 1,
"Accuracy in time", received its initial funds in the middle of 1975. The
group hastened to collect a first series of samples with which it could begin
its research.
The marly clays of the selected sections Apostoli and Potamidha 1 cover
the major part of the marine Middle-Upper Miocene of Crete (Freudenthal,
1969; Meulenkamp, 1969). The corresponding time span, estimated to be
some five million years, was thought to be sufficiently long to permit a
detailed study of the evolution of the benthonic foraminiferal lineages of
Planorbulinella and Uvigerina and an evaluation of the entries of some
planktonic marker species. Moreover, the facies of the deposits was considered suitable for magnetostratigraphic research. The biostratigraphers sampled
both sections closely with equal spacing, each sample covering an interval
of five to ten centimetres. The magnetostratigraphers had their own sampling
method; the position of their cores was calibrated in the field with the
sampling spots of the biostratigraphers. In some parallel sections layers with
volcanic ash were sampled for radiometric dating.
It soon appeared that the bentonite samples were unsuitable, at best they
yielded untrustworthy results. Next, the entire Apostoli section was found to
give normal polarity for all samples after demagnetization, evidently the
sandy-silty character of the clays of this section had provided an opportunity
for a subrecent destruction of the original magnetisation in the expected
reversed polarity intervals.
Since the Potamidha section appeared more suitable, efforts on the
Apostoli section were stopped with the exception of the investigation of the
Uvigerina lineage (Thomas, in preparation).
The gathering of the faunal and floral composition data on the Potamidha
samples was started and the usual Utrecht counting procedure was applied,
i.e. counting up to 200 specimens for benthonic foraminifera, for planktonic
foraminifera and for calcareous nannofossils. While this process of data
collecting was nearing completion, the working group began to be dissatisfied
with the method. Another partial project was inserted, in which different
counting methods were tried and compared (Zachariasse et al., 1978). A
variable approach to the collecting of quantitative data appears advisable.
Some parts of the numerical composition of the Potamidha faunas and floras
should have been tackled with techniques other than the standard 200counting adopted in the beginning.

In the meantime Raju had completed the observations of the Potamidha
Planorbulinella and the magnetostratigraphic survey had yielded tangible
results which called for a nearby comparison section. Section Potamidha 2
was sampled primarily for such a repetition of the polarity scale of Potamidha 1. The problems ensuing from this comparison necessitated the
continuance of the investigation of the Potamidha 1 section.
A second major result emerged from Raju's Planorbulinella observations,
and as a result a continuation of the research downward into the older
samples from the Apostoli section was considered to be highly desirable.
This research was carried out by P. H. Doeven in the course of 1977.
The group which had made the 200-counts on the composition of the
three groups of microfossils was not enthusiastic about repeating the timeconsuming counting with the more sophisticated methods that had become
available. The group felt it would be more logical to include new problems
and subjects into its programme. Hence, it was decided that we would
present the "primitive" data on the benthonic foraminifera, the planktonic
foraminifera and the calcareous nannoplankton as they were in 1976-77.
These data are sufficiently detailed to serve as a backcloth for the account
of the peculiar Planorbulinella evolution and the problems that originated
from the magnetostratigraphic correlations.
The successive papers of this volume give an account of the teamwork. If
we were to begin again, we would do some parts differently, but no part is
seriously affected by the possible shortcomings in the others.
Meulenkamp is engaged in summarizing the lithostratigraphy and the
sampling details of all three sections involved, on the basis of the reports of
the sampling carried out by the biostratigraphers. Together with Langereis he
is attempting to pinpoint the inaccuracy aspects in the sampling procedures.
Wonders is presenting the results of his counting of benthonic foraminifera and Van der Zwaan was willing to assist him with the paleoecological
interpretation of the data.
Zachariasse and Schmidt are reviewing the data on planktonic foraminifera and calcareous nannofossils, respectively.
Since both Raju and Doeven had left the department Max Drooger had to
summarize the results of the Planorbulinella investigation, since he had in
any case to carry out the statistical treatment of the data. For the paleontological and stratigraphic interpretation he could rely on the assistance
of other colleagues in the working group.
Langereis presents the magnetostratigraphic results, and is amply supported in this by Zijderveld and other colleagues from the Utrecht Laboratory

of Paleomagnetism. The balancing of the magnetostratigraphic results against
those of the other team members necessitated the joint discussion reported
in the last paper of this volume.
The financial support of the Netherlands Organization for the Advancement of Pure Science, Z.W.O. (The Hague) is gratefully acknowledged. The
illustrative work was taken care of by J. P. van der Linden, A. van Doorn and
P. Hoonhout.
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LITHOSTRATIGRAPHY AND RELATIVE CHRONOSTRATIGRAPHIC
POSITION OF THE SECTIONS APOSTOLI AND
POTAMIDHA 1 AND 2

Fragmentation occurring approximately at the transition from the Middle
to the Late Miocene, caused the transformation of the Cretan area into
numerous small blocks (Drooger and Meulenkamp, 1973; Meulenkamp, in
prep.). The movements of such blocks in relation to each other defined the
sedimentation patterns in Tortonian time; clastic sediments oflocal provenance and, consequently, of widely variable lithology were deposited in the
depressions. At the end of the Tortonian an overall submergence combined
with some kind of "restabilisation" of the area caused the end of the accumulation of terrigenous-clastic sequences. In Early Messinian time platform carbonates and alternations of laminated and homogeneous marls (and
some evaporites) were deposited in shallow seas that were separated by low
islands and shoals (Meulenkamp, Jonkers and Spaak, 1979).
In western Crete, in the provinces of Rethymnon and Khania, the sediments attributable to the Tortonian phase of fragmentation have a wide
distribution. In general, they consist of open marine marls and clays. For
this reason, section Apostoli and sections Potamidha 1 and 2, situated in the
Rethymnon and Khania provinces, respectively, were chosen for the present
investigation. Section Apostoli is located west of the village of Apostoli, in
the Amari district, whereas the sections Potamidha 1 and 2 are near the
village of Potamidha, in the Kissamou district (fig. 1). The distance between
the Apostoli and the Potamidha sections is approximately 95 km.

In the Amari district of Rethymnon up to 300 m of fluvio-Iacustrine sediments (Pandanassa Formation of Meulenkamp, 1969) underlie the open
marine sands, marls and clays of the Apostoli Formation. In the escarpment
along the southern flank of the Moni Veni table mountain, west of the
village of Apostoli, these marine deposits are 150 m thick according to the
measurements of the sampling team of biostratigraphers. They are overlain
by reefal limestones of the Rethymnon Formation (fig. 2). The Apostoli

and Pandanassa Formations both display lateral trends, e.g. there is a rapid
decrease in thickness from south to north. In the Moni Veni table mountain
the thickness of the marine Apostoli Formation decreases from 150 m in the
southern flank to some tens of metres in the northern slope over a distance
of less than 1 km. There are no further signs of the Pandanassa Formation in
the northern side of the table mountain. Similar observations were made
towards the west and the east. These observations enabled us to reconstruct
in fair detail the paleogeographic configuration at the time (fig. 3). This
reconstruction points to the existence of a relatively wide, fault-bounded
embayment, which was open to the south.

Fig. 2

Section Apostoli, Rethymnon province, western Crete. Succession of the fluvio-lacustrine
Pandanassa Formation (P), the marine clays of the Apostoli Formation (A) and the reefal
limestones of the Rethymnon Formation (R). The arrow indicates the position of the
coarse-clastic marker horizon in the clay sequence of the Apostoli Formation.

In the Apostoli section the transition from fluviolacustrine (Pandanassa
Formation) to marine (Apostoli Formation) sedimentation is marked by
the appearance of burrowing features and marine fossils such as Heterostegina,
in conglomeratic - sandy deposits. These sediments form the base of 17 m
of fairly well-sorted, yellowish sands and sandstones with cementation levels;
conglomerates and marls playa subordinate part. Some beds are extremely
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Paleogeographic map of part of the Rethymnon area, western Crete, in Tortonian time.
Fault symbols indicate the approximate position of synsedimentarily active fracture systems.
Arrows point to lateral trends towards more open marine sedimentation and to trends of
decreasing average grain size.

rich in Heterostegina, Clypeaster, large-sized Pecten latissima (up to 20 cm)
and oysters.
Upwards this sandy part of the sequence passes into grey, bluish-grey and
brownish-grey, silty or sandy clays. The base of the measured and sampled
part of the section lies 17m above the base of the marine sequence, at the
level where clays become predominant (fig. 4). The clays constitute the bulk
of the sediments of the marine part of the Apostoli section. The clay sequence
can be subdivided into a lower and an upper part, which are separated by a
coarse intercalation which is at 90 m above the base of the measured section.
This intercalation forms a pronounced marker bed (figs. 2, 4).
The silty and sandy clays below the marker bed contain seven interbeds
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of sand or calcareous sandstone with a maximum thickness of 85 cm. Some
of the intercalations contain many shell fragments and algal and bryozoan
debris. The boundaries with the overlying and underlying clays are either
sharp or gradual. The clays display several fossiliferous levels with abundant
molluscs such as Ancilla, Conus, Dentalium, Murex, Natica, Vermetus,
Turri te lla, Area, Chlamys, Corbula, Pecten and Ostrea. Part of this fauna
was described by Symeonides (1965). The levels with rich and diversified
megafossil associations are found mainly in the lower part of the clay sequence.
The clays of the lower part of the marine sequence, below the marker bed,
were sampled in 1975 at regular intervals of 50 cm (samples CP 801 - CP
948), but no samples were taken from two poorly exposed parts, beginning
at 40 and 48 m above the base of the measured section, respectively. One
of these intervals was cleaned in 1976, and 26 additional samples were taken
(CP 1700 - CP 1726).
The intercalation 90 m above the base of the measured section consists of
2.00-2.50 m of coarse, ill-sorted, brownish, bioclastic, sandy limestone in
erosional contact with the underlying clays. The limestone is rich in fragments of Clypeaster, Pecten, algae, bryozoa, molluscs, brachiopods (mainly
Terebratula) and Heterostegina. The lower 60 cm of the intercalation display
positive grading. The coarse interbed probably consists of material from the
basin's margin which had been displaced by mass transport of a very proximal
character.
The coarse interbed is in sharp and irregular contact with the overlying
sediment, which consists of 2.20-3.50 m of coarse-sandy marl with Clypeaster
and molluscs. The fossils are often concentrated in irregular pockets. This
layer, too, suggests a supply of material from near-shore sources, which
subsequently became intensely mixed with silty-sandy clays as the result of
burrowing activities.
These coarse layers in the middle part of the marine sequence cannot be
well traced laterally, because of the vegetation. They seem to be the lateral
equivalent of the Heterostegina-Pecten
sands, which immediately overlie
preneogene shales at the northern side of the Moni Veni table mountain.
The downslope transport of the coarse material was possibly triggered by
tectonic movements, which are held responsible for some deepening of the
bay and a slight extension of the sea towards the north. This conclusion
seems to be in line with the suggestion of deepening which arises from the
lithological features of the clays overlying the coarse interval. The clays are
more compact and more calcareous and distinctly less silty or sandy. Rich,
diversified megafauna assemblages, which are common in the lower part

of the clay sequence, are absent here. Three, yellowish, calcareous, cemented
beds up to 40 em thick with an occasional thin seam of sand were observed
in the uppermost part of the clay sequence at 53, 56 and 59 m above the top
of the marker bed.
The thickness of the clays above the marker bed and below the limestones
of the Rethymnon Formation cannot be given with certainty. 61 m of sediment were sampled at regular intervals of 50 em (CP 949 - CP 1072), but
the clays above sample level CP 1072 were not accessible. The thickness
between the level of CP 1072 and the base of the Rethymnon Formation is
probably some 10 metres. The uppermost metres of the Apostoli Formation
were sampled at the eastern side of the escarpment at the other side of a
small fault (CP 1076 - CP 1080). The stratigraphic interval between samples
CP 1072 and CP 1076 is about 8 metres.
The Rethymnon Formation in section Apostoli consists of 40 m of reefal
limestones with Pecten, Heterostegina, corals and abundant algae. The contact with the marls of the Apostoli Formation is sharp and irregular. Yellowish,
laminated marls present immediately below and in the basal part of the
limestone succession are strongly folded ('flow structures') as a result of
load-casting and of some sliding of the limestone into and over unconsolidated sediments. In nearby sections the clays of the Apostoli Formation are
conformably overlain by up to 1-2 m of laminated, yellowish marls, which,
in turn, pass into reefal limestones. These features suggest a fairly sudden
change in the sedimentation conditions.
SECTIONS

POT AMIDHA

1 AND 2

In the Kissamou district of Khania province the clastic successions of
Tortonian Age unconformably overlie either older Neogene strata or preneogene rocks. These successions were deposited in elongated, graben-like
depressions, which were separated by submarine ridges and shoals (fig. 5,
see also Meulenkamp, in prep.). Open marine clays were laid down in the
more central parts of these depressions, while coarse-clastic sediments and
bioclastic limestones accumulated along the margins of the sub-basins and
along and on top of the submerged ridges. Freudenthal (1969) incorporated
the clays in his Kissamou Formation, which corresponds to the Potamidha
Formation of Spaak (1976, internal report) and of Meulenkamp, Jonkers
and Spaak (1979). The latter authors included the coarse-clastic sediments
and the limestones in the Fotokadhon Formation, whereas Freudenthal
(1969) mapped the clastic successions and the limestones separately. Close
to the sub-basin's margins the Potamidha Formation contains positively

graded sandstone intercalations, which indicate deposition from density
currents. Such beds generally point to downslope transport of sediment
towards the north. The number and the thickness of turbiditic interbeds
in the clay successions decrease rapidly in the same direction, i.e. to the
north.

Fig. 5

Paleogeographic map of part of Khania province, western Crete, in Tortonian time. Arrows
indicate lateral trends towards more open marine sedimentation, trends of decreasing
average grain size, and directions of paleocurrent measurements. Numbers 1 and 2 refer to
the position of sections Potamidha 1 and 2.

Sections Potamidha 1 and 2 are located in the sub-basin which was delimited to the south by the emerged central part of Khania province, to the west
by the Platanos ridge and to the east by the Rhodope shoal and the Roka
threshold (fig. 5). Across the Roka ridge the sub-basin was in contact with
that of Voukolies, to the east; also the Platanos ridge in the west is supposed
to have been submerged. Section Potamidha 1 is excellently exposed just
east of the village (fig. 6). Section Potamidha 2 is an escarpment west of the
road to Topolia, 700 m SW of Potamidha. Notwithstanding the small distance
between both sections there is no possibility of direct lithostratigraphic
correlation, because both sections are situated in the opposite slopes of the
unexposed valley of Potamidha.

According
to the measurements
of the sampling team, section Potamidha 1 consists of a succession of 63 m of rather monotonous,
dense, greyblue marly clays to clays (figs. 6, 7). There is a vague layering caused by
differences in the induration of the clay. Megafossils are rare; some pyritized
echinoids were fQutid scattered over the section, particularly in the middle
part. In the lowe~'and middle parts of the section there are scattered pockets
with small Pycnodonta. Throughout
the large outcrop the clays contain four
continuous,
thin, blackish-brown,
ferruginous interbeds, marked by the symbols Fe I-IV in the column of fig. 7. There are a number of discontinuous
seams as well, which have been labelled Fe 0, Fe lA, Fe IB and Fe V. The
thickest of these beds, Fe III, forms a marker horizon within the exposure.
It consists of 10 cm of coarse, graded sand with a considerable admixture
of iron oxide and many shell fragments. This bed probably forms the more
distal part of a turbidite layer. The same interpretation
may hold for the
other ferruginous levels, which consist mainly of iron oxides in seams some
mm to half a centimetre
thick. The sandy admixture
is most distinct in
Fe IV.
The uppermost
part of the section, 14.5 m above the pronounced
fer-

Fig. 6

Section Potamidha 1, Kissamou district, Khania province, western Crete. The arrow points
to the pronounced ferruginous marker level Fe III.
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column of section Potamidha

1, Kissamou district, Khania province, western

ruginous level Fe III, contains aIm thick, finely-bedded to laminated intercalation. The intercalation consists of alternations of greyish and brownish
clays with some very thin sand seams. The boundaries between the intercalation and the underlying and overlying grey-blue clays seem to be fairly sharp,
but both transitions (homogeneous to finely-bedded clay and the reversed)
take place over a short interval of some 2-5 em. Above the finely-bedded
intercalation another 5 m of blue-grey clays are exposed, the uppermost
metres of which are strongly weathered.
The clays of the Potamidha Formation are overlain by alternations of
homogeneous and laminated, beige to whitish marls, which Freudenthal
(1969), Spaak (1969) and Meulenkamp, Jonkers and Spaak (1979) included
in the Khaeretiana Formation. In the immediate surroundings 'of section
Potamidha 1 the transition from the Potamidha to the Khaeretiana Formation is covered by vegetation.
In 1974 the section was sampled at regular intervals of 50 em (samples
CP 1-117). In 1975 the upper part of the section was resampled and additional samples with a sample spacing of 25 em were taken from the clays
immediately below and above the ferruginous levels Fe I-IV. The 1975
samples bear the CPA symbol. After preliminary investigations had shown
that the entry level of G. conomiozea lies within the sampling interval
CP 85 - CP 96, this part was resampled with sample spacings of 25 and
of the CP 85 - CP 96 interval, while 10 em were taken immediately beof the CPA 85 - CPA 96 interval, while 10 em were taken immediately below and above the supposed entry-level of G. conomiozea. These samples
are indicated by the CPB symbol.
Samples used for the paleomagnetic investigation are indicated by the KP
symbol. Their relative stratigraphic position could be ascertained from the
marking points of the micropaleontologists. Calibrations of the measurements of both sampling teams revealed notable differences, which will be
dealt with in the next paper (see Langereis and Meulenkamp, this volume).
Section Potamidha 2 is situated 700 m SW of Potamidha 1, in an escarpment west of the Potamidha - Topolia road. It displays the same type of
grey-blue marly clays as described for Potamidha 1. In Potamidha 2 ferruginous levels and a finely-bedded to laminated intercalation were observed
as well. The lower part of the section was not sampled, because of the
risk of repetitions or gaps caused by sliding and small-scale faulting. Sampling
was started at a level 36 m below a 10 em thick, sandy, graded, ferruginous
level, which forms a marker bed in the section (fig. 8). This bed is thought to
be correlative to the level of Fe III in Potamidha 1.

According to the measurements the base of the finely-bedded to laminated clay intercalation lies 18 m above the thick ferruginous bed. The intercalation consists of an alternation of finely-bedded to laminated grey and
brownish clays with thin sand seams. The intercalation has a thickness of
1.00 m. The transitions from homogeneous to finely-bedded clay and from
finely-bedded to homogeneous clay take place over short intervals of 2-5
cm, as in Potamidha 1. On top of the intercalation 1 m of clay could be
sampled; higher in the section the clays become strongly weathered and
covered by vegetation and scree.
Two thin, rather indistinct ferruginous levels were observed in the clays
between the pronounced, graded bed and the finely-bedded to laminated
day intercalation. The two indistinct levels seem to be discontinuous.
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The sample spacing in section Potamidha 2 was much wider than in
Potamidha 1. 25 samples were taken in 1976 at vertical distances of about
3.00 m (lower part) and 2.00 m (upper part). The uppermost part of the
section, including the finely-bedded intercalation, was (re)sampled in 1978
in more detail. Both sample sets have CP numbers. The group of magnetostratigraphers sampled the section (their KP numbers) together with the
micropaleontologists. Both sample sets are well calibrated, but again there
appear to be differences in the measurements.

Sections Potamidha 1 and 2 both contain ferruginous levels and a finelybedded to laminated intercalation. The latter intercalation can serve as a
basis for the lithostratigraphic correlation. The laminated to finely-bedded
intercalation displays similar lithological features in the two sections and
the thickness is the same. The most pronounced ferruginous level in Potamidha
1 (Fe III) lies 14.5 m below the intercalation. A ferruginous level of comparable thickness and lithology is observed in the Potamidha 2 section, 18 m
below the finely-bedded intercalation. This level was thought to be correlative
to Fe III of Potamidha 1, although the measured thicknesses of the clays
between the supposedly equivalent levels and the finely-bedded intercalation
are different.
In Potamidha lone more continuous ferruginous level (Fe IV) was observed between Fe III and the finely-bedded intercalation; in Potamidha 2 two
such levels were seen. The uppermost one is 6 m below the laminated intercalation, while the interval between Fe IV and the intercalation in Potamidha
1 is 7 m. This suggests that Fe IV in Potamidha 1 may be correlative to the
uppermost Fe level in Potamidha 2.
Correlation between the Potamidha sections and section Apostoli
The Potamidha and the Apostoli sections, which are some 95 km apart,
cannot be correlated in the field. The clays of the Potamidha Formation are
overlain by the marls of the Khaeretiana Formation, whereas the clastic
sequence of the section Apostoli is overlain by reefal limestones of the
Rethymnon Formation. In sections near section Apostoli, the lower part
of the Rethymnon Formation contains several terrigenous clastic-intercalations, similar in lithology to the sands and clays of the Apostoli Formation.
It is mere speculation to base a lithostratigraphic correlation between the
Potamidha and the Apostoli sections on the fact that both the Potamidha
and Apostoli Formations are conformably overlain by predominantly

calcareous sediments.
Sections Potamidha 1 and 2 both contain the entry-level of the Globorotalia conomiozea group, but these forms appear in the surroundings of
Apostoli in the lower part of the Rethymnon Formation (Zachariasse,
1975). These observations suggest that the Potamidha sections range higher
than the Apostoli section, but the lower parts of the Potamidha sections
and the upper part of the Apostoli section might be time-equivalent.
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Determination of the stratigraphic distance d between site P and site Q.
a. In the plane perpendicular to the strike: {3= dip, v = vertical distance, h' = horizontal
distance in the plane.
b. In the horizontal plane: a = strike, <{) = azimuth from P to Q, h = horizontal distance
measured.

COMPARISON OF TWO METHODS USED TO MEASURE
LITHOSTRATIGRAPHICAL INTERVALS IN SECTIONS
POTAMIDHA 1 AND 2

During the sampling of both Potamidha sections for biostratigraphic
purposes, we used a measuring tape to estimate the thickness of the strata
between successive sampling levels. The ensuing stratigraphic columns
(Meulenkamp, this volume, figs. 7 and 8) were constructed on the basis of
these rough measurements. It is selfevident that stratigraphers who practise
this method may make considerable errors with respect to the real thickness of the strata. Errors are very likely to occur if the angle between the dip
of the strata and the dip of the slope is small and if one cannot sample along
a line perpendicular to the strike. Errors may also creep in when stratification is indistinct or absent, e.g. in homogeneous clays.
The teams of magnetostratigraphers used a more accurate method. To
determine the stratigraphical interval between two successive sampling sites,
they measured the vertical (v) and the horizontal (h) distance as well as the
azimuth (\fJ) between one site and the next one. In the plane perpendicular
to the strike (i.e. strike + 90°) the stratigraphic distance between the sampling
point P and the horizontal projection Q' of Q on this plane is then:
d = v . cos {3+ h' . sin {3(fig. la),
where d = stratigraphic distance, {3= dip of the strata, and v and h' are the
vertical and horizontal distances in the plane perpendicular to the strike. v is
measured, h' is calculated from:

h' = h . ~in (\fJ

-

a) (fig. 1b ),

in which h = horizontal distance measured between P and Q, \fJ = the azimuth
of the direction of h and a = the strike of the strata. \fJ and a range from 0°
to 360°.
The stratigraphic distance between P and Q can thus be calculated according to:
d

= v . cos {3+ h . sin

(\fJ -

a) sin {3.

For the Potamidha 1 section, strike and dip of the strata were calculated
from the azimuths and dips o'f the ferruginous layers in different planes of

exposure. All calculated bedding plane data were averaged, which gave a
general strike and dip of 167° _9° W.
For the Potamidha 2 section the bedding plane of the ferruginous interbed
Fe III was measured directly at seven points and the results were averaged;
the resulting strike and dip are 189° -6 ° W.

The team of biostratigraphers calculated the total thickness of the clays of
Potamidha 1 to be 63 metres, while the stratigraphic distance between the
base of the outcrop and the base of the finely-bedded interval in the uppermost part of the section is 56.5 metres. According to the more accurate
measurements of the magnetostratigraphers the latter interval is only 39.4
metres (fig. 2). This means that the stratigraphic interval found by applying
the rough measuring tape method is 1.4 times the thickness (i.e. 40% more)
calculated by the method used by the magnetostratigraphers. The results of
the latter group are certainly closer to the real lithostratigraphic thickness.
The stratigraphic distances between some of the ferruginous layers in both
sections were measured and calculated again in 1979 with the method used
by the magnetostratigraphers. The thickness differed by about one per cent
from those which they obtained during the sampling in 1976.
A critical evaluation of the sets of data of both sampling groups show that
the errors made by the biostratigraphers in separate parts of the Potamidha 1
section were greatest (up to 1.9 times the real thickness) for the sampling
intervals from CP 40 to Fe II and from CP 80 to Fe III. The former interval
is in the lower-middle part of the section where the clays had to be sampled
along a low-angle slope (less than 20°) and along a tract not perpendicular
to the strike. The large discrepancy for interval CP 80 - Fe III can be ascribed to the lateral shift of 7.5 metres within the homogeneous clays from one
gully to another across a ridge. The thicknesses recorded by the team of
biostratigraphers are closer to those calculated by the magnetostratigraphers
for the lowermost part of the section (CP 1 - Fe I) where the values obtained are only 10% higher. This part of the section could be sampled along a
tract perpendicular to the strike in which, in addition, there is a greater angle
(40-45°) between the dip of the strata and the dip of the slope.
Comparable differences between the measurements of both teams were
found in Potamidha 2. Also here the average error made by using the measuring
tape method results in a thickness of some 40% more than the real interval.
Smaller but conspicuous differences are apparent in the comparison of
the stratigraphic intervals measured between Fe III and the base of the
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finely-bedded interval by two different groups of biostratigraphers (1976
and 1978 data, respectively; see fig. 8 of Meulenkamp, this volume). Although both teams used the measuring tape method they arrived at values
of 21.6 and 18.4 metres, respectively. The latter value is closer to that of
the magnetostratigraphers (16.8 m). The 1978 value has an error of +10%.
Evidently personal factors affect the results obtained with the measuring
method of the biostratigraphers.
Every stratigrapher may have observed this subjectivity if he has compared
the thickness he has constructed himself with the thickness( es) given in the
literature for the same section. Thicknesses given in publications of biostratigraphers are usually too high.

The inaccurate method of determining lithostratigraphic intervals involving the application of a simple measuring tape may give average errors as
large as +40% in "unfavourable" sections. More recent measurements made
by both Utrecht teams in more "favourable" sections yielded more satisfactory results. More favourable means that the thickness could be measured
along a line perpendicular to the bedding, that the slope is steep relative to
the dip, and that stratification was fairly distinct. For instance, the total
thicknesses computed for the banded clay sections of Monte Giammoia and
Falconara (Sicily) are only 5% apart. This implies that the measuring tape
method, however inaccurate, may give satisfactory results in some cases.
Good results may be obtained if the stratigraphic distance obtained with
the measuring tape method is checked at regular intervals (e.g. every 4 or 5
metres) using the method of the magnetostratigraphers. In unfavourable
sections or in unfavourable parts of a section the latter method should be
used exclusively, although it is considerably· more time-consuming than
estimating the thickness with a measuring tape. As long as the aim of the
biostratigraphers is to establish the order of events the systematic errors
produced by the measuring method are harmless. If several sections are to
be compared, however, or sedimentation rates to be estimated, more accurate thickness measurements are of greater importance.
In the following papers in this volume those of the micropaleontologists
are based on the stratigraphic columns of Meulenkamp, whereas the paper
of Langereis is based on the columns given in figure 2 of this article.

The quantitative distribution of the benthic foraminifera in section
Potamidha 1 is given; two hundred specimens were counted per sample.
More than 200 species were encountered and assigned to 15 groups. Each
group is composed of taxa which are supposed to have lived in a similar
habitat or which have a close morphological resemblance.
Frequency fluctuations of certain groups in those parts of the section
which are composed of homogeneous clay are slight; these are attributed
to the occurrence of minor changes in a normal open marine environment.
In the laminated interval in the upper part of the section the fauna compositions change drastically, probably as a result of oxygen deficiency.
A part of section Potamidha 1 across the laminated interval can be correlated with a corresponding part of section Potamidha 2. It is suggested that
the fluctuations in faunal composition across the laminated interval are the
same in both sections.

Purpose of the study
A detailed micropaleontological and paleomagnetical investigation of the
section Potamidha 1 was our first activity in connection with LG.C.P. Project no. 1 "Accuracy in time". Our main concern was to work as accurately
as possible and to see what might emerge.
It was hoped that the composition of the benthic foraminiferal faunas
would yield various kinds of information. The data on the faunas could be
compared to the results of the other studies (larger foraminifera, planktonic
foraminifera, calcareous nannofossils, magnetostratigraphy) and we could
try to find some kind of relation between them. Since benthic foraminiferal
associations are thought to reflect the depositional environment at the
bottom, we tried to find a relation between the composition of the faunas
and lithology. In addition, we hoped that a very detailed study of a section
would tell us more about the biostratigraphic value of at least some of the
species encountered.

Method of investigation
When the study began, we had a little experience in this type of work and
the variety of standard procedures had not yet been elaborated (Zachariasse
et al., 1977). In order to avoid possible effects of subjectivity, all samples
had to be treated in exactly the same way. All the determinations and
countings had to be done by the same person, preferably within a short
timespan.
Only the 125-595 micron fraction of the washed residues was used. Each
residue was split by means of an Otto micro splitter until a few hundred
specimens were available. This split was carefully spread out over a picking
tray, with the particles distributed as evenly as possible. The tray we used
is subdivided into 45 squares in 5 horizontal rows. Counting started in the
middle horizontal row and continued in one of the two adjacent rows, etc.
In a few cases the splits turned out to be too small. Then a new split was
prepared and treated in exactly the same way as the first one until 200
benthic specimens were obtained, which included the indeterminable ones.
After the counting, we faced the problem of data processing. Since a
computer program for the distribution of some 200 species in a section with
131 samples was not available, we decided to plot all data by hand and to
use our common sense for the interpretation. The species were listed alphabetically in a distribution chart. Species were combined into major groups
only after the frequencies of individual species had been considered. The
latter are not given in this paper, but they are available for consultation.
Now that a computer program is available, it no longer seems worthwhile
processing the mass of inconclusive data.
Grouping of the species
From what is known so far about ecology and the response of smaller
benthic foraminifera to certain environmental conditions it is quite difficult
to create a satisfactory subdivision of the total associations into main groups.
Although some taxa are known to live in special habitats - or at least prefer
or tolerate certain environmental conditions - it is doubtful whether they
should be grouped along with other taxa if they are found in extremely
diverse, open marine assemblages such as we dealt with in this study.
Moreover, the benthic foraminiferal associations of Potamidha are so
diversified that too little lumping into groups leads to a detailed record of
the relative rarity of numerous individual species or small groups of species;
because of the low numbers this cannot have any real significance. On the
other hand, too rigorous grouping would result in mathematically sig-

nificant negative correlations between the frequencies of the groups, and this
again would have no statistical or environmental meaning.
Our groups of taxa were formed on the basis of two kinds of reasoning.
Firstly, we tried as far as possible to accept the rule that similar morphology reflects similar modes of life and that variations in a certain type of
morphology reflect analogous variations in a certain type of living. Secondly,
we grouped forms which reputedly have special tolerance or preference for
certain environments, irrespective of their morphology.
Further splitting or lumping was performed mainly on the basis of the experience gained in current research on Miocene and Pliocene benthic foraminifera in the Mediterranean area, as recorded in numerous unpublished
reports of our department.
Altogether, 15 groups of taxa were composed out of the more than 200
species that were recorded in the countings. Lists of the species composing
various groups are given in the appendix, together with short reference lists
for the most important taxa.
Precise data concerning the number of planktonic foraminifera per 200
counted benthics are not available. In all samples, however, planktonic
individuals dominate strongly. An estimate of the PIB ratio of some samples,
together with a general impression of the others, revealed values between
2 and 9; in other words, the benthic foraminifera constitute IOta 35% of
the total foraminiferal association.

In this chapter, the relative frequencies of the 15 main groups throughout
the section are discussed briefly with reference to the frequency diagram of
figure 1.
1. Arenaceous forms

Agglutinated foraminifera are relatively rare (maximum frequency below
10%) throughout the section. Some species are present in most of the
samples however, and seem to belong to a normal open marine association.
These species (Bigenerina nodosaria, Karreriella bradyi, Textularia mexicana,
Textularia aff. T. pectinata and Martinottiella communis), and also some
others which occur more irregularly but also throughout the section (Spiroplectammina carinata, Siphotextularia concava) may be regarded as "higher"
forms, whereas simple arenaceous forms (Sulcophax, Reophax, Saccammina)
are always rare.
The arenaceous forms have no peak occurrences anywhere in the section.
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Their quasi-absence in the laminated interval (CPA 56-59) seems to be
significant, since there is only one other part of the section (CP 37-40)
where the frequencies are so low in four successive samples.
2. Miliolids
The distribution of the Miliolids is approximately the same as that of
the arenaceous forms: relatively rare but always present (only once 14%,
otherwise 10% or less). Simple forms prevail. Characteristic elements are
Quinqueloculina peregrina, Sigmoilina celata (an arenaceous form) and Sigmoilina tenuis. Small, not entirely biloculine forms, here referred to as
Pyrgo spp. juv., are relatively frequent as well. Relatively high frequencies
of Miliolids are caused mainly by high numbers of Q. peregrina. Miliolids are
very rare in the laminated interval; this series of low frequency values has no
parallel elsewhere in the section.
3. Multi-chambered Lagenids
This group is composed of some 40 species. A qualitative analysis of some
samples, prior to counting, revealed to presence of at least eight more species
in the section. None of the species is really dominant within the group.
Lenticulina rotulata (and probably other, similar species, here labelled under
the same name) is normally the most frequent. Within the limited range of
relative abundance, the multi-chambered Lagenids show no regularity in
their fluctuation pattern. In the laminated interval the numbers are relatively
low. The group might as well be combined along with groups 4 and 8 into a
larger group "open marine calcareous forms".
4. Single-chambered calcareous forms
These taxa occur in small numbers, but in a great variety of forms. The
genus Fissurina is represented best, with an unknown number of species,
since hardly two individuals are alike. Most of the forms were lumped in
the groups of F. marginata, F. orbignyana and F. pseudorbignyana. Golina
and Lagena are relatively rare, but regularly pre~ent.
The group as a whole does not show any particular trend or variation in
frequency pattern throughout the section; the group never exceeds 5% of the
total number of specimens.
5. Open marine calcareous spiral forms
Although composed of rather different forms (Cassidulinidae, Gyroidina,
Pullenia, Siphonina, Sphaeroidina and Nu tallides), the taxa of this group
have some general morphological features in common: tight coiling, spiral
arrangement of the chambers and a finely perforate wall (with the exception
of Siphonina, which is coarsely perforate). The individual species have

modest, but persistent frequencies throughout the section. There are only
a few peak occurrences and a few striking absences at distinct levels; these
minor exceptions will be discussed below.
The group as a whole shows rather an irregular distribution pattern. Up
to sample CP 50, frequencies fluctuate rapidly between 10 and 20%, with
incidental higher and lower values. Between CP 50 and CP 74 there seems to
be a gradual decrease to a regular series of about 10% values, followed by a
similar increase to 20% again. A fluctuation pattern that is similar to that in
the lower part of the section then persists up to sample CPA 44. Above this
level, there seems to be a more regular alternation of minima below 10%
and maxima above 20%, corresponding to sediment thicknesses' of some 3
metres. The laminated interval shows no interruption of this pattern.
There is no obvious correlation between the behaviour of this group and
that of any other group. It is possible that the distribution pattern is the
result of the frequencies of all other groups together. The monotonous
picture in the lowermost interval may be the result of the absence of any
trend in all other groups. The next higher negative bulge in the curve seems
to be opposed to the relative abundance of the morphologically similar
group of Cibicides s.1" while the third "zone" may be of the same nature as
the lower one. The larger fluctuations towards the top of the section are in
an interval which shows relatively larger changes in the frequency of several
other groups with respect to their behaviour lower down in the section. This
distribution pattern is in accordance with a suspected mud-dwelling habitat
just below the sediment-water interface of the group, which allows for
relatively great tolerance and little response to somewhat fluctuating conditions in the sea water. The larger frequency fluctuations towards the top
might then indicate greater oscillations in the bottom habitat.
As noted above, most of the species of the group show little variation in
frequency throughout the section. Some exceptions are:
- the abundance (up to 7%) of Cassidulina laevigata in the samples CPA
46, CPA 60 and in the topmost four samples, whereas its frequency elsewhere hardly exceeds 2%;
- the relatively large fluctuations in the frequency distribution of Siphonina
bradyana (0 to 8%) up to sample CPA 56 at the bottom of the laminated
interval, where the species disappears from the countings. It is the only
regular species that does not return above the laminated interval;
- a single peak occurrence of Sphaeroidina bulloides (7.5%) in sample
CP 80. One can only guess at the meaning of these exceptions. The absence
of S. bradyana from sample CPA 56 upwards may be significant.

6. Epiphytic forms
Only reputedly epiphytic forms were included in this group: Asterigerina
planorbis, Cibicides lobatulus, Discorbis advena, Hanzawaia boueana and
Rosalina globularis. Three more taxa (see appendix) were added on morphological grounds.
The numbers of epiphytic benthics varies considerably from sample to
sample, but the frequency distribution seems to be random, at least up to
sample CPA 47. Above that level, there seems to be an interval of significantly higher frequencies (about 20%) in four successive samples, followed
by a rapid but gradual drop to 3.5% at the base of the laminated interval.
This low value immediately precedes the highest number of epiphytic forms
in the entire section: 23.5% in sample CPA 57. After this peak occurrence,
values again become normal to rather low again.
The distribution of the group seems to have a weak positive correlation
with that of the group "shallow sand dwellers". In those cases, however,
where relative peak values of both groups coincide (CP 10, CP 22 and CPA
57) we suspect that this correlation is due to the transport of both groups
to the Potamidha site from shallower parts of the basin. This suggestion is
strongly supported by the presence of corroded specimens of Elphidium
macellum in these samples.
7. "Shallow sand dwellers"
The group is mainly composed of Elphidium species. Large forms are rare
and if present, they have sometimes clearly been redeposited. The most
frequent smaller forms belong to the groups of E. macellum and E. advenum.
In the latter species we included small forms with inflated chambers and
small retral processes.
The group is present in all samples, but in very low numbers, generally
5% or less. Two of the three samples with more than 10% (CP 22 and CP 85)
contain corroded, evidently displaced specimens.
The small size of the individuals and the low diversity of the group point
to circumstances which may not have been hostile but were certainly not
favourable.
8. Cibicides

s.l,

All representatives of the genera Cibicides, Anomalina and Planulina, except Cibicides lobatulus, are lumped together in this group, mainly because
of their similar morphology and of their supposedly non-epiphytic mode of
life. The frequencies of the group move around the average value of 15% in
most of the section. There are three intervals where they are different: from
sample CP 31 to CP 47 the average value is 10% and from sample CP 49 to

CP 64 it is 20%. The top part of the section, from sample CPA 50 upwards,
is characterized by some relatively high frequencies, up to 25%, which are
interrupted by the laminated interval, in which the frequencies are between
1 and 10%.
Again, there is no group which seems to show a consistent correlation
with Cibicides s.l. throughout the section. The interval with low frequencies
in the lower part of the section has fairly high percentages of Melonis, but
these are so low that they cannot be held responsible for the relative rarity
of Cibicides s.l., even when Melonis is thought to be competitive in the environment. Moreover, the negative correlation in this part of the section is an
exception; at the top of the section both groups are relatively abundant.
The strong decrease in numbers of Cibicides s.l. in the laminated interval,
especially in sample CPA 56, seems to be significant, even when the large
numbers of Rectuvigerina are taken into account. In this respect, the group
behaves in the same way as groups 1, 2,3,11, and 14.
9. Bolivina

Bolivina species make up about 10% of the total faunas, with a minimum
of 5% and a maximum of 20%. At first sight, there seem to be some partial
up- and downgoing trends in the section, but we doubt the value of these
trends. For instance, there appears to be a gradual decrease from sample CP
99 (20%) to sample CPA 45 (7.5%). The frequencies of individual species
fluctuate strongly within this short interval and there is no sign of a general
trend in the frequency sequence of the species taken separately. If smaller
trends are neglected, the group as a whole does not show any distinct change
throughout the entire section. Individual species, however, have their peculiarities:
B. dilatata: rare, but generally present in the lower part of the section up
to sample CP 74; occurring sporadically up to the laminated interval, where
it is relatively frequent (6% in sample CPA 60); irregular distribution above
the laminated interval with a distinct peak in sample CPA 67 of 7.5%.
B. spathulata: intermittently present, but rare, up to sample CP 92.
Above this level it was no longer recorded in the countings.
B. plicatella: always present, but strongly fluctuating in numbers between
0.5% and about 10%; no special behaviour in the laminated interval.
B. punctata: often present, but in low numbers; frequent in three successive samples CP 37, 38 and 39 (5%), causing the small maximum in the
frequency curve of the total group.
B. reticulata: often present, with frequencies up to 6.5%, but intermittently absent or present in successive samples.

B. scalprata miocenica: very irregular distribution with frequencies of 0 to

8%.
From the distribution of the maximum values of individual species it is
obvious that different species have their greatest abundance at different
levels. Their irregular behaviour, independent of each other and of other
groups, makes the total group difficult to interpret. This is surprising, since
certain species of Bolivina, essentially the same as those encountered in this
Miocene section, show themselves to be very sensitive to environmental
changes which caused the deposition of laminated sediments in the Mediterranean Pliocene and enormous peaks in the frequency patterns.
10. Bulimina

s.l,

All the species of the genera Bulimina, Globobulimina and Reussella are
included in the group.
In the entire section up to sample CPA 54, just below the laminated interval, the group is dominated by spinose forms, mainly B. elongata var. subulata, which are responsible for all maxima in the frequency curve. The
distribution of the spinose forms is rather peculiar. There are intervals in
which frequencies of 5 to 10% prevail, whereas others with successive samples
contain only 1 to 5%, and there are some isolated peaks, the one of sample
CP 66 being the most prominent (29%). None of the peaks is accompanied
by substantial changes in other groups.
From sample CPA 54 onwards other groups of Bulimina become important, namely, the smooth group of Globobulimina pyrula and the costate
B. striata. The greater importance of these forms is not at the expense of the
spinose group; rather they seem to take the place of Uvigerina proboscidea.
In some parts of the section the groups of Bulimina and Bolivina seem to
show opposite behaviour. It should be noted that both groups do not have
coinciding peak values.
The group of Bulimina s.l. shows the most obvious changes in frequencies
through the section, apart from Rectuvigerina, which is important only in
the laminated interval. Either the group is very sensitive to environmental
changes, or strongly fluctuating frequencies are an inherent characteristic
of the group. High frequencies of costate and smooth forms are apparently
related to circumstances that favoured the deposition of the laminated
marls.
11. Uvigerina
Only two species of Uvigerina are numerically important: U. proboscidea
and U. pigmaea.
U. proboscidea has rather an irregular distribution pattern with frequen-

cies ranging from 0 to 11%, but there is a general, coarse trend of decreasing
numbers up-section. U. proboscidea is absent in the topmost three samples.
U. pigmaea is rather frequent in some intervals and may be absent in
others. Relatively high frequencies of this species are always accompanied
by low numbers of u. proboscidea, but when the former is absent, the latter
is also rare. Both species are rare or absent in the laminated interval.
The distribution pattern of Uvigerina has the same characteristics as that
of Bulimina s.1" but its numbers are lower and it has no real peak values.
Where Uvigerina becomes frequent, there is little or no Bulimina.
12. Rectuvigr:rina

Representatives of Rectuvigerina are hardly found in the countings below
the laminated interval but at the base of this interval they suddenly make
up almost half of the total benthic fauna. They rapidly decrease to practically
zero towards the top of the section.
It is obvious that the frequencies of Rectuvigerina are negatively correlated with those of all groups which are rare or absent in the laminated interval
but common elsewhere. It should be noted that the dominance of Rectuvigerina in sample CPA 56 necessarily has a negative effect on the frequencies of all other groups. These frequencies probably have to be multiplied by
a factor of almost 2 before they can be compared with those of the other
samples. If this is taken into account, we see that the Rectuvigerina dominance is accompanied by relatively high frequencies of Bolivina (i.c. B.
dilatata), Bulimina (costate and smooth) and both Cancris auricula and
Valvulineria complanata.
13. Cancris / Valvulineria

Cancris auricula and Valvulineria complanata were taken together because
of their similar morphology and wall structure, which suggests comparable
ecological niches. Their joint increased occurrence in and immediately below
the laminated interval confirmed this. Both species are generally present, although rare, throughout the section, but reach their highest relative numbers
under apparently aberrant conditions, in the absence of some reputedly normal open marine forms. This indicates that relative high numbers of the
two species reflect their high tolerance.
14. Melonis

We were inclined to include Melonis species in group 5, but decided to
keep it separate because its distribution apparently had no relation with
that of group 5 and because of its absence in the laminated interval. Since
Melonis is rare in samples below and above this interval, it was hoped that

low frequencies elsewhere in the section would be accompanied by similar
phenomena in the other groups, but the result was disappointing. The only
significant fact about Melonis is its absence in the laminated interval.
15. Miscellaneous
After we had grouped all the other species, we were left with a morphologically heterogeneous group of often sporadically occurring species. It
was composed of some Nonionidae, Polymorphinidae and individual species
belonging to other families. As one expects with such a group, its distribution in the section does not show any distinct variation or trend. On the
average, it makes up about 5% of the total fauna, with a maximum of 10%.
16. Indeterminable
There are always a few specimens, even in the best preserved faunas,
which cannot be determined because they are broken, otherwise deformed
or obscured by adhering sediment. During the countings we never had the
impression that certain groups of foraminifera were over-represented in the
group called "indeterminable". Also, the number of indeterminable specimens did not notably change as a function of counting time. Therefore, it
is assumed that the influence of their numbers on the frequencies of determinable forms is small, if not negligible.
Species diversity
As a measure of the diversity of the benthic faunas we used the number
of species encountered in the 2oo-counts. This number varies considerably
from sample to sample, but the numbers seem to be normally distributed
around an average between 60 and 65 (fig. 2). Only the number of 32 in
sample CPA 56 is significantly different.
The frequency distribution of the number of species per sample, as
visualized in figure 2, suggests rather a stable situation, in which the number
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of species on the sea-bed was constant or fluctuated slightly around a constant
value. This is in agreement with the curve in figure 1, which does not show
any over-all trend, but rather strong, random variation. In this curve, only
the relatively low values in the laminated interval seem to form a distinct
sequence. There are only 4 of these low values, 3 of which are still within
the left side of the frequency diagram.

The composition of the benthic faunas in the section Potamidha 1 points
to a "normal" marine environment, which was temporarily disturbed by
two types of changes:
1. those causing the deposition of the laminated marls in the upper part,
reflected in the faunas by vigorous changes in the total association,
2. those causing the occasional relative abundance of individual species,
but not affecting the composition of the total faunas.
The diverse faunas are indicative of an open marine, rather deep (between
200 and 800 metres) environment with normal salinity, where there was a
constant homogenization of the marls. This situation apparently was very
stable as a result of an equilibrium between the determining factors.
In the laminated interval this equilibrium was disturbed. In the faunas,
the disturbance caused the complete or partial disappearance of most of the
groups which may be considered as being typically open marine and preferring normal conditions, and caused the relatively high frequencies of more
tolerant groups. The question to be answered is: what were these groups
tolerant to?
There are three groups with peak values in the laminated interval: Bulimina s.l., Rectuvigerina and CancrislValvulineria. The only individual species
which is relatively frequent is Bolivina dilatata. The Rectuvigerina group has
become extinct, so there are no recent environments in which the group
preferably lives. It is known to be frequent in Miocene and Pliocene laminated marls in the Mediterranean area. Within the Bulimina group, especially
the smooth and the striate forms become frequent. Globobulimina
and
Bolivina are known to constitute oligotypic associations in the Gulf of
California during oxygen depletion periods. Cancris and Valvulineria seem
to be forms which may be present in all kind of marine environments.
The apparent absence of burrowing, together with the composition of the
benthic foraminiferal faunas are thought to be indicative of an environment
which was relatively poor in oxygen. The fact that nearly all species missing
in the laminated interval returned to Potamidha after normal conditions had

been restored suggests that the oxygen depletion was only local, in the sense
that it was not all over the Mediterranean. It may have been the result of
local stagnation of bottom waters.
It should be noted that the aberrant faunal compositions in the laminated
interval are already announced in two or three samples underneath it. The
most striking features are the strong decline of Cibicides s.l., the increase in
numbers of Globobulimina, the appearance of Rectuvigerina and the increase
of Cancris and Valvulineria. Apparently, the faunas were already reacting
when the effects of restriction were not yet strong enough to cause preservation of the lamination. A similar deviating faunal composition is also found
in CPA 60, the first sample above the laminated interval.
Changes of the second type caused strong fluctuations in the frequencies
of individual groups but had no effects on the diversity or on the qualitative
composition of the faunas. There are absolutely no indications that these
individual fluctuations were the result of the factors that led to the aberrations in the laminated interval. With the aid of figure 1, each of the peaks or
extremely low values of any group in the section can be checked against
the frequencies of the accompanying groups. No peak ever has an effect
on any other groups.
The seemingly larger fluctuations in some groups in the entire upper part
of the column may indicate that the bottom conditions became less stable.
Provisionally, we conclude that e.g. the peaks in the frequency curve of
spinose Bulimina are the result of a change in some factor in the normal
marine environment which may have been the nutrient quality, but it is
unlikely to have been oxygen deficiency.

The quantification of the benthic faunal development in section Potamidha 1 was rather disappointing in the sense that we could observe hardly
any change or trend, apart from the deviating faunal composition in the
laminated interval. Consequently we decided to refrain from counting all
the samples of section Potamidha 2. The unexpected discrepancies in the
magnetostratigraphy (c. G. Langereis, this volume), however, required us
to make a close inspection of the benthic faunas at selected intervals. Since
no conclusive evidence for correlation was expected from most of section
Potamidha 2, we decided to make a detailed study of the laminated intervals in both sections. For this purpose, ten samples across the laminated

interval in Potamidha 2 were treated by the same person (A.W.) in the same
way as all samples of Potamidha 1. The frequencies in both sections are
compared in figure 3. The base of the laminated interval is used as reference
level.
Correlation of frequencies across the laminated interval in both sections
In figure 3, the frequencies of the 14 main groups in both sections across
the laminated interval are graphically represented. To facilitate visual comparison the percentages in the two sections were plotted opposite each other.
Each group is briefly dealt with:
1. Arenaceous forms. Apparently perfect correlation. Rather constant low
percentage values in both sections are interrupted by very low values in the
laminated intervals. In both sections the group is present in slightly higher
numbers just below the laminated interval.
The relatively low numbers at the base of the interval (CPA 46-53) in
section Potamidha 1 seem to have no counterpart in section Potamidha 2
(CP 3321-3324).
2. Miliolids. Apart from the high percentage (7%) in sample CPA 52 in
Potamidha 1, which has no corresponding value in the other section, the
correlation seems to be fairly good, with very low numbers in the laminated
interval. The low percentages of samples CPA 46 and 47 have no corresponding value in Potamidha 2.
3. Multi-chambered
lagenids. Correlation not obvious. The laminated
interval has relatively low numbers in both sections.
4. Single-chambered
calcareous forms. Too low percentages for direct
comparison, but no contradictory values. The relatively high values in CPA
46 to 48 inclusive do not correspond to the low percentages in CP 3321 and
3322.
5. "Open marine calcareous spiral forms)). Rather poor correlation. In
both sections, the group has comparable, rather low percentages in the
laminated interval, with a peak just above it. Although these peaks seem
to show a shift with respect to each other, they may be correlated, since in
section Potamidha 1 the peak is found in the first sample above the laminated interval and in section Potamidha 2 it is found in the sample within the
transition from laminated to non-laminated. The high value of sample CPA
47 as well as the relative minimum of CPA 46 have no corresponding numbers
in Potamidha 2.
6. Epiphytic forms. Good correlation, except for the three lowermost
samples in Potamidha 1, which have very low percentages with respect to the
percentage of sample CP 3321.

GROUP

1 Arenaceous
forms
2 Miliolids
3 Multichambered
Lagenids
4 Single-chambered
Lagenids
5"Open marine calcareous
spiral forms"
6 Epiphytic
forms
7"Shall0w
sand dwellers"
8 Cibicidl!S
5.1.
9 Bolivina
10 Bulimina
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~
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Other species

11 uvigerina
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12 Rectuvigerina
13

c=J

Cancris

~

Valvulineria

14 Mefonis

auricula
camp/anata

7. "Shallow sand dwellers". Rather poor correlation. The peak value of
sample CPA 57 may have its counterpart in sample CP 3327 (their absolute
values are about the same, bur their position in the sequences of values is
different). One gets the impression that the group is more frequent in Potamidha 2. In the latter section, we counted rather numerous individuals of
the Nonion scaphum group, which were partially reworked and showed a
different state of preservation.
8. Cibicides s.l. Perfect correlation. The decrease from 16% to 9.5% from
CPA 46 to 49 in Potamidha 1 may be correlated to that from 16% to 12.5%
from CP 3321 to 3322 in Potamidha 2.
9. Bolivina. Rather odd correlation, at least at first glance. The complex
composition of the group may cause its irregular behaviour.
10. Bulimina s.l. Perfect correlation. Moreover, the group seems to be
a good tool for explaining correlations between samples, which had been
suggested by other groups, mainly on the basis of the distribution patterns
of the composing species. In both sections, the same sequence of compositions of the group is observed. Only the relatively low numbers of all three
groups in the lowermost samples of Potamidha 1 are not represented in
Potamidha 2. If thes~ two samples are omitted, we see in both sections,
from bottom to top:
fairly high numbers of Bulimina, dominated by spinose forms, followed
by a decrease in numbers with preservation of the composition;
high percentages of the group at the base of the laminated interval, with
predominance of smooth and striate forms;
a slight decrease in the frequency of the total group with increasing relative numbers of the spinose forms;
very high numbers of the total group, dominated by striate and spinose
forms;
strong decrease of the percentages, while striate and spinose forms both
remain present.
The little peak in Globobulimina in sample CPA 55 seems to correspond
to a similar peak in sample CP 3326, which on lithostratigraphical grounds
would correlate with CPA 56. The position of sample CP 3326 is possibly
slightly lower in the faunal succession than CPA 56, so that part of the
faunal association typical for the sediment immediately below the laminated
interval is present in CP 3326. This is in agreement with a lower number of
Rectuvigerina in CP 3326.
11. Uvigerina. No apparent correlation. A common feature in both frequency curves is the sequence of low values in the laminated interval.
12. Rectuvigerina. This group is dominant at the base of the laminated

interval in both sections, and shows the same decrease in numbers towards
the top. The very high numbers of the group are probably present only in a
very thin zone, which may explain the difference in absolute numbers in the
samples CPA 56 and CPA 3326. It is worth noting that the relatively low
numbers of Rectuvigerina in the latter sample with respect to CP 56 is
compensated by higher numbers of Bolivina, Bulimina, Cancris/Valvulineria
and by the probably allochthonous elements of group 7. Relatively high
numbers of the former three groups are also found in sample CPA 55 in
Potamidha 1. As far as faunal content is concerned, we consider sample CP
3326 to be intermediate between CPA 55 and CPA 56.
13. Cancris/Valvulineria. Although the frequency curves in the two sections do not look quite the same, they are not essentially different. In both
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2 by comparison of the benthic foraminiferal

sections, the highest percentages are attained in the lower part of the laminated interval and the highest frequency of Valvulineria is found near its
base. Sample CP 3327 has an only slightly lower number than is found at a
comparable level in Potamidha 1.
14. Melonis. Apart from the high percentages in the lower three samples
in Potamidha 1 the values of both sections correspond perfectly; in both
sections the group is absent in the laminated interval.
Species diversity. If one bears in mind that there must be a large error in
the number of species counted per sample, then the sequence of observed
numbers is in fact nearly the same in both sections. Again, the aberrant
pattern at the bottom of the intervals concerned can be satisfactorily explained if one can correlate the samples CPA 46, 47 and 48 with an interval
in Potamidha 2 which is below sample CP 3321.
On the basis of the suggestions discussed above, it is possible to find the
best fit of both sections as presented in figure 4. The correlation outside
the laminated interval is based mainly on the parallel behaviour of the
Bulimina group in both sections. As can be seen in figure 3, correlation of
samples CPA 46,47 and 48 to a part of section Potamidha 2 below sample
CP 3321 is never in contradiction to the data from other groups. From this
fit it is obvious that the sedimentation rate in section Potamidha 2 calculated
over the 3.5 metres below the laminated interval is considerably higher than
in the corresponding interval (ca. 2.5 metres) in Potamidha 1. During and
shortly after deposition of the laminated interval the sedimentation rates
were approximately the same.

Composition of the major groups of benthic foraminifera
references of the most frequent species.

with short

1. Arenaceous forms
Ammobaculites agglutinans (d'Orbigny)
Bigenerina nodosaria d'Orbigny, 1826, Ann. Sci. Nat., ser. 1, vol. 7, p. 261,
pI. 11, figs. 9-12
Cyclammina sp. indet.
Cyclogyra sp.
Karreriella bradyi (Cushman) = Gaudryina bradyi Cushman, 1911, U.S. Nat.
Mus. Bull., vol. 71, p. 67, pI. 107 a-c
Martinottiella
communis
(d'Orbigny) = Clavulina communis d'Orbigny,
1846, Foram. Foss. Vienne, p. 196, pI. 12, figs. 1,2

Martinottiella sp.
Reophax sp.
Saccammina sphaerica Sars
Siphotextularia concava (Karrer) = Plecanium concavum Karrer, 1868, Sitz.
Ber. d. K. Akad. Wiss. Wien, vol. 58, p. 129, pI. 1, fig. 3
Spiroplectammina carinata (d'Orbigny)
Spiroplectammina sp.
Sulcophax sp.
Textularia cf. T. conica d'Orbigny
Textularia marinosi Christoudoulou
Textularia mexicana Cushman
Textularia aff. T. pectinata Reuss
Textularia sp. 1
Textularia sp. 2
Textularia sp. 3
Textularia sp. 4
Verneuilina d. V. triquetra (van Munster)
vulvulina pectinata Hantken
2. Miliolids
Miliolinella cf. M. oblonga (Montagu)
Pyrgo depressa (d'Orbigny)
Pyrgo d. P. elongata (d 'Orbigny)
Pyrgo intermedia (Fornasini)
Pyrgo lucernula (Schwager)
Pyrgo simplex (d'Orbigny)
Pyrgo sp.
Pyrgo spp. juv. indet.
Quinqueloculina peregrina d'Orbigny, 1846, Foram. Foss. Vienne, p. 292,
pI. 19, figs. 1-3
Quinqueloculina sp. 1
Quinqueloculina sp. 2
Sigmoilina celata (Costa) = Spiroloculina celata Costa, 1855, R. Accad.
Sci. Napoli, vol. 2, p. 126, pI. 1, fig. 14
Sigmoilina tenuis (Czjzek) = Quinqueloculina
tenuis Czjzek, 1848, Haid.
Naturw. Abh., vol. 2, p. 149, pI. 13
Spiroloculina rotunda d'Orbigny
Triloculina tricarinata d'Orbigny
3. Multi - chambered Lagenids
Amphicoryna
hirsuta (d'Orbigny),
pI. 63, figs. 10-16

Barker, 1960, Taxonomic

notes, p. 132,

Astacolus crepidula (Brady) non Fichtel & Moll
Astacolus d. A. reniformis (d 'Orbigny)
Astacolus schloenbachi (Reuss)
Astacolus sp.
Dentalina d. D. elegans d'Orbigny
Dentalina fasciata Seguenza
Dentalina filiformis (d'Orbigny)
Dentalina d. D. advena (Cushman)
Dentalina communis d'Orbigny
Dentalina cf. D. guttifera d'Orbigny
Dentalina soluta Reuss
Lenticulina cassis (Fichtel & Moll)
Lenticulina costata (Fichtel & Moll)
Lenticulina cultrata (de Montfort) = Robulus cultratus de Montfort, 1808,
Conch. Syst., vol. 1, p. 215, fig. on p. 214
Lenticulina gibba (d'Orbigny)
Lenticulina d. L. pliocaenica (Silvestri)
Lenticulina peregrina (Schwager)
Lenticulina aff. L. peregrina (Schwager)
Lenticulina rotulata (Lamarck) = Lenticulites rotulata Lamarck, 1804, Ann.
du Museum, vol. 5, p. 188, no. 3, Tabl. Encycl. et Syst., pI. 464, fig. 5
Lenticulina serpens (Seguenza) = Robulina serpens Seguenza, 1880, R. Accad. Lincei, cl. Sci. Fis., Mat., Nat., Mem. ser. 3, vol. 6, p. 143, pI. 13,
fig. 25
Lenticulina vortex (Fichtel & Mol)
Marginulina hirsuta d'Orbigny
Marginulinaglabra d'Orbigny
Nodosaria catenulata Brady
Nodosaria d. N. hirsuta d'Orbigny
Nodosaria scalaris (Batsch)
Planularia sp. 1
Planularia sp. 2
Plectofrondicularia sp.
Rectoglandulina torrida (Cushman)
Saracenaria italica Defrance
Saracenaria latifrons (Brady)
Siphonodosaria proxima (Silvestri) = Nodosaria proxima Silvestri, 1872,
Nodos. foss. e vivo d'Italia, p. 63, pI. 6, figs. 138-147
Vaginulina inversa (Costa)
Vaginulina legumen (Linn.)

Vaginitlina sp. 1
Vaginulina sp. 2
4. Single - chambered calcareous forms
Fissurina auriculata (Brady) var. duplicata Sidebottom
Fissurina fimbriata (Brady)
Fissurina formosa (Schwager) var. favosa Brady
Fissurina lagenoides (Williamson)
Fissurina marginata (Walker & Boys)
Fissurina orbignyana Seguenza
Fissurina orbignyana Seguenza var. lacunata (Burrows & Holland)
Fissurina pseudoorbignyana (Buchner)
Fissurina d. F. quadrata (Williamson)
Fissurina sp. 1
Fissurina sp. 2
Lagena gracillima Seguenza
Lagena hispida Reuss
Lagena semistriata Williamson
Lagena striata d'Orbigny
Lagena d. L. striata d'Orbigny
Lagena? sp.
Oolina globosa (Montagu)
Oolina hexagona (Williamson)
Oolina seminuda (Brady)
Voorthuijseniella sp.
5. "Open marine calcareous spiral forms"
Cassidulina bradyi (Norman)
Cassidulina carinata Silvestri
Cassidulina laevigata d'Orbigny
Ehrenbergina bradyi Cushman
Ehrenbergina sp.
Globocassidulina subglobosa (Brady)
Gyroidina cf. G. broeckiana (Karrer)
Gyroidina longispira Tedeschi & Zanmatti, 1957, Riv. It. Pal. Strat., vol. 63,
4, p. 253, pI. 7 a-c
Gyroidina orbicularis d'Orbigny = Gyroidina orbicularis d'Orbigny, Parker,
Jones & Brady, 1865, Ann. Mag. Hist., vol. 16, ser. 3, pI. 3, fig. 85
Gyroidina soldanii (d'Orbigny) = Rotalia soldanii d'Orbigny, 1846, Foram.
Foss. Vienne, p. 155, pI. 8, figs. 10-12
Hoeglundina elegans (d'Orbigny) = Rotalia (Turbinulina) elegans d'Orbigny,
1826, Ann. Sci. Nat., ser. 1, vol. 7, p. 276, no. 54

Oridorsalis stellatus (Silvestri) = Truncatulina tenera Brady var. stellata
Silvestri, 1878, Acc. Pont. Nuovi Lincei, vol. 15, p. 297, pI. 6, fig. 9 a-c
Pullenia bulloides (d'Orbigny)
= Nonionina bulloides d'Orbigny, 1846,
Foram. Foss. Vienne, p. 107, pI. 5, figs. 9-10
Pullenia quadriloba (Seguenza)
Pullenia salisburyi (R. E. & K. C. Stewart)
Siphonina bradyana Cushman = Truncatulina reticulata (Czjzek), Brady,
1884, Rep. Voy. Chall., p. 669, pI. 96, fig. 8 a-c; Siphonina bradyana
Cushman, 1927, U.S. Nat. Mus. Proc., vol. 72, no. 2716, art. 20, p. 11,
pI. 1, fig. 4 a-c
Siphonina planoconvexa
(Silvestri) = Truncatulina reticulata (Czjzek) var.
planoconvexa Silvestri, 1898, Acc. Pont. Lincei, vol. 15, p. 300, pI. 11, 12
Sphaeroidina bulloides d'Orbigny, 1826, Ann. Sci. Nat., vol. 7, p. 267, no. 1,
mod. no. 65
Nu ttallides rugosus (Phleger & Parker)
6. Epiphytic forms
Asterigerina planorbis d'Orbigny, 1846, Foram. Foss. Vienne, p. 205, pI. 11,
figs. 1-3
Asterigerina sp.
Cibicides lobatulus (Walker & Jacob) = Nautilus lobatulus Walker & Jacob,
1798, Adams Essays, Kanmacher ed., p. 642, pI. 14, fig. 36. N.B. includes
C. refulgens (de Montfort)
Discorbis advena Cushman = Discorbina rosacea Brady (part), 1884, Rep.
Voy. Chall., p. 644, pI. 87, fig. 1; Discorbis rosacea Cushman, 1922, Carnegie Inst. Washington, publ. no. 311, p. 40; Cushman, 1931, U.S. Nat.
Mus. Bull., vol. 104, pt. 8, p. 13, pI. 2, fig. 8 a-c
Hanzawaia boueana (d'Orbigny) = Truncatulina boueana d'Orbigny, 1846,
Foram. Foss. Vienne, p. 169, pI. 9, figs. 24-26
Planorbulina sp.
Rosalina globularis d'Orbigny, 1826, Ann. Sci. Nat., ser. 1, vol. 7, p. 271,
pI. 13, figs. 1-4
Rosalina sp.
7. "Shallow sand dwellers"
Ammonia beccarii (Linn.)
Elphidium crispum (Linn.)
Elphidium macellum (Fichtel & Moll) = Nautilus macellus Fichtel & Moll,
1803, Test. Micr., p. 66, pI. 10, figs. e-g
Elphidium macellum (Fichtel & Moll) var. aculeatum (Silvestri) = Polystomella macella (Fichtel & Moll) var. aculeata Silvestri, 1901, Atti R.
Accad. Sci. Lett. Acireale, vol. 10, p. 45

Elphidium cf. E. subnodosum (van Munster). This name is used for small
forms with inflated chambers and small retral processes. May include
several species.
Elphidium spp. indet. Apparently reworked forms in samples CP 84 and CPA
57,58 and 59
Eponides schreibersii (d'Orbigny)
Nonion scaphum (Fichtel& Moll) and related forms
8. Cibicides s.l.
Anomalina helicina (Costa) = Nonionina helicina Costa, 1855, R. Accad. Sci.
Napoli, vol. 2, p. 123, pI. 1, fig. 18 a-c
Cibicides dutemplei
(d'Orbigny)
= Rotalia dutemplei
d'Orbigny, 1846,
Foram. Foss. Vienne, p. 157, pI. 8, figs. 19-21
Cibicides italicus (di Napoli)
Cibicides robertsonianus (Brady)
Cibicides tenellus (Reuss) = Truncatulina tenella Reuss, 1865, Sitz. Ber. K.
Akad. Wien, vol. 50, p. 477, pI. 5, fig. 8; Cibicides tenellus (Reuss), Batjes,
1958, Mem. Inst. Roy. Sci. Nat. Belg., vol. 143, p. 151, pI. 9, figs. 3,4
Cibicides westi Howe
Planulina ariminensis d'Orbigny, 1826, Ann. Sci. Nat., ser. 1, vol. 7, p. 280,
pI. 14, figs. 1-3
9. Bolivina

\

Bolivina alata (Seguenza)
Bolivina antiqua d'Orbigny
Bolivina cf. B. antiqua d'Orbigny
Bolivina dilatata Reuss, 1850, Denkschr. K. Akad. Wiss. Wien, vol. 1, p. 381,
pI. 48, fig. 15
Bolivina lucido-punctata Conato
Bolivina miocenica (Gianotti) = Bolivinoides miocenicus Gianotti, 1953, Riv.
Ital. Pal. Strat., vol. 59, p. 38, pI. 5, figs. 10-13
Bolivina plicatella Cushman, Cushman, 1937, Cushm. Lab. Foram. Res.,
Spec. Publ., vol. 9, p. 89, pI. 11, figs. 3,4
Bolivina aff. B. plicatella Cushman
Bolivina punctata d'Orbigny, 1839, Foram. Amer. Mer., p. 61, pI. 8, figs.
10-12
Bolivina reticulata Hantken = Bolivina reticulata Hantken, Cushman, 1937,
Cushm. Lab. Foram. Res., Spec. Pub I., vol. 9, p. SO,pI. 6, figs. 24-27
Bolivina spathulata (Williamson) = Textularia variabilis Williamson var.
spathulata Williamson, 1858, Rec. Foram. Gr. Brit., p. 76, pI. 6, figs. 164,
165

Bolivina to'rtuosa Brady
Bolivina sp. 1
Bolivina sp. 2
10. Bulimina

s.l.

Bulimina aculeata d'Orbigny = Bulimina aculeata d'Orbigny, Fornasini,
1902, Mem. R. Accad. Sci. 1st., ser. S, vol. 9, p. 153, fig. 4
Bulimina costata d'Orbigny = Bulimina costata d'Orbigny, Fornasini, 1901,
Boll. Soc. Geol. Ital., vol. 20, p. 174, pI. 1
Bulimina cf. B. elegans d'Orbigny
Bulimina elongata d'Orbigny var. subulata Cushman & Parker, 1937, Contr.
Cushm. Lab. Foram. Res., vol. 13, p. 51, pI. 7, figs. 6, 7
Bulimina striata d'Orbigny = Bulimina striata d'Orbigny, Fornasini, 1902,
Mem. R. Accad. Sci. 1st. Bologna, ser. 5, vol. 9, p. 372, pI. 1
Bulimina tenera Reuss
Globobulimina
pyrula (d'Orbigny) = Bulimina pyrula d'Orbigny, 1846,
Foram. Foss. Vienne, p. 184, pI. 11, figs. 9, 10
Reussella spinulosa (Reuss) = Verneuilina spinulosa Reuss, 1849, Denkschr.
K. Akad. Wiss. Wien, vol. 1, p. 347, pI. 47, fig. 12 a-c
Reussella sp.
11. Uvigerina

s.l.

Trifarina angulosa (Williamson)
Trifarina bradyi Cushman, 1923, U.S. Nat. Mus. Bull., vol. 104, p. 99, pI. 22,
figs. 3-9
Uvigerina proboscidea Schwager, 1866, Novara Exp., Geol. Theil, vol. 2,
p. 250, pI. 7, fig. 96
Uvigerina pygmaea d'Orbigny, 1826, Ann. Sci. Nat., ser. 1, vol. 7, p. 269, pI.
12, figs. 8,9, mod. no. 67; d'Orbigny, 1846, Foram. Foss. Vienne, p. 190,
pI. 11, figs. 25, 26
Uvigerina striatissima Perconig
>

12. Rectuvigerina spp.
A detailed study on Cretan Rectuvigerina is being carried out by E. Thomas
(U.M.B. 23, 1980). Most of our specimens belong to the group of u. creten~
sis Meulenkamp, 1969.
13. Cancris/Va!vulineria

Cancris auricula (Fichtel & Moll) = Nautilus auricula Fichtel & Moll, 1798,
Test. Micr., Wien, p. 108, 110, pI. 20, figs. a-c (var. a); figs. d-f (var. b)
Valvulineria complanata d'Orbigny = Rosalina complanata d'Orbigny, 1846,
Foram. Foss. Vienne, p. 175, pI. 10, figs. 13-15; Valvulineria bradyana
Fornasini, 1900, R. Accad. Sci. 1st. Bologna, ser. 5, vol. 8, p. 393, fig. 43

14. Me/anis
All representatives of the genus were united in this group. Generally, relatively flat forms were encountered, referable to M. soldanii (d'Orbigny).
15. Miscellaneous
Astrononion
italicum Cushman & Edwards, 1937, Contr. Cushm.
Poram. Res., vol. 13, p. 35, pI. 3, figs. 19,20
Chilostomella ovoidea Reuss
Cribrononion dollfussi (Cushman)
Eponides haidingeri (d 'Orbigny)
Fursenkoina schreibersiana (Czjzek)
Guttulina problema d'Orbigny
Lamarckina d. L. ripleyensis Cushman
Nonion granosum (d'Orbigny)
Pararotalia sp.
Planorbuline1la spp. (see Drooger, Raju & Doeven, this volume)
Pleurostomella alternans Schwager
Polymorphinella pacifica Cushman & Hanzawa
Polymorphinidae "formae fistulosae"
Quadrimorphina allomorphinoides (Reuss)
Ramulina globulifera Brady

Lab.
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DETAILS OF PLANORBULINELLA
EVOLUTION IN TWO SECTIONS
OF THE MIOCENE OF CRETE

1.1. History

The generic name Planorbulinella Cushman, 1927, has been applied by
Freudenthal (1969) to a group of Miocene - Recent single-layered orbitoidallarger foraminifera. The type species is the Recent Planorbulina (vulgaris
d'Orbigny var.) larvata Parker and Jones.
Since most groups of orbitoidallarger foraminifera were known to contain
evolutionary courses based on the so-called principle of nepionic acceleration, Freudenthal carried out a detailed biometric analysis of Middle Upper Miocene assemblages from Crete, Malta and Italy. He considered that
nepionic acceleration was in fact valid for this group, and on the basis of the
mean number of spiral chambers (Y) of the assemblages (Y ranging from
6.20 to 3.00) he established three biometric species with species limits at
Y values of 5.25 and 4.00. The species names are P. rokae, P. astriki and
P. caneae. The observed morphocline does not have an impressive length
compared to the morphoclines known in other orbitoidal groups. The
stratigraphic superposition of the assemblages does not contradict the
general evolutionary course in any Cretan section investigated by Freudenthal. However, the decrease in Y in the sections is not a smooth one. Even
setbacks occur, but these were considered as unimportant by Freudenthal.
It appears that the spiral length Y and the diameter of the embryon
dl,2 show a distinct but not very strict, negative correlation in the assemblages. The means of both parameters of a series of assemblages together
show a similar kind of correlation. However, the evolutionary decrease of Y
is not parallelled by an increase in dl 2 in the only section (Apostoli) checkedJor both means by Freudenthal.
'
A remarkable observation on the Mediterranean Miocene Planorbulinella
is that Y = 3 seems to be a kind of morphological barrier. "Highly evolved"
assemblages show strongly skewed frequency distributions of Y. The value
Y = 2 was observed only four times. This Y = 2 value is common in the
composite assemblage of Recent P. larvata described by Freudenthal (Y =
2.35). Although the embryon is much bigger, Freudenthal considered P.

larvata to be the end member of the lineage of the three Mediterranean
species.
Finally Freudenthal described two highly evolved species, P. zelandica
and P. trinitatensis from New Zealand and the Caribbean, respectively.
They consist of Y = 2 individuals only and have an embryon size comparable to P. larvata. Because of their advanced nepionic configuration
(morphologically beyond the Recent P. larvata) and their age (Early Middle Miocene, older than P. rokae) Freudenthal thought that they belonged to (a) separate lineage(s).
Our knowledge about the Recent P. larvata was expanded by Thomas
(1977) who carried out a biometric analysis of assemblages in the Gulf of
Aqaba-Elat from a depth of 15 metres down to 240 metres. She introduced
the use of R, the number of relapse chambers in (Y + R), and gives data
on d1,2' Y and (Y + R). Two groups of assemblages are found in the gulf,
which differ in the means of the embryon size, of spiral length (Y) and
of (Y + R). The groups are thought to represent different species. P. larvata
is the shallower one, P. elatensis the deeper one. There is some overlap in
the depth range between 80 and 130 metres, but in the mixed samples
there are two distinct d1. 2 - (Y + R) clusters.
In view of the size of the embryon, P. elatensis (d1,2 = 112 - 125/1, Y =
2.00 - 2.12, (Y + R) = 2.11 - 2.84) seems to be a more logical Recent end
member of the Mediterranean P. rokae - P. astriki - P. caneae lineage than
P. larvata (d1 2 = 160 - 179 /1, Y = 2.50 - 2.95, (Y + R) = 4.00 - 5.50). In
both species' there is an indication of a slight d1 2 increase with greater
depth, but we may be dealing with a random effect. Morphoclines in Y and
(Y + R) along the depth profile are equally dubious.
1.2. Purpose of the investigation
Within the scope o'f the "Accuracy in time" project an analysis of Planorbulinella assemblages in clear superposition was one of the topics expected
to yield detailed information about the course of evolution. Two of the
closely sampled stratigraphic sections in the Cretan Miocene, Potamidha 1
and Apostoli (Meulenkamp, this volume), yielded suitable material. Samples
from both sections had been used by Freudenthal in his 1969 investigation.
His 16 samples from Potamidha are thought to cover the range of our
samples CP 40 to CP 100, but there is a fair amount of uncertainty about
this correlation. His 12 samples from Apostoli and our 42 samples cover the
same stratigraphic interval.
On the basis of Wilcoxon tests Freudenthal found a significant decrease in

the Y values in Apostoli and no significant difference in these means in
Potamidha. Except for the trend in Y in Apostoli, fluctuations observed in Y
in both sections were not significant according to Freudenthal who used a =
0.001 as level of significance. In Apostoli Freudenthal recognized the presence of P. astriki in the lower part and P. caneae in the upper part. The
latter species is the only one present in the Potamidha 1 section. Apart
from the significance of the observed differences in Y in successive assemblages, our data are in agreement with those of Freudenthal. His ranges of Y
are within the ranges in our investigation.
The actual counting and measuring work on the samples from section
Potamidha 1 was carried out by D. S. N. Raju during his stay in Utrecht
from 1975-1977. His participation in the project was supported and financed by the Netherlands Organisation of Pure Scientific Research (The Hague).
The Apostoli section was investigated by P. H. Doeven in 1978, a part-time
staff member of the State University of Utrecht. After both had left the
team M. M. Drooger assumed responsibility for the statistical analyses and
the writing of the final report. The authors gratefully acknowledge the
fruitful discussions they had with E. Thomas, J. E. Meulenkamp, B. W. M.
Driever and the other members of the project team. The constructive criticisms and helpful suggestions of c. W. Drooger have been incorporated
into this final version.
1.3. Parameters
For every suitable specimen of Planorbulinella several internal parameters
were counted or measured (fig. 1). Three of the parameters were already
introduced by Freudenthal (1969). They are defined as follows:

Fig. 1

Schematic drawing of the embryonic-nepionic
stage of Planorbulinella
in median section,
showing the position of parameters d1,2 and P. Y = 3, R = 1, (Y + R) = 4, P = 8 (after
Freudenthal, 1969 and Thomas,.1977).

CPA 53
CPA 52
CPl13
CPA 51
CPl12
CPA 50
CPA 48
CP109

CP 1048
CP 1047

CP 1018

E~191~
CP 96
CP95

CP 1003
CP 1000

CP 81

CP968
CP967

V-values of Planorbulinella from the samples of the sections Potamidha 1 (left hand part)
and Apostoli (right hand part). The spacing of the means is in accordance with the position of the samples in the lithostratigraphic columns. The Potamidha sequence contains the
Y means of eight samples (CP 26,34,37,61,71,
CPA 41,48,51)
for which no other data
are available in Raju's notes.

d1 2 = the diameter of protoconch and deuteroconch together, measured
al~ng the line through their imaginary centres, the wall thicknesses being
excluded, except for the wall separating both primordial chambers. values
are expressed in /l.
Y = the number of chambers in the initial spiral which have only one proximal
stolon, starting to count from the protoconch.
R = the number of chambers in the spirals originating from the first chamber
with two stolons, which again lack the second stolon (relapse to the onestolon configuration).
Thomas (1977) also used the parameter (Y + R), which is the total number of chambers with only one stolon in the nepionic part of the test.
As a check on the theoretical P-Q model of c. W. Drooger (1974) two
more parameters were counted and measured.
p = the number of (budding) steps in the chamber formation from the
protoconch up to and including the common closing chamber at the end of
the two oppositely directed spirals originating from the first chamber with
two stolons. An individual is said to be asymmetrical (b-type of Freudenthal)
if the two spirals have an unequal number of chambers. For such forms Raju
(Potamidha 1 section) recorded p by counting along the shorter spiral.
Doeven (Apostoli section) did his counting along the longer spiral.
P = the maximum diameter of the stage reached after p steps (pre-radial
stage), measured in median section, this time including the thickness of the
external walls. Values are expressed in /l. Only Raju measured P in the Potamidha specimens and his measurements deviate slightly from the theoretical P of Drooger (1974). Raju measured the diameter of the pre-radial stage
without taking the non-nepionic equatorial chambers into account, whereas
Drooger intended that all equatorial chambers formed up to and including
the p-th budding step should be included.

2.1. Parameter values
38 of the 134 samples from the Potamidha 1 section turned out to contain Planorbulinella in such high numbers that without too much effort
about 30 macro spheric specimens per sample could be obtained in which it
was possible to measure all or nearly all the internal parameters, described
above. These 38 samples cover the entire stratigraphical column but are
irregularly spaced (fig. 2, left).
The Planorbulinella assemblages in all but two samples appear to be

Fig. 3

Histograms ofY, p, Rand
section.

(Y + R) in the Planorbulinella

of 11 samples from thePotamidha

1

within the range of Planorbulinella caneae (3.00 < Y < 4.00). The only
exceptions are sample CP 15 which has Y = 4.00 and sample CP 39 which
has Y = 3.89; both assemblages must be considered as exempla intercentralia,
at the limit of the next "older" species Planorbulinella astriki (fig. 2 and 15).
The graph of the Y values of the 38 samples from Potamidha 1 (fig. 2)
does not confirm the principle of nepionic acceleration. This concept is
contradicted by the Y values of samples CP 15, CP 64, CP 112, CP 113 and
CPA 53, which are too high compared to the Y values of one or more of the
samples immediately underneath in the stratigraphical section. There are
repeated significant differences in Y in an unexpected direction. Results of
statistical tests are given in section 2.7.
The numbers of micro spheric specimens among the total numbers of
Planorbulinella picked from the samples did not appear to correlate with
any other feature. Their numerical proportion in the samples rarely deviates
from the mean value of 17 per cent. The range is 8-29 per cent.
In figure 3 histograms of the observations on the parameters Y, p, Rand
(Y + R) are presented for a number of samples from the Potamidha 1 section. We deliberately selected samples with irregular distributions. The
"barrier" effect of Y = 3 is clearly shown by the strongly skewed Y histograms. Such skewness is less frequent in the p and R distributions, and very
skewed Y and R histograms may show a fairly normal (Y + R) addition (e.g.
CPA 53). The irregularities in the histograms never seem to be due to bimodality.
Several series of scatter diagrams have been drawn to show the mutual
relations of the parameters, and because we suspected some of the Planorbulinella ~ssemblages of this section to be heterogeneous. Diagrams of Y
versus d1,2 are presented in fig. 4, of (Y + R) versus d1,2 in fig. 6, of Y
versus R in fig. 8, and of Y versus p in fig. 9.
In section 2.5 it is shown that the parameters d1 2 and P are related with
Y and R, which together largely determine 'the st;ucture of the pre-radial
stage. Histograms of various Y/R combinations (morphotypes) are presented
in fig. 10 for all 38 samples. Rare morphotypes have been lumped together;
for instance, all specimens with Y = 4 and R greater than zero have been
grouped in the category 4/R (specimens with relapse, having Y = 4). It
should be noted that R could not be counted in 59 of the 1284 specimens
studied.
Only two 3/5 specimens were found in all 38 samples, and not a single
3/6, so the category 3/R in fig. 10 consists mainly of 3/3 and 3/4 specimens.
The category 4/R is made up mainly of 4/1 and 4/2 specimens, because only

five 4/3 specimens were found in all 38 samples. The 5/R type consists mainly of 5/1 specimens. Only eight 5/2 and four 5/3 specimens were found altogether.
2.2. Heterogeneity of the assemblages?
If we look at the staggered pattern of the mean Y values in the section
Potamidha 1 (fig. 2), we may wonder whether various mixtures of two different population groups, analogous to those found by Thomas (1977) in the
Gulf of Elat, could have been responsible for the large fluctuations. Heterogeneity is not shown by the histograms (fig. 3).
For a further check a number of representative samples were selected and
their Y - dl,2 relation plotted in scat~r diagrams (fig. 4). The samples CP
52, CP 81 and CP 109, having low V-values, might be governed by one
population of Planorbulinella, the samples CP 15, CP 39, CP 112 and CP 113
with high V-values by another Planorbulinella population, whereas samples
with intermediate V-values, such as CP 3, CP 54 and CPA 52, might contain
a mixture of both. The ten scatter diagrams of Y versus dl 2 show that such
heterogeneity is not apparent.
'
Specimens with Y = 3 play an important part in all samples from Potamidha 1. Specimens with Y = 5 or more, which have smaller dl 2 values, are
almost absent in some of the samples and quite abundant in ~thers. These
scatter diagrams, however, do not reveal the presence of two separate clusters.
The data from all ten samples plotted together (fig. 5) show one homogeneous cluster.
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In fig. 6 scatter diagrams of (Y + R) versus d1, 2 are given for ten samples,
which have been chosen on the basis of a similar criterion. Samples CP 3,
CP 4 and CPA 68 have low (Y + R) values, samples CP 15, CP 42, CP 109
and CPA 53 high (Y + R) values and CPA 1, CP 54 and CPA 69 show intermediate values. Scatter diagrams of (Y + R) versus d1, 2 were used by Thomas
(1977) to separate P. elatensis from P. larvata.
Our diagrams of (Y + R) versus d1 2 in Potamidha 1 give a confusing
picture. All clusters look quite homogen'eous, but they have different centres
of gravity and their shape is different. In general the negative correlation
between (Y + R) and d1,2 is more stringent than that between Y and d1,2
(fig. 4), but in CP 15 there seems to be absolutely no correlation between
(Y + R) and d1 2'
Since the specimens with (Y + R) = 3 (which is equivalent to type 3/0)
are rare in samples CP 15, CP 42 and CP 109, the clusters have a somewhat
different position. The histograms of Y/R (fig. 10) and the scatter diagrams
of Y versus R (fig. 8) show that the 3/0, 3/1 and 3/2 morphotypes have
markedly different relative numbers among the Y = 3 specimens in the
separate samples. This is a better explanation for the rather inconsistent
behaviour of the (Y + R) - d1 2 clusters than the assumption that two
different populations occur in vari'ous mixtures in the samples.
The (Y + R) - d1 2 distributions of all ten samples plotted in one diagram
(fig. 7) again show' a homogeneous cluster, markedly different from the
separate clusters found in the Recent Planorbulinella of the Gulf of Elat
(Thomas, 1977, fig. 6).
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As a further check on heterogeneity we calculated the coefficient of variation, more correctly referred to as the coefficient of variability,
V=l

standard deviation
00 X -----mean value

for the d1 2 values of the sixteen samples mentioned above. For the sake of
compariso~ V values were calculated for a series of samples from Elat as
well (Thomas, 1977).
Potamidha

1

Elat

Sample

V

Sample

V

CPA 1
CP 3
CP 4
CP 15
CP 39
CP 42
CP 52
CP 54
CP 81
CP 109
CP 112
CP 113
CPA 52
CPA 53
CPA 68
CPA 69

18
15
18
13
13
12
13
15
15
13
16
11
15
15
13
14

15 m.
28 m.
75 m.
90 m.
97m.
124 m.
130m.
150 m.
200 m.

9
13
13
23
23
21
9
13
14

Table 1

The samples from Elat from a depth of 15, 28 and 75 metres contain
P. larvata (d1 2 "v 17011), those from 130, 150 and 200 metres depth contain P. elaten~is (d1 2 "v 120 11), while the three samples in between contain
mixtures of both sp~cies in fairly equal proportions.
From this table it appears that the coefficient of variability of the parameter d1,2 ranges from 9 to 13 for P. larvata and from 9 to 14 for P. elatensis, whereas in the samples from Elat that contain mixtures of both species
the range is from 21 to 23. The coefficients of variability of d1, 2 for the
Potamidha 1 samples have values in between, in a continuous range from 11
to 18 without any clear relation to Y or (Y + R) or to the parameter d1 2 itself. The samples CPA 1 and CP 113 have equal d1 2 values, but score'V =
18 and 11, respectively. CP 4 and CPA 68 also ha~e equal d1,2 values, but
their V is 18 and 13, respectively. The samples CP 112 and CP 113, having
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about equal Y and equal (Y + R) values, score V = 16 and 11 respectively.
CP 4 and CP 42, equal in Y values, score 18 and 12 respectively, while CPA
1 and CP 52 with equal (Y + R) values, show V values of 18 and 13, respectively.
Evidently the coefficient of variability does not indicate heterogeneity of
the assemblages in the Potamidha 1 samples. The only conclusion that can be
drawn from this is that V of the parameter d1 2 of the P. caneae assemblages
from the Potamidha 1 section has a range with distinctly higher values than
the ranges of V (d1 2) of both Recent Planorbulinella species in the Gulf of
Elat. If we assume that each Potamidha sample contains individuals of many
more populations than the Elat samples, the higher V values of the former
may be logical if one takes into account the rapid changes in morphotype
composition along the stratigraphical column (fig. 8 and 10).
We can conclude that neither the scatter diagrams of Y versus d1 2 and
of (Y + R) versus d1 2 nor the coefficients of variability of d1 2 gi~e any
clear indication of h~terogeneity in the Planorbulinella assemblages from
Potamidha 1. From the scatter diagrams remarkable fluctuations in the
numerical proportions of the morphotypes Y/R can be deduced; these may
relate to the staggered Y and (Y + R) path along the stratigraphic column.
2.3. Counts of the parameter p in the Potamidha 1 section
The p parameter appears to be rather meaningless in this investigation.
From the scatter diagrams of Y versus p for a number of samples (fig. 9) it
can be seen that for the majority of the specimens the relation p = Y + 5 is
valid. Only in 15 per cent of all specimens considered (1267) does p differ
from Y + 5. The majority of the last subgroup, constituting nearly 10 per
cent of the total number, has the combination Y = 3, P = 7, i.e. one of the
possibilities of p = Y + 4. Specimens with Y = 3 and p = 7 usually have
an R value of 2. Their actual number in the 38 individual samples (N is
about 30) varies between 0 and 8 (see fig. 9).
Asymmetrical spirals originating from the first chamber with two stolons
occur in about 7 per cent of all specimens.
2.4. Distribution of the Y /R morphotypes
midha 1 section

III

the 38 samples of the Pota-

Figure 10 gives the histograms of the Y /R morphotypes for all 38 Potamidha 1samples. It can be seen that remarkable changes occur in the numerical
proportions of nearly all of the morphotypes in the stratigraphic sequence.
The relative frequency of morphotype 3/0 varies from one single specimen
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d1 2 and P-values for the 3/0, 3/1 and 3/2 Planorbulinella
morphotypes
midha 1 samples. Dashed lines give the position of the mean (see table 2).

in the 38 Pota-

out of 31 (CP 15) to 15 out of 37 (CPA 68). Morphotype 3/2 shows a range
from one specimen out of 33 specimens (CP 52) to 13 out of 30 in CPA 40.
The 4/0 and 5/0 morphotypes are frequent (more than five) in CP 4 and
CP 6, and in CP 15, CP 39 and CP 64, respectively. Remarkable peaks of 3/3
and 3/4 are found for instance in the series of samples CP 55, CP 57, CP 58
and CP 59. Similar peaks of 4/1 and 4/2 occur for instance in the successive
samples CP 113, CPA 52 and CPA 53. Notwithstanding the rapid fluctuation
in the Y/R composition along the stratigraphical column, these data suggest
that a certain type is persistent in a number of successive samples.
The changes in the numerical proportions of the morphotypes give us
reason to believe that descriptions of differences and changes in the succession of Planorbulinella associations in terms of Y alone are insufficient. In
our opinion it is necessary to include the R parameter in these descriptions,
for instance by means of the parameter (Y + R), as Thomas did.
2.5. Relations of the Y/R morphotypes with the parameters dl,

2

and P

Freudenthal (1969) mentioned the existence of a negative correlation
between Y and dl 2' In addition, he found that in the specimens with Y =
3 from a set of s~mples taken together it could be proved that the groups
of specimens with 3/0, 3/1 and 3/2 have distinctly different mean values for
the parameter dl 2 (the parameter P was not measured at that time).
The Potamidh~ 1 data appear to point in the same direction, but the Y/R
versus dl,2 relation is not stable along the column. In fig. 11 (left hand part)
all d1,2 values of specimens belonging to each of the three morphotypes
3/0, 3/1 and 3/2 have been plotted separately per sample. Fluctuating
patterns in the distributions of d1 2 are apparent for each morphotype, and
no trend (sustained change) in the'd1, 2 values along the stratigraphic column
can be seen in the figure. All other morphotypes are too rare to yield reliable
information about any trend in their d1 2 distributions.
Similar conclusions apply to the distributions of P for each morphotype
(fig. 11, right hand part).
There are individual samples in which one of the morphotypes may show
rather extreme deviations in dL 2 and/or in P, whereas the others do not. For
instance the 3/1 specimens from CPA 53 all have large d1 2 values. The 3/2
specimens from CP 79 are too small both in dl 2 and in P. Only in CP 52 and
in CP 64 do all morphotypes tend to be large'in d1 2 and in P, and in CP 40
and CP 42 all_morphotypes tend to be small in both 'parameters.
This result permits us to calculate statistics of the distribution of dl, 2 and
of P for all morphotypes from any series of samples chosen randomly. For

d1 2 a restricted group of samples was taken for the morphotypes 3/0, 3/1
an'd 3/2, and for P for the morphotypes 3/0, 3/1, 3/2,4/0 and 5/0 (tables
2 and 3). For all other morphotypes in these tables the statistics are based
on all specimens from all 38 samples. For the morphotypes 3/0, 3/1 and 3/2
also the subgroups have been considered, the individuals of which have
p = 7.
Both tables show that the morphotypes have distinctly different mean
values of d1,2 and of P. In fig. 12 the information given in the tables has
been illustrated. It appears that specimens having Y = 3 tend to be smaller
in d1,2 as well as in P, the larger their value of R. It should be borne in
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d1 2 versus P scatter diagram for the Y!R morphotypes in the Potamidha 1 section (see
tables 2 and 3). The crosses indicate the 68 per cent confidence intervals. The (Y + ~R) and
the (Y - R) values are shown between brackets.

mind, however, that fig. 12 shows only the position of the centres of the
clusters of each morphotype.
Figures 13 A-D show examples of scatter diagrams of d1 2 versus p for
the morphotypes 3/0, 3/1, 3/2 and 5/0 in some selected sa~ple combinations. For each morphotype the parameters d1,2 and P are positively correlated.
Morphotype

Number

Mean

SD

3/0
3/1
3/2
3/3
3/4
4/0
4/1
4/2
5/0
5/1
6/0

85
134
106
66
21

108.3
101.8

13.0
10.9
11.1

Subgroup
3/0, p = 7
3/1,p=7
3/2, p = 7
Table 2

1.4
0.9
1.1
1.1
1.5
1.1
1.4
1.9
1.0

20

94.3
89.6
84.3
94.2
87.1
87.0
82.3
81.3

8.7
9.6
10.4

22

75.1

9.0

2.3
1.9

14
29

100.0
94.4
91.5

7.6
8.3
9.9

2.0
1.5
1.3

104
44
22
99

60

9.3
6.9
11.1
9.4

Statistics of the distribution of d1,2 for a series of morphotypes. SD = standard deviation,
SE = standard error of the mean. The numbers in italics are total numbers that were present
in all 38 samples from the Potamidha 1 section.

Morphotype

Number

Mean

SD

SE

3/0
3/1
3/2
3/3
3/4
4/0
4/1
4/2
5/0
5/1
6/0

85
111
117
62

297.7
280.7
268.9
265.6
258.2
312.4

30.9
20.9
22.0
16.6
26.8
30.7
22.5
20.0
25.8
28.7
21.3

3.4

20.4

5.5
3.5
2.9

Subgroup
3/0, p = 7
3/1,p=7
3/2, p = 7
Table 3

SE

20
55
43
58

294.2
282.1
320.4

20
20

306.3
328.9

14
29

277.6
266.8
259.2

20

60

18.9
22.1

2.0
2.0
2.1
6.0
4.1
3.4
4.5
3.4
6.4
4.8

Statistics of the distributions of P for a series of morphotypes. SD = standard deviation,
SE = standard error of the mean. The numbers in italics are total numbers that were present
in all 38 samples from the Potamidha 1 section.
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The figures in table 2 are in good agreement with the results of Freudenthal (1969, p. 74). His contention that for Y = 3 specimens the values of
d1,2 are likely to decrease with increasing R is confirmed but this cannot be
clearly extended to the other Y types.
With regard to fig. 12 it can be said that d1, 2 of the morphotypes seems to
have a more or less linear relation with (Y + !R). For instance, the 3/2 and
the 4/0 morphotype have about the same value for d1 2' Also the 3/4, the
4/2 and the 5/0 morphotypes have nearly the same d1 ~ value. Morphotypes
that do not fit smoothly are 4/2 and 5/1. It might be postulated that for any
specimen its d1 2 value determines the value of (Y + !R) but that the individual variation i~ d1 2 per morphotype blurs the relation.
Similarly, the value of P per morphotype Y /R seems to be a more or less
linear function of (Y - R), according to fig. 12. The morphotypes 3/1 and
4/2 have nearly the same P-value, as do the morphotypes 3/0 and 4/1 and
the morphotypes 4/0 and 5/1. The successions of the mean values per sample
of d1, 2, (Y + !R), P and (Y - R) for all Potamidha 1 samples are discussed
in section 2.8.
Notwithstanding
the positive correlation between d1 2 and P in separate
Y /R morphotypes
(fig. 13), both size parameters evidently have opposed
relations to the morphotypes. Table 2 and figure 12 show a declining series
of d1, 2 values from 3/0 to 6/0, but there is a seemingly linear increase in ~
along the same series of R = 0 morphotypes. For R = 1 and R = 2, the P
sequences show a similar increase.
2.6. Correlations
(Y - R)

of the mean values of (Y + !R), d1,2' (Y + R), Y, P and

We have checked the mutual relations of the different parameter means
by calculating the correlation coefficients of most pairs of parameter means
from the series of Potamidha 1 samples. There is no sense in calculating the
correlation coefficient between Y and (Y + R) for instance because the
common term Y produces a bias in a positive direction. Correlation coefficients between parameters with a common factor like this have not been
considered. The calculated coefficients are presented in table 4.

Table 4

(Y+R)

(Y +~R)

d1,2

-0.70

-0.68

P

-0.21

0.11

Y

(Y-R)

-0.44

-0.01

0.50

0.68

The correlation coefficient between d1 2 and P is 0.49. The r-distribution
36 degrees of freedom has P99.5 = 0.43 (the 99.5 percentile).
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Y - d1 2 and (Y + R) - d1 ,2 scatter diagrams of the 38 Planorbulinella
Potamidha 1 section.

samples from the

As far as P is concerned, it appears from the table that it shows the best
positive correlation with (Y ~ R), as was suggested in the previous paragraph
(fig. 12). The positive correlation between P and Y seems less strict, but it is
still highly significant.
According to section 2.5 (fig. 12), the parameter (Y + ~R), as a linear
combination of Y and R, is expected to show the most stringent negative
correlation with dl,2' Table 4 shows that in this respect (Y + ~R) is not
superior to (Y + R), but that both parameters show a negative correlation
with dl,2 of a similar stringency, at least as fa~~the Po-.!.amidha1 data are
concerned. The negative correlation between dl 2 and Y is distinctly less
strict.
'
Fig. 14 shows scatter diagrams of Y versus dl 2' and of (Y + R) versus
dl 2' In the first diagram a circular cluster, consisting of 19 points is visible
with its centre at about Y = 3.3, dl 2 = 95. All samples below CP 51 in
stratigraphic sense, and the samples CP 52, CP 64, CPA 43, CP 112, CP 113,
CPA 52, CPA 53 and CPA 68 do not join this cluster, but in their deviations
no pattern or trend can be detected parallel to the stratigraphic column. The
scatter diagram of (Y + R) versus dl 2 has a more regular appearance because
of the better correlation (table 4), 'but there is again no trace of any trend
parallel to the stratigraphic order. The tests of trends of mean values according to stratigraphic order are presented in section 2.8.
2.7. Results of testing the differences of mean values in the Potamidha 1
section
Figure 15 gives the sequences of mean values of the parameters (Y + ~R),
dl 2' (Y + R), Y, P and (Y - R) in equal spacing. Each mean value in this
figure is embedded in the interval (mean minus one standard error of the
mean, mean plus one standard error of the mean). From these intervals one
gains a visual impression of the differences in the mean values of any pair of
successive samples. The intervals are 68 per cent confidence intervals, which
means that there is a 68% chance that the interval contains the mean value
of the population. This last statement - strictly speaking - is valid only for
normal distributions of the parameter values.
For the parameters Y, (Y + R) and dl 2, tests have been performed so that
the differences in mean values can be Judged in a more objective way. For
each pair of samples these tests can be compared with the graphs of fig. 15.
Since the parameters Y and (Y + R) are expressed in integer values only,
the use of the well known t-test may be somewhat problematical. Therefore
the Wilcoxon test and the median test have also been performed as better

(Y+R)

Y

CPA 1 CP 3
CP 4
CP 15 CP 41 CP 42 CP 51 CP 58 CP 64 CP 79 CP 79 CP 95 CPA 42CPA 43 CP 109 CP 109 CPA 53 CPA 68 -

CP 4
CP 15
CP 15
CP 40
CP 52
CP 51
CP 55
CP 64
CP 79
CP 92
CP 95
CPA 42
CP 109
CP 109
CP 112
CP 113
CPA 68
CPA 69

Table 5

4
15
42
52
59
63

X2 (U)

F = t2

0.23
3.20
1.57

0.35
5.86
3.69
7.08
7.14
0.87
0.04
7.89
8.93
3.85
1.81

0.51
7.97
5.09
6.79
7.62
1.77

6.78
6.58
0.44
0,01
6.85
8.71
3.71
1.76
0.04
0.78
5.71
3.56
7.40
11.02
0.47
F = t2

d1,2
CP
CP
CP
CP
CP
CP

X2 (S)

-

-

-

CP
CP
CP
CP
CP
CP

15
42
52
53
63
64

19.57
2.85
24.78
4.49
2.61
5.77

0.01
0.96
5.99
4.41
8.05
11.90
0.62

2

X

2.54
15.65
21.40
0.39
6.19
4.12
0.53
1.24

0.23
9.02
10.41
4.18
1.79
0.03
1.62
6.12
6.02
8.70
12.51
1.51

(S)

X2 (U)

F = t2

2.64
16.19
20.10
0.58
2.87
6.10
1.20

3.21
18.24
22.90
1.19

0.59
3.64
1.23
5.43

3.02
1.32
4.13
2.57
2.97
3.97
0.22
0.04
14.07
4.46

4.14
5.23
3.68
0.11
0.09
17.15
4.96

5.98
4.91
6.04
3.13
0.00
0.18
22.26
5.87
F = t2

d1,2
CP 64
CPA 40
CP 112
CPA 52
CPA 68

2.27
7.65
2.74
0.52
4.00
1.15

-

-

CP 79
CP 112
CP 113
CPA 68
CPA 69

All values of the statistics greater than 6.63, which is the 99th percentile
distribution with one degree of freedom, have been printed in italics.

2.94
11.29
2.63
11.73
7.26

of the chi square

alternatives. The calculation of three different statistics for the same series of
comparisons enables one to assess which of these three tests is best. The explanation of the tests and a discussion of the results from the statistical point
of view are given in chapter 5.
The results for the Potamidha 1 section are given in table 5. The differences for pairs of samples, which are significant at a level of 0' = 0.01 in at
least two of the tests, have been marked in fig. 15 with solid lines. Notations
of dashed lines in fig. 15 are based on 0' = 0.05 in at least two of the tests.
Plus signs indicate that the difference in mean value confirms the principle of
nepionic acceleration. Minus signs indicate that the difference is in conflict
with this evolutionary model. It should be emphasized that of course not all
possible pairs of samples (38 X 37/2 = 703) have been tested. At greater
intervals in the section there are further significant differences.
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The sequences of the mean values of (Y + ~R), d1 2' (Y + R), Y, P and (Y - R) in the 38
Planorbuline/la
assemblages from the Potamidha 1 sdction. See chapter 2.7.

From this series of tests it appears that the population mean values of Y
of the following pairs of samples are different if ex = 0,01 is used as the level
of significance: CP 15 and CP 40 (upward decrease), CP 41 and CP 52 (upward decrease), CP 58 and CP 64 (upward increase), CP 64 and CP 79 (upward decrease), CP 109 and CP 113 (upward increase) and the pair CPA 53,
CPA 68 (upward decrease).
Regarding (Y + R), the population mean values of the following pairs of
samples appear to be different: CP3 and CP 15, and CP 4 and CP 15 (upward increase), and CPA 53, CPA 68 (upward decrease).
As far as the parameter dl,2 is concerned, the population mean values of
the following pairs of samples appear to be different: CP 4 and CP 15
(upward decrease), CP 42 and CP 52 (upward increase), CPA 40 and CP 112
(upward decrease), CPA 52 and CPA 68 (upward increase), and CPA 68 and
CPA 69 (upward increase).
These patterns will be discussed in chapter 4. It can be seen from the table
that significant changes in Yare generally not accompanied by similar
changes in (Y + R) and vice versa.
One might object to the procedure whereby mean values of pairs of
samples are compared. If all 38 Planorbulinella assemblages from the Potamidha 1 section were equal, selected pairs of samples with extreme sample
distributions due to chance give significant differences as well.
If the hypothesis that all 38 assemblages are identical is correct, about
seven of the (38 X 37)/2 = 703 pairs of samples that can be formed, can be
expected to exceed the level of significance ex = 0.01 when tested.
If we restrict ourselves to the Y parameter, four pairs in table 5 give values
in the critical region (ex = 0.01). Pairs of samples that are further apart in the
stratigraphical column which exceed the significance level are not mentioned
in table 5, however. From figure 15 it can be deduced that 20 pairs or more
will exceed this level, which is much more than the hypothetical seven.
Another way of testing the hypothesis of identical Planorbulinella assemblages is to write down for each sample the number of individuals having
Y ~ 3 and the number having Y > 3 in a 2 X 38 contingency table and to
perform a chi square test of homogeneity (e.g. Dixon & Massey, 1969). In
addition we also tested the 2 X 19 contingency tables that arose from
dividing the 19 lowermost and the 19 uppermost samples into two separate
groups.

Series
of samples

CPA 1
CPA 1
CP 63

~
-

-

CPA 69
CP 59
CPA 69

Number
of samples

Value
ofx2

Number of
degrees of
freedom

Probability
level

38
19
19

97.
42.
47.

37
18
18

<
"v

0.001
0.001

<

0.001

2.8. Trends in the sequences of mean values of (Y + ~R), d1 2' (Y + R), Y,
P and (Y - R)
,
We tested for trends in the sequences of parameter means by calculating
the correlation coefficient of each parameter mean value and the rank
number of the sample (lowermost: 1, uppermost: 38).
It should be noted that the correlation coefficients calculated from two
sets of data which have a logical order (in our case stratigraphical) should be
interpreted with caution. Interpretation is especially difficult in tests for a
trend, i.e. for a correlation between a parameter and the rank number according to the stratigraphical order.
The null hypothesis, which is tested by calculating the correlation coefficient, is often said to mean that two parameters are independent of each
other. When the two parameters are independent the correlation coefficient
has an r-distribution with (N - 2) degrees of freedom, but this holds only if
two conditions are satisfied. The first condition is that the parameter values
should have more or less normal distributions, which may be considered of
minor importance in many cases. The second condition is less known and
often ignored: the series of values of each of the two parameters must be
a series of mutually independent values.
It is obvious that it cannot be taken for granted that a series of parameter
values from a stratigraphical sequence consists of mutually independent
values. A significant correlation coefficient value may appear from two
stratigraphy-based series that have no relation to each other. Such a correlation is said to be illusory. Examples of time-related phenomena that produce
illusory correlations are well known. The decision that a correlation has a
real meaning and is not illusory, in other words that the time factor is irrelevant, may be made by logical reasoning only, but never by a statistical
procedure.
Testing for a trend in a series of values seems to contain an inherent contradiction. A series of rank numbers cannot be considered as a series of

mutually independent values. A trend implies a dependence of the series
of values on the series of rank numbers, and therefore leads to the denial of
the mutual independence of the values in the series. One seems to be caught
in a trap of circular reasoning.
This problem of trends has been explained by Raup (1977) in a large
monograph. He uses the simple random walk model to demonstrate the
limitations of the correlation coefficient statistic in testing for a trend.
We suggest that a significant correlation coefficient should not be taken
as implying a trend that must have been caused by a sustained evolutionary
urge or a sustained ecological adaptation. A statistically significant trend
may also be due to chance, or in other words to a process that has a random
nature consisting of successive steps alternating in an incomprehensible way.
Rejection of the null hypothesis implies that parameter values in the ordered
series have some mutual relation which is expressed as a more or less distinct
change in the course of the stratigraphical section. The cause of the change
or trend (due to chance or to a sustained change of some kind) is never
indicated by the correlation coefficient statistic. Additional reasoning is
required if the cause is to be identified.
So far our correlation coefficients (table 6) are thought to supply a certain
amount of useful information (see chapter 4).

If we take P99.5 = 0.43 (r-distribution with 36 degrees of freedom) as a
criterion, the sequences of means of Y, d1 2' (Y + !R) and (Y + R) have no
obvious trend, ~lthough the decrease of Y'is on the verge of significance, P
and (Y - R) both show negative trends (see fig. 15). These results will also
be discussed in chapter 4.

3.1. Parameter values

The Planorbulinella contents of 42 of the nearly 300 samples from the
Apostoli section were examined. These 42 samples are fairly regularly spaced
along the stratigraphic column (fig. 2). From each of the samples about 30

macrospheric specimens were obtained which were suitable for measunng
and counting all or nearly all their parameters.
The numerical proportion of microspheric specimens in relation to the
total number of Planorbulinella picked from each sample is in the range of
9 to 26 per cent, except in the case of three samples. In CP 849 one microsphere was found amongst about 40 individuals, in CP 1048 not a single
microsphere was found amongst about 60 individuals, and in CP 1067 there
was one single microsphere amongst about 40. In these three samples there is
no evidence of any relation between the extremely low number of microspheric specimens and other parameters.
The Planorbulinella assemblages in the lowermost samples (below CP 874)
appear to belong to Planorbulinella astriki (4.00 ~ V < 5.25), most of the
higher samples from CP 947 upwards appear to contain Planorbulinella
caneae (3.00 ~ V < 4.00). The graph of the V-values (fig. 2, 23) shows that
many assemblages of the samples in between, as well as the assemblage of
CP 827 in the lower interval and the assemblages of CP 962, CP 1008, CP
1016, CP 1017 and CP 1018 in the upper interval, must be considered as
exempla intercentralia which are on either side of the limit between the
species Planorbulinella astriki and Planorbulinella caneae.
The six successive samples CP 908, CP 909, CP 925, CP 931, CP 936 and
CP 947 show large fluctuations in V, the curve crossing the border line V =
4.00 between P. astriki and P. caneae several times. The fluctuations are too
large for the assemblages of these six samples to be accepted as exampla
intercentralia: CP 909 and CP 936 contain P. astriki, CP 908, CP 925, CP
931 and CP 947 P. caneae.
Our first conclusion is that there seems to be an overall negative trend in
V from the bottom to the top of section Apostoli; this trend is in accordance
with the concept of nepionic acceleration. From sample to sample, however,
there are also significant jumps back to higher V-values, which contradict
this concept. Examples of these setbacks are from CP 925 to CP 936, and
CP 1003 to CP 1008. Results of statistical tests on the differences in mean
values are given in section 3.7.
In fig. 16 histograms of the parameters Y, p, and (Y + R) are presented for
11 samples from the Apostoli section. Most examples were taken from the
lower samples, which show a more normal distribution than the corresponding histograms from Potamidha 1.
For the same reasons that we mentioned in the description of the Potamidha 1 assemblages, i.e. we wanted to find out about the mutual relations
of the parameters and to check on heterogeneity of the Planorbulinella
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of 11 samples from the Apostoli sec-

assemblages, we have made a series of scatter diagrams. There are 13 diagrams of Y versus d1,2 in fig. 17, 13 of (Y + R) versus d1, 2 in fig. 18, six of
Y versus R in fig. 19, and six of Y versus p in fig. 20. (Remember that the
parameter P has unfortunately not been measured in the Apostoli assemblages).
For all 42 samples histograms of the Y/R morphotypes are given in fig. 21.
Rare morphotypes have been lumped in the same way as for the Potamidha
1 data. For instance all specimens with Y = 4 that show a relapse (i.e. that
have R> 0) have been placed in one group 4/R. In 151 of the total number
of 1389 specimens considered (11 per cent), R could not be counted. Only
one 3/5 specimen, and not a single 3/6 specimen, was found in the entire
section, so the category 3/R in fig. 21 consists mainly of 3/3 and 3/4 specimens. The category 4/R consists of 4/1,4/2 and 4/3 specimens, in order of
importance. Only two 4/4 specimens were found. The 5/R category consists
of 5/1 specimens, a small number of 5/2 specimens, and single 5/3 and 5/4
specimens.
3.2. Discussion of the scatter diagrams
The Planorbulinella data from Apostoli show large fluctuations in the
means of the parameters (fig. 23). Hence there was a distinct possibility that
there were various mixtures of two different population groups. This possibility was also considered in the case of the Potamidha 1 data (chapter 2.2).
The scatter diagrams of Y versus d1 2 of 13 samples (fig. 17), which have
been chosen because of extreme V-val~es (see fig. 2), do not show any trace
of heterogeneity but they show single clusters. However, the shapes and
centres of gravity of the clusters of samples CP 925, CP 984, CP 1003, CP
1029 and CP 1072 are clearly different from those of CP 823, CP 827, CP
853, CP 1711, CP 909, CP 936, CP 1008 and CP 1018. These differences are
largely due to the dominance of Y = 3 specimens in the first group and of
specimens with Y ;;;,4 in the second group of samples. The assemblages of
the first group of samples have a fainter negative correlation (-0.22 to
-0.52) between Y and d1 2 than the assemblages of the second group
(-0.45 to -0.78). This difference in correlation coefficients is also due to
the relative importance of the Y = 3 specimens in the first group of samples.
We may conclude that the fluctuating pattern in the V-curve of fig. 2 is
not a consequence of any heterogeneity of the Planorbulinella assemblages,
but once again it is caused by fluctuations in the numerical proportions of
specimens with Y = 3 versus specimens in which Y is four or more. The
histograms (fig. 16) give no indication of heterogeneity either.
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In fig. 18 scatter diagrams of (Y + R) versus d1, 2 are given for 13 samples.
At first sight one might conclude that the scatter diagrams of CP 874, CP
984 and CP 1029 represent one population type of Planorbulinella and
that those of CP 853 and CP 936 derive from another type of population, as
the clusters of both groups of assemblages have rather different positions in
the diagrams. The samples CP 1711, CP 925, CP 968, CP 1008, CP 1018
and CP 1067 have intermediate values of (Y + R) (fig. 23), but they do not
reveal two separate clusters, which means that they also contain homogeneous assemblages.
Again we may conclude that all samples from the Apostoli section contain
representatives of a single population group of Planorbulinella, in which
different morphotypes fluctuate in abundance from sample to sample.
There is a strong negative correlation between (Y + R) and d1, 2 , as can be
seen in the majority of the scatter diagrams.
The coefficient of variability of the parameter d1,2, used as another device
to warn against heterogeneity (chapter 2.2), has also been calculated for a
series of samples from the Apostoli section (table 7).
Sample

V

Sample

V

CP
CP
CP
CP
CP
CP
CP
CP

12
14
14
11
14
13
16
12

CP
CP
CP
CP
CP
CP
CP
CP

17
10
16
14
13
13
15
10

823
827
853
874
1711
909
925
936

968
984
1003
1008
1018
1029
1067
1072

Table 7

The range of V of the 16 samples in table 7 is 10-17. The values appear
to have no clear relation with the corresponding mean values of d1 2' CP
874 and CP 968 both with intermediate d1 2 values have V = 11 and V = 17,
respectively. CP 925, CP 984, CP 1003 a~d CP 1072, all having high d1,2
values, have V = 16, 10, 16 and 10, respectively.
Any relation of V (d1 2) to V is equally absent; for instance CP 925,
CP 984, CP 1003 and CP '1072 all have low V-values, but their V-values are
16,10,16 and 10, respectively.
As far as the parameter (Y + R) is concerned, there might be a relation of
high V-values with intermediate (Y + R) values, as far as the samples CP 925,
CP 968 and CP 1003 are concerned. Regarding the other samples in table 7,
however, this statement cannot be substantiated.

We conclude therefore that the coefficients of variability do not indicate
any heterogeneity of the Planorbulinella assemblages from the Apostoli
section. The range of V from 10-17 fits in with the range of the Potamidha
1 values (11-18). It differs from the data from the Gulf of Elat by the same
order of magnitude (9-13 for P. larvata, 9-14 for P. elatensis).
CP1016
N·30

II

~
1~
Y

CP 874

R

N·26

3.3. Counts of the parameter p in the Apostoli section
Amongst the 1389 specimens that were measured from the Apostoli
section, a p-value could be obtained for 1322. The earlier statement concerning the Potamidha 1 section is valid for the Apostoli section as well. p is a
parameter that gives little information, because for a vast majority of the
specimens p = y + 5. Only 203 (15 per cent) had p =1= Y + 5, 95 (7 per cent)
had the combination Y = 3, P = 7, and 91 were asymmetrical (7 per cent).
It is recalled here that Raju and Doeven measured p in different ways for
asymmetrical specimens (chapter 1.3); so the p-values of Apostoli are not
comparable with those of the Potamidha 1 section.
Figure 20 gives scatter diagrams of Y versus p for six samples. From this
figure it can be seen that forms having p =1= Y + 5 are not a constant fraction
in the Planorbulinella assemblages throughout the section (CP 849, CP 893).
Asymmetrical forms are thought to be present in a more constant proportion
in the populations.

3.4. Distributions of the Y/R morphotypes in the 42 samples of the Apostoli
section
Figure 21 gives histograms of the Y/R morphotypes for all 42 Apostoli
samples. In 151 of the 1389 specimens R-values could not be established;
these 151 specimens are not presented in fig. 21. As in Potamidha 1 large
differences in morphotype composition occur following the stratigraphical
sequence. For instance, in CP 853 thirteen Y = 4 specimens with relapse
chambers were found, but not a single 4/0 specimen. In CP 874 there are
15 specimens of type 4/0, and only one specimen Y = 4 with relapse; but
in this sample no R-value could be obtained for three specimens with Y =
4.
Large fluctuations in the proportions of almost all morphotypes occur
in the series of successive samples CP 909, CP 925, CP 931, CP 936 and CP
947. This series of samples is also remarkable because of the rapid fluctuations in the mean values of Y and of (Y + R) (fig. 23). The series of four
samples CP 1008, CP 1016, CP 1017 and CP 1018 with relatively high Vvalues is also clearly aberrant in the Y/R histograms.
These four successive samples will now be examined more closely, because
they have deviating high V-values in the upper part of the section, in which
low V-values are usual. The scores in Y of the four samples have been taken
together as if they formed one single statistical sample, i.e. as if they had
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Distribution of the Y IR morphotypes of Planorbulinella
in all 42 samples from the Apostoli
section. Rare morphotypes with Y = 3, 4 and S have been lumped in the categories 3/R,
4/R and SIR, respectively.

been derived from one biological population. The same has been done with
the four samples CP 989, CP 993, CP 1000 and CP 1003 just below, and
with the four samples CP 1029, CP 1037, CP 1047 and CP 1048 immediately
above in the section. The Y scores of these three groups are shown in table 8.
Y=3

4

5

6

7

totals

CP 1029, CP 1037,
CP 1047, CP 1048

112

13

4

1

0

130

CP 1008, CP 1016,
CP 1017, CP 1018

59

27

39

10

1

136

CP 989,CP
993,
CP 1000, CP 1003

101

22

7

1

0

131

totals

272

62

50

12

1

397

It is clear from this table that the group having Y;;'" 5 forms a larger fraction in the middle group of samples. The difference is highly significant. Also
the group with Y = 4 is somewhat higher in numerical proportion in this
middle group, but not significantly so compared with the lower group of
samples. One might wonder whether the combined group Y = 3 and 4 is

Table 9

1.02

4.48

1.73

7,56

0,01

0.03

In the table on the left the observed number N (upper figure) and the expected number E
(lower figure) are given in each cell. At the bottom and on the right are all the totals one
requires to compute the expected frequencies. In the right hand table the contributions
(N - E)2 IE of each cell to the chi square statistic are given:If the hypothesis is true X2 has
a chi squ\U'e djstribution with two degrees of freedom, X2 = 14.8. The probability level P
appears to be less than 0.001.

merely "pushed away" by the increase of the group Y > 4, i.e. that Y = 3
and Y = 4 would be dealt with in the same way.
The hypothesis that the group Y = 4 forms a constant fraction in the
group Y = 3 or 4 can be tested by means of the chi square test for homogeneity (e.g. Dixon & Massey (1969)). It appears that this hypothesis must
be rejected and it follows that the number of Y = 4 individuals in the middle
group is too high (table 9). The conclusion is that in the samples CP 1008,
CP 1016, CP 1017 and CP 1018 there is an unmistakable shift to V-values
greater than 3, relative to the sample sets immediately below and above.
Y/R
6/1
6/0
5/2
5/1
5/0
4/3
4/2
4/1
4/0
3/4
3/3
3/2
3/1
3/0

Fig. 22

d1 2 values for the Y IR morphotypes
in the Apostoli
val~es are embedded in 68 per cent confidence intervals.

section

(see table 10). The mean

3.5. Relations of the morphotypes Y /R with the parameter d1,

2

The staggered positive trend in d1, 2' visible in figure 23, can be shown to
be a reflection of the change in dominance of the morphotypes in upward
direction in the section. Also from the Apostoli data it appears that for
each individual morphotype Y /R there are differences in the d1 2 distribution. The pattern is not given; it closely resembles that given in figure 11 for
the Potamidha 1 data. In individual samples specific morphotypes may have
strongly deviating d1,2 distributions. In sample CP 850 for instance all Y = 4

(Y+
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The sequences of the mean values of (Y + }R), d1 2, (Y + R) and Y in the 42Planorbulinella
assemblages from the Apostoli section. See chapt~r 3.7. The figure is analogous to figure 15
which is explained in chapter 2.7.

specimens appear to have small d1 2 values, whereas in sample CP 962 they
have large d1 2 values. In samples CP 823 and CP 900 both the Y = 4 and the
Y = 5 speci~ens have small d1 2 values. It is noteworthy that all specimens
of sample CP 1067 have relatively small d1 2 values; this sample consists
mainly of Y = 3 specimens. This is also dem~nstrated in the scatter diagram
of V versus d1 2 (fig. 24).
The statisti~s of the distributions of d1 2 of each morphotype are presented in table 10. The values d1 2 of all ~orphotypes have been plotted in
figure 22.
'
We find confirmation that d1 2 tends to decrease with increasing R-values
in each Y class, especially for Y = 3 and Y = 4. For each Y /R morphotype,
d1 2 has a more or less linear relation to (Y + ~R). The morphotypes 4/3,
5/2 and 6/1, however, do not fit in well with this relation. Again it is emphasized that the ranges of all d1 2 morphotype probability distributions are
large compared with the differen~es between the ~;- values of any adjoining
pair of morphotypes (see column SD in table 10). '
Compared with the mean values from the Potamidha 1 section and from
the Cretan sections given by Freudenthal (1969), most Apostoli morphotypes seem to have a somewhat smaller mean value of d1 2' This might be
due to a systematic error in measuring the parameter d1, 2' '
Morphotype

Number

Mean

SD

3/0
3/1
3/2
3/3
3/4
4/0
4/1
4/2
4/3
5/0
5/1
5/2
6/0
6/1

134
180
200
46
16
188
121
50
13
136
73
14
39
11

103.2
97.4
91.2

12.4

1.1

10.8
10.2
9.2
10.0
9.6
9.2
10.2
5.1
7.6
10.4

0.8
0.7
1.4

87.6
81.6
90.5
87.4
84.5
81.2
81.3
78.5
78.6
72.9
73.6

8.2
7.5
7.1

SE

2.5
0.7
0.8
1.4
1.4
0.6
1.2
2.2
1.2
2.1

Table 10 Statistics of the distributions of d 1 2 for a series of morphotypes. The numbers of each
morphotype are the total numbers p;esent in all 42 samples from the Apostoli section. SD =
standard deviation, SE = standard error of the mean.
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3.6. Correlations

of the mean values of (Y + ~R), d1, 2, (Y + R) and Y

As has been done for the data of the Potamidha 1 section, the four series
of mean values from the Apostoli section, shown in fig. 23, have been
analyzed by calculating correlation coefficients of pairs of mean values
(table 11).

Table 11 The r-distribution
percentile).

with (N-2) = 40 degrees of freedom has a P99.5 value of 0.39 (the 99.5

As far as the supposed superiority of (Y + ~R) in the relation with dl, 2 is
concerned, it again appears that the correlation is hardly better than the
correlation of (Y + R) and d1 2' or of Y and d1 2'
In figure 24 scatter diagr~ms are given of Y versus dl, 2' and of (Y + R)
versus dl, 2' Both diagrams show regular elongated clusters, corresponding
to the trends of the parameter means along the stratigraphical column (see
fig. 23 and chapter 3.8). In the Y - d1 2 scatter diagram sample CP 1067
is fairly remote from the cluster because' of its extremely low value of dl 2'
relative to its value of Y.
'
3.7. Results of testing the differences of mean values in the Apostoli section
Figure 23 gives the sequences of mean values of the parameters (Y + ~R),
d1,2' (Y + R) and Y. Each mean value in this figure is accompanied by its
68 per cent confidence interval, analogous to figure 15 (chapter 2.7).
Some tests were done to evaluate the differences in the mean values of
Y, (Y + R) and d1 2 and to check the fluctuations in the graphs of figure
23. For the param~ter Y and (Y + R) again three tests were used for each
pair of samples: the median test, the Wilcoxon test and the F-test. For the
parameter d1 2 the F -test was considered sufficient (table 12). The significant differen~es in at least two of the tests at ex = 0.01 between the pairs of
samples tested have been entered in figure 23. Obvious differences between
samples that are far apart in the Apostoli column were generally not tested.

(Y+R)

Y

CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP

823
827
850
853
874
853
1700
908
909
931
925
936
962
968
984
1003
1003
984
1018
1062
1062

-

CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP
CP

827
839
853
874
1700
1700
893
909
925
936
936
947
984
984
1000
1008
1018
1018
1029
1067
1072

d1,2
CP
CP
CP
CP
CP
CP
CP
CP

808
823
827
839
1721
900
908
909

-

CP
CP
CP
CP
CP
CP
CP
CP

823
827
839
874
900
908
909
925

X2 (S)

X2 (U)

F = t2

X2 (S)

X2 (U)

F = t2

3.71
5.95
0.02
3.05
1.65

3.93
5.48

4.03
5.43

0.08
3.67
1.05

3.99
0.70
5.77
19.40

6.00
0.15
5.74
18.15
8.47

0.12
4.79
0.55
6.38
0.00
5.55
22.09
9.44

0.12
0.09
4.24
29.69
10.45

0.10
0.03
4.52
27.33
11.73
5.62
3.72
3.54
0.54
9.21
6.59
6.62
12.84
14.28
4.15
0.67
4.46

0.09
0.02
2.15
48.75
15.56
5.91
3.78
2.85
0.12
12.20
6.07
8.68
10.69
13.62
3.42

7.58
23.38
9.21
19.01
1.97
1.78
13.28
10.15
11.66
12.70
0.50
0.65

22.50
10.87
19.91
2.64
2.01
15.13
12.23
14.48
15.04
0.66
1.09

3.69
3.68
3.72
0.71
7.88
7.40

27.79
12.79
19.66
4.17
2.68
20.13
15.56
18.29
19.23
1.18

5.09
11.46
15.04
3.91
0.28
3.57
13.04
7.25
3.77
3.88

2.53

F = t2

d1,2

17.78
9.77
5.30
17.59
4.53
5.17
3.75
6.65

CP
CP
CP
CP
CP
CP
CP
CP

925
936
968
984
1008
1018
1062
1067

10.51
9.48
4.64
3.63

0.98
4.10
10:39
10.27
5.45
3.41
F = t2

-

CP
CP
CP
CP
CP
CP
CP
CP

Table 12 All values of the statistics greater than 6.63, the 99th percentile
tion with one degree of freedom, are printed in italics.

936
962
984
1008
1029
1029
1067
1072

8.59
8.52
6.09
15.81
6.62
3.35
22.48
19.74

of the chi square distribu-

From this series of tests it appears that the population mean values of Y
of the following pairs of samples are different if IX = 0.01 is used as the level
of significance: CP 909 and CP 925 (upward decrease), CP 931 and CP 936
(upward increase), CP 925 and CP 936 (upward increase), CP 936 and CP
947 (upward decrease), CP 962 and CP 984 (upward decrease), CP 1003 and
CP 1008 (upward increase), CP 1003 and CP 1018 (upward increase), CP
984 and CP 1018 (upward increase), CP 1018 and CP 1029 (upward decrease) .
Regarding (Y + R), the population mean values of the following pairs of

samples appear to be different: CP 853 and CP 874 (upward decrease), CP
874 and CP 1700 (upward increase), CP 931 and CP 936 (upward increase),
CP 925 and CP 936 (upward increase), CP 962 and CP 984 (upward decrease), CP 968 and CP 984 (upward increase), CP 984 and CP 1018 (upward
increase), CP 1018 and CP 1029 (upward decrease).
As far as the parameter dl 2 is concerned, the population mean values of
the following pairs of sampl~s appear to be different: CP 808 and CP 823
(upward decrease), CP 823 and CP 827 (upward increase), CP 839 and CP
874 (upward increase), CP 909 and CP 925 (upward increase), CP 925 and
CP 936 (upward decrease), CP 936 and CP 962 (upward increase), CP 984
and CP 1008 (upward decrease), CP 1062 and CP 1067 (upward decrease),
CP 1067 and CP 1072 (upward increase).
Although the three curves show corresponding patterns, it is obvious that
one of the three curves repeatedly shows strong deviations for single samples.
3.8. Trends in the mean values of (Y + & R), dl,

2'

(Y + R) and Y

Trends in the sequences of means of each parameter have been tested by
calculating the correlation coefficient between parameter mean values and
the stratigraphic rank numbers of the samples in the section (lowermost: 1,
uppermost: 42). The results of these tests for Apostoli are given in table 13.
The problems in interpreting the correlation coefficients in connection with
trends have been mentioned in chapter 2.8.

Table 13 The r-distribution

with 40 degrees of freedom has a P99.5 value of 0.39.

If the 99.5 percentile is used as a criterion, the dl 2 values have an overall
trend to higher values (positive trend) in upward dir~ction along the section.
In the stratigraphic sequence the Y -values, as well as the (Y + & R) values and
the (Y + R) values, show unmistakable overall trends to lower values (negative trends).
DISCUSSION

OF THE RESULTS

After the presentation of the wealth of data in both previous chapters we
must not lose sight of the main purpose of our investigation, which is to give
a detailed account of the evolution.

Whether we select Y, (Y + R) or (Y + !R) as the means to express the
development phase of the nepionic apparatus, the pattern of change is
similar in all three cases. In fact, the sequence ofY-values seems to offer the
best proof of nepionic acceleration with an obvious trend of -0.78 in
Apostoli and a weaker trend (-0.36) in Potamidha. The other two parameters give similarly clear trends for Apostoli, but no trends at all in Potamidha. The existence of nepionic acceleration in Planorbulinella seems to be
confirmed for the older section Apostoli, whereas in Potamidha the net
result seems to be negligible. In the former we may be dealing with slow
evolution and in the latter with stagnant evolution.
Inspection of the details of the Y sequences (and of the sequences of all
other parameter means) shows that there is no smooth and gradual change.
In addition to the "noise" that may have been caused by statistical errors,
we see repeated fluctuations beyond the range of such noise. Gradual as well
as seemingly rapid changes in the direction of nepionic acceleration are
theoretically perfectly understandable on the stable course without change,
but they are found to alternate with changes in the opposite direction and
against the "law of evolution". In the Y sequence of Potamidha two such
aberrant tracks are statistically beyond doubt, and there are two more in
Apostoli. At a somewhat lower level of significance several more are discernible.
Evidently we must accept that significant setbacks do occur in the general
course of evolution, because the effect of an interplay of two different species in variable proportions could already be discounted in the preceding
chapters.
If nepionic acceleration is caused by an adaptive response of the organisms
to their environment - which has been considered plausible because of the
parallelism in the development of many unrelated groups of orbitoidal
foraminifera ~ how are we to explain the changes in the opposite direction
in our sample sequences?
One is inclined to believe that some ecological control was able to overrule
the regular course of evolution, both during periods of change and in times
of stagnancy. Direct influence of the environment on the nepionic configuration parameters such as Y, (Y + R), etc., is beyond our understanding, but
indirect influence via a size parameter would be feasible. Actually, there is an
unmistakable negative correlation between the embryon diameter and the
configuration parameters, both in single samples and in the cluster of means.
It has been argued (Drooger and Raju, 1973) that in foraminiferal species the
embryon size may tend to increase with increasing water depth. If such a

relation were valid for our Planorbulinella as well, the fluctuating Y pattern
along both stratigraphic columns would have been caused by changes in the
water depth which in turn caused different populations from the depth-related morphocline to alternate at the Potamidha and Apostoli spots.
The lithology (Meulenkamp, this volume) of the intervals with rapid
Planorbulinella fluctuations in both sections provides no evidence to support
the assumption of changes in depth. There is a monotonous clayey succession. The frequency curves of the benthonic associations in Potamidha (Wonders and Van der Zwaan, this volume) do not give any indication either of
bottom environment changes in the intervals involved. Since we are dealing
with low energy sedimentation conditions throughout the sections (with the
exception of some parts that are irrelevant for our Planorbulinella investigation), however, one may doubt whether any depth change in this environment would be expressed clearly in either sediment or benthonic foraminiferal association.
One more check on the plausibility of a depth-induced or depth-related
morphological gradient is offered by the investigation by Thomas (1977) of
the Recent Planorbulinella in the Gulf of Aqaba-Elat. She found two depthbound species, neither of which shows a variation of d1 2' Y or (Y + R)
along the depth gradient, which is comparable in magnitude with the amplitude of the differences in the Cretan assemblages. The weak and insignificant differences in d1 2 and (Y + R) of P. elatensis between depths of
100 m and 240 m witho~t sustained change in between cannot account for
our fluctuations.
Although there is no evidence that a depth-related morphocline can be
held responsible for the mean fluctuations of the observed parameters in
both Cretan sections, this does not exclude the possibility that some other
ecological gradient caused the staggered course along the columns. We are
simply unable to point to one.
Another easy argument put forward by stratigraphers and paleontologists
to account for irregularities of the sort we met with may be briefly considered: that of repeated reworking. Resedimentation of earlier deposited fossils
has frequently been postulated as an explanation of recurrences of assumedly
older assemblages in stratigraphic columns. The lack of any observations on
the sediment properties of the relevant parts of the Apostoli and Potamidha
sections which point to such resedimentation is in itself a weak argument
against such reworking. But if the Recent P. elatensis is the descendant of
the Miocene Cretan Planorbulinella, as assumed by Thomas (1977), and if
its habitat at 100 to 200 m depth was comparable to that of our assemblages

- which is supported by sediment and benthonic fauna - then we are
dealing with sediments from an environment in which admixture by reworking might be expected to be visible from the sediment itself. The assumedly
repeated addition of plant material with adhering benthic elements (last
paper, this volume) cannot account for reworking of Planorbulinella either,
since the frequencies of the genus seem to be independant of the number of
representatives of the epiphytic taxa.
Admittedly we have so far failed to demonstrate that environmental or
sedimentary factors caused the fluctuating pattern, but we cannot deny the
existence of such an influence.
There are other ways of interpreting our data and the unexpected irregularities. One way is that the width of variation in all parameters seems to
remain the same throughout both sections. If one considers Y for instance,
no new variants seem to become introduced and none disappears entirely.
On the total Y range from 7 to 3 (Y = 2 and Y = 8 are exceedingly rare)
individuals of Y = 7 and Y = 6 are rare in Potamidha, and Y = 3 has relatively
low numbers in the lower part of Apostoli. Their distribution along the
column is such, however, that it cannot be proved that they did not occur in
the populations throughout the entire interval. This means that there is no
nepionic evolution in the sense that more advanced variants (= mutants?)
arose to dominate the later populations. At best we may conclude that there
is a shift in the mode of the variation from Y = 5 or 4 to Y = 3. It has been
shown that the fluctuations are due to changes in the morphotype composition.
As a consequence we might assume that the observed pattern has no
bearing whatsoever on either evolution, ecology, or an interplay of both. We
might just as well be dealing with a random walk in the sense of Raup
(1977), in which mere chance is the dominating factor. The random walk
model states that any value of a parameter is established by adding a random
component to the previous value. In terms of a walk: the direction of each
step is independent of the position of the walker and of the direction of the
previous steps.
The overall trend of nepionic acceleration in our Planorbulinella would
simply be the result of a great many random changes. If we add to the Cretan sections at one end the older Maltese assemblage of P. rokae in which
there are some Y = 10 and Y = 9 variants (Freudenthal, 1969), and to the
other end we add the Recent P. elatensis in which we have Y = 1 variants
(Thomas, 1977) the total Y variation is still not very impressive. Support for
the existence of the evolutionary principle of nepionic acceleration as against

the random walk mechanism is still very poor for the Planorbulinella group,
particularly because we have no definite proof that the Maltese P. rokae
and the Recent P. elatensis do belong to the same lineage as the Miocene
Cretan P. rokae - P. astriki - P. caneae sequence.
Even the data of Freudenthal, who found among sixteen sections with
many Planorbulinella assemblages nine of the Potamidha no-change type
but seven with significant changes with "correct" direction cannot be taken
as proof, in spite of the fact that such a frequency distribution of the sixteen sections can hardly have arisen by chance. A random pattern with a
certain net direction in one section is likely to be found again in neighbouring sections on Crete. Opposed random overall directions in one restricted geographic area during the same time span seem to be unlikely. The good,
open marine connections between all subbasins of the area force us to accept
the notion of continuous population groups in one bioprovince.
Nevertheless we shall continue to consider nepionic acceleration as a valid
evolutionary principle, in the case of Planorbulinella, because of the parallelism with many (at least twenty) other orbitoidal groups, some of which
have much longer morphoclines. For instance the lineages of the Miogypsinidae and the Lepidocyclinidae show morphologically widely separated
populations that do not have a single variant in common from beginning to
end. These lineages contain numerous introductions of new, "advanced"
variants and show losses of "conservative" variants along the overall line of
nepionic development. For statistical reasons the random walk theory can be
safely rejected and the evolutionary nepionic acceleration theory upheld for
orbitoidal and some other groups of larger foraminifera.
Although not based on the actual Planorbulinella data the observed overall
trend is thought to reflect an evolutionary course and it cannot be ascribed
to numerous steps induced by chance effects.
Although the random walk concept can be rejected as far as the net result
is concerned it may provide a reasonably acceptable explanation for the
opposed, seemingly anti-adaptive fluctuations caused by the predominance
of conservative morphotypes. But is it right that we should give such weight
to random effects if the group at the same time underwent a sustained
change with an evolutionary direction? Perhaps we are right to do so, in view
of the fact that we are dealing with the asexually produced generations of
the Planorbulinella; i.e., it is quite feasible that certain conservative clones
regained predominance in the populations. Although we do not know
whether there were successive asexual generations in the Miocene Plan orbulinella, or whether an Y /R specimen of for instance 5/2 will have a next

haploid generation of 5/2 or mainly 5/2, it is certainly acceptable as a working hypothesis. Random effects on the clonal composition of our megalospheric Planorbulinella thus do seem to offer an explanation for the observed
fluctuations, provided we can prove that the interfering sexual generation
was either exceedingly rare or absent for fairly long periods.
The former hypothesis, i.e. the rarity of the micro spheric generation, can
easily be refuted in view of their average frequency of 17% (range 8-29%) in
all Potamidha samples and most of the Apostoli samples. These percentages
indicate that there were huge numbers of the diploid generation, which
could well prevent the asexual generations from drifting away from the
assumedly adaptive line of evolution and from moving so far in a direction
opposite to the general course.
It is much more difficult, or rather it is impossible, to reject the second
hypothesis that the micro spheric generation was (near-)absent for longer
periods. If we assume a sedimentation rate of the order of magnitude of
5 em per thousand years and one generation per year, each of our 5 em
thick samples would contain a mixture of representatives of at least 1,000
generations, if not many more because of the result of bioturbation. The
17% microspheric specimens we found need not be evenly spread over 1,000
years. We have no means of proving or disproving such a discontinuity in the
time distribution of the microspheres. Their really high numbers in the
samples are not likely to support the discontinuity.
The qualitative data that suggest very low numbers of microspheric specimens in some of the Apostoli samples (chapter 3.1) might indicate that
periods of low sexual reproduction did interfere, but the few samples involved are all situated at places in the column where the means do not
change.
Our data are certainly insufficient to provide answers to the questions that
arise, but if we consider that each calculated mean is an average of a great
many successive populations we get the impression that the clonal deviations
were not ephemeral, but were long lasting composition alterations, notwithstanding the effect of sexual generations which certainly were present over
such longer periods. If one supposes that the consistent series of high Y
means in the four successive samples in the top part of the Apostoli section
(CP 1008-1018) is representative for the entire interval of sediments, one is
inclined to believe that such deviations could persist for several hundred
thousands of years. On the other hand rapid oscillations were found in a
similar-sized stratigraphic interval in the top part of Potamidha, so our
Apostoli series of comparable means may well be due to chance effects of
the sampling.

Summarizing, we maintain that nepionic acceleration applies for Planorbulinella, but superimposed upon the general course of slow change and
stagnancy there are still poorly understood fluctuations in all investigated
parameters. An ecological control is feasible but cannot be pinpointed, and
random effects on clonal composition may play the cumbersome role but
cannot be proved. We call the pattern pulsating evolution, in which the word
evolution has no more than a descriptive meaning. The fact that this pattern
seems to be applicable to the detailed analysis of other foraminiferal lineages
as well (Drooger and Raju, 1977; Thomas, in preparation; Zachariasse, in
preparation) suggests that this pulsating model should be added to our
collection of models, although our knowledge as yet is insufficient to explain it.
The amplitude of the setbacks found so far in the larger foraminifera is
of the order of magnitude of one numerically defined species range (- 6 SE).
We think that either some ecology control or random effects are capable of
"pulling back" the mean or the mode of the distributions within the scope
of the existing variation.
The significance of these conclusions for the accuracy of correlations
based on single samples of such lineages seems to be self-evident. If we are
one species range in error, our inaccuracy in the relative age determination
will be about double the inaccuracy we assumed before we started this
investigation.
We used the classical parameters Y and (Y + R) to demonstrate nepionic
acceleration and the diameter of the embryon as a size parameter that was
expected to show some, though admittedly irregular, evolutionary increase.
Perhaps we selected the wrong parameters to show evolution. In this
respect it is worth writing some lines about the size parameter P. P was
introduced on purely theoretical grounds but it had never been measured
before. Although Raju's P is not exactly the same as the one proposed earlier
(Drooger, 1974) it may be considered a reliable substitute. It is remarkable
that in Potamidha the P parameter is the only one (together with the obviously related but artificial (Y - R)) which shows a distinct trend and a
negative one.
The prediction was that P would be positively correlated with both d1 2
and Y. This is true for Potamidha, as far as the means are concerned. 'It
would tend to decrease with slowly rising or not rising d1 2 and with decreasing Y down to the level of about Y = 2. Actually, the~e is a slight increase in d1 2 from Apostoli to Potamidha but the difference is so small that
it might als~ be due to subjective factors in the measuring of Raju and Doeven. And Y decreases from values close to 4.5 to about 3.2.

Unfortunately we had no original measurements from the Apostoli section
(we believed the parameter to be meaningless), but as a check B.W.M. Driever measured the P-values - and re-measured the d1 2 values as a check on
possible subjective differences between his own mea~urements and those of
Doeven - of the lowermost nine Apostoli samples (table 14).
Driever

Doeven

Driever
-

CP
CP
CP
CP
CP
CP
CP
CP
CP

808
823
827
838
839
849
850
853
864

d1,2

SE

d1,2

88.5
78.0
86.3
80.4

1.8
1.7

83.3
79.3
83.1
83.5
81.4

80.1
85.0
83.9
88.2
85.3

2.0
1.7
1.8
1.6
2.5
2.3
1.8

85.5
85.5
85.3
82.9

SE

P

1.8

274
250
260
263
277
275
263
276
267

2.0
2.2
1.9
1.7
1.9
2.7
2.5
1.9

SE
6.7
5.5
6.9
5.2
4.6
4.4
4.1
5.2
10.4

Table 14

The table shows that subjective factors play a role in the measuring of
d1 2' probably because it is often hard to decide which are the first three
ch'ambers. Such awkward qualities are less apparent for P. The low P-values
found by Driever demonstrate that there is certainly no negative trend of
P throughout both sections. The impression that Driever's measurements are
systematically lower than those of Doeven are unlikely to account for this
disappointing result.
It has been pointed out already that the stratigraphic patterns of the
separate parameter means differ in details, evidently because the correlations
are not sufficiently intense. A multivariate analysis of the means was not
attempted for two reasons. The first one is that we have only two groups of
independent variables; d1, 2 and P show distinct ~orrelation and all configuration parameters contain the factor Y and thus are interdependent. The
second reason is that the only thing we expected to find was that some
samples deviated unsystematically from the major cluster, observations that
may be read from the bivariate analyses as well.
For instance we may see in section Apostoli that the strongly deviating
d1 2 value of CP 823 has no counterpart in (Y + R), that of CP 1067 shows
n; reflection in the Y curve. The significant deviation in (Y + R) in CP 874
has no counterpart in either of the other curves, while the abrupt lower end
of the remarkable Y interval CP 1008-1018 is obscured in a more gradual
transition of (Y + R).
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CPA 50
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CP109

CP1018
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CPA 40
CP 95
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CP957
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CP 58
CP 57

CP909
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CP42
CP41

CP15
CP 8
CP5
CP850
CP849

CP838
CP827

Five points moving average curves of Y and (Y + R) of Planorbulinella
and in the Apostoli sections.

in the Potamidha

1

Evidently strong deviations in one of the parameter mean curves could
occur without the others being seriously affected. As a consequence there is
no obvious reason why (Y + R) should be a better parameter than Y to
characterize the stage of development of the assemblages. (Y + R) does
not offer better possibilities either.

!

Finally we can make some general remarks about the stratigraphic correlation value of the irregularities in the curves. Since no parallel sections were
investigated in similar detail one cannot check whether the empirical curves
have any correlation value. At the beginning other biostratigraphic and
general lithostratigraphic data led us to believe that the sections Apostoli
and Potamidha showed some overlap in time. However, this is not apparent
from the details of the oscillation patterns in the curves. Also after some of
the noise has been smoothed by means of five-points moving averages (fig.
25) there appears to be no basis for a correlation. The entire Y track of
Potamidha seems to be at somewhat higher levels than the more advanced
parts in the top of the Apostoli section.
It is evident that differences in the spacing of the samples plays an important role. It seems safe to conclude that chances of empirical correlation are
slight owing to the large number of fluctuations and the hazards of the
sampling.

5.1. Statistics for testing whether the mean values of two populations are
equal
The successions of mean values of the parameters along the Potamidha 1
and Apostoli sections suggest an "evolutionary" course unknown so far. It
was of the utmost importance to verify the reality of the fluctuations by
means of statistical tests. For this reason three different tests were carried
out.
As was mentioned already in chapter 2.7, it is not advisable to use the
t-test for testing the differences in the mean values of two samples when
the parameters are expressed in integer values (counting). In addition to the
t-test we therefore used the median test and the Wilcoxon test for the
Planorbulinella parameters Y and (Y + R) in the series of pairs of samples
from Potamidha 1 (table 5 in section 2.7) and from Apostoli (table 12 in
section 3.7). The data in these two tables allow the three tests to be compar-

ed.

In this chapter the testing of differences in the mean values from two
samples will be discussed, the three test statistics (t-test, median test and
Wilcoxon test) are explained and statistical comments are made on these
tests on the basis of the Planorbulinella data in tables 5 and 12.

Denoting the mean values of some parameter from two samples as Xt
and X2 , and the standard deviations as SDt and SD2 , respectively, one tests
the hypothesis that the means of the two populations from which the
samples come are equal usually by means of the t-statistic

(x;- - Xl )
t

=

j ri+ ~l
~t

J

- 1) . SDi + (N2

[(Nt

(Nt + N2

N2

-
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-
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This statistic has a t-distribution with (Nt + N2 - 2) degrees of freedom
if the hypothesis is true (Nt and N2 are the numbers of observations in the
two samples).
This test is based on two assumptions. The first is that the probability
distribution of the parameter x of each population does not deviate "too
much" from a normal distribution. The second is that the population variances (the squares of the population standard deviations) are equal, which
allows one to calculate the "pooled" estimate of this variance:
[(Nt - 1) . SD; + (N2 - 1) . SD~] / (Nt + N2 - 2).
If one starts with the second assumption, it is very difficult to judge
whether these variances are equal from the estimates SD; and SD;. If one
drops this assumption, the expression under the square root sign must be
replaced by the sum of the squares of the standard errors of the mean of
both samples and then
(Xt

-

X2)

t=--------

j-(SN-~i)-+-(-S~-;}

The statement that the number of degrees of freedom of the t-distribution, df equals (Nt + N2 - 2), is no longer true if the assumption of equal
variances is abandoned. Dixon and Massey (1969 edition) give an estimate
of df. For our purposes it is sufficient to state that df must be in the range:
minimum (Nt, N2)

-

1 ~ df ~ Nt + N2

-

2

If the sample sizes are greater than 30, then df;;;;.30, so the corresponding
t-distribution is practically equal to the standard normal distribution.
The first-mentioned condition that the probability distribution of x must
be normal in both populations is not a stringent one either. For large samples
from distributions that do not deviate too far from normal ones it is still
permissible to use the t-test. In table 5 and 12 it is shown that results are still
acceptable for skewed distributions of integer numbers. It is a matter of
personal preference where one places the limit between reliable and unreliable results of the t-test.
So that the t-test can be compared with the other tests that have a chi
square structure, the statistic F = t2 is used here:

(~ _ X; )2

(SDi
Nt

+ SD~)
N2

which has an F-distribution with one degree of freedom in the numerator
and with df (see above) in the denominator (F1 dd. For df;;;;. 30, F1 df is
practically equal to the chi square distribution with one degree of fre~dom
(xi). Some relevant percentiles are given in table 15. An advantage of chi
square tests and F-tests is that they are one-sided, so the probability levels
can be read directly from the percentiles of the chi square distribution or
from the F-distribution under consideration.

F1,20
F1,30
2

F 1,60

x =F1
1

,oo

P90

P95

P99

P99.9

2.97
2.88
2.79
2.71

4.35
4.17
4.00
3.84

8.10
7.56
7.08
6.63

14.8
13.3
12.0
10.8

Table 15 Percentiles of F -distributions.

5.3. Non-parametric statistics
The statistic of the previous section can be replaced by others that do not
require that the data on the populations fit any specific distribution. Such
statistics only take into account the positions of parameter values relative to
each other. In such tests sample means and variances have become irrelevant.
For this reason these tests are said to be distribution-free or non-parametric.
The way in which these tests in this paper are presented is based on the
book of Hijek (1969).

We shall consider only the Wilcoxon test and the median test. Both can be
used to test the hypothesis that the two populations from which the samples
come have the same probability distribution.
5.4. The Wilcoxon test
Let us suppose that the parameter values of the first sample of size mare
X3, .••••
, Xm ; and those of the second sample of size n are y I, Y 2,
Y3, .•••.
, Yn' We also suppose that equal values Xi = Xj, Xi = Yj' or Yi = Yj,
called ties, are rare, which is surely the case if the probability distributions
of the parameter values x and yare based on a continuous scale.
The Wilcoxon statistic U is calculated in the following way. For each
value Xi of the first sample the number ki of values Yj that satisfy Yj > Xi is
calculated. U is then the sum of these numbers ki:
XI , X2,

U=

m

m

~ k· = i=l
~

i= 1

I

# (y.J

> x·)
1

(# means "the number of times that ... ").
m'

~ean value E (U) = -2-'

U can be !~o:~d ~o_ htv~ ~:

var (U)

=

\

2 . N)

n

and the variance

), if the hypothesis is true. N is equal to m + n.

(

If m and n are not too small, for instance they are both greater than 25, U
will have a close to normal distribution, so the transformation
(U _ m . n)2
2

X

_

(U)

-(m . n . (N _

2

1) (N + 1))

12' N

has a chi square distribution with one degree of freedom, if the above hypothesis is true.
There are other ways of presenting the Wilcoxon test, but they are all
based on essentially the same idea.
5.5. The median test
The calculation of the median statistic S is very simple: All N values XI,
X3, .••
, ., Xm,
YI,
Y2, Y3, ••.•
" Yn must be arranged in order of
magnitude. The smallest value gets the rank number 1, the largest value_
the rank number N. The median statistic S is the number of Xi values (so
the number of the values of the first sample) that are above the common
X2,

median of the two samples together. In other words S is the number of the
that have rank numbers greater than ~ (N + 1). If N is an odd number
there may be a value Xi the rank of which is equal to ~ (N + 1). In such cases
S is increased by ~, so

Xi

S = # (rank of

Xi

>~

(N + 1)) + ~ # (rank of

Xi

=~

(N+ 1))

in which # (rank of Xi = ~ (N + 1)) can only have the value zero or one.
If the hypothesis that the two populations have the same probability distribution is true, about half of the Xi will be above the median. It is obvious that
S will have the mean value E (S)
true var (S)

=

=

T' It can be proved that if the hypothesis is

m . n for even values of Nor var (S)
4· N

=

m . n . (N - 1) for odd
4· N2

values ofN.
If m and n are both greater than 25 it can be said, for reasons identical
to those mentioned above in the discussion of the Wilcoxon statistic, that
the statistic

x2

(S) =

~~

(S _ ~)2
2~_

(m~2n) . C~*)
has a chi square distribution with one degree of freedom, if the hypothesis
is true. N* is the greatest eyen number less than or equal to N.
5.6. The occurrence of ties
There are two problems that have to be considered before we can apply
the statistics to our Planorbulinella data. The first one concerns the hypothesis that the probability distributions of the two populations from which
the samples come are the same. This implies that not only the means have
to be equal, but also the variances. If the means are equal and the variances
far from equal, x2 (U) and x2 (S) do not have a distribution similar to the
chi square distribution with one degree of freedom. Rejection of the hypothesis because of a large x2 -value might indicate that the population variances differ too strongly but that the means could still be equal. Also these
non-parametric tests are not infallible.
The second problem, dealt with in the next two sections, is caused by
frequent ties; in other words there are many equal values among the N x and
y values. This is the case if parameters have values only in a restricted series
of integer numbers, such as the Y and (Y + R) parameters of Planorbulinella.

It appears that both the Wilcoxon and median tests have to be modified for
such cases. An elaborate investigation concerning corrections for ties has
been published by Hajek (1969). All formulae that follow originate from
Hajek's book, but they have been analyzed carefully before use.
5.7. The Wilcoxon test corrected for ties
Suppose we have m + n = N parameter values in the range {O, 1, 2, ..... ,
A-I,
A} from two samples. The number of parameter values equal to the
integer number B (0";;;;B";;;; A) is denoted by 7 (B). Obviously:
A
~

=N

(B)

7

B=O

The Wilcoxon statistic U is modified in such a way that not only all Yj >
add a value of one to U for each value Xi of the first sample, but also all
Yj = Xi score a half:
Xi

It can be proved that this modification
but that the variance is reduced:
var (U)

= m . n [(N - 1) N (N + 1) _
N2

12

does not affect the mean value E (U)

~
B= 0

(7 (B) - 1) . 7 (B) . (7 (B) + l)J
12

(U _ m . n)2
2

~ (N) -

B~O

F

(7

(B))]

in which the function F (Z) = (Z - 1) . Z . (Z +1)/12. Table 16 gives some
values ofF. Note that this statistic is identical to the previous one if 7 (B) = 1
for every 0 ,,;;;;
B ,,;;;;
A.

Z
F (Z)

1
0

2

3

0.5

2

5
10

6
17.5

7
28

8
42

9
60

10
82.5

Example
The parameter Y has been counted in 39 specimens from sample CP 58
and in 35 specimens from sample CP 64. For these 74 specimens Y had only
the values 3,4 and 5. So m = 39, n = 35, N = 74, and the range of the parameter values is 0,4, 5} .
The distribution of the Y -values for both samples is
Y= 3
CP 58 33
CP 64 20

4
5
7

5
1
8

There is only one specimen in sample CP 58 which has Y = 5. None of the
specimens of sample CP 64 has Y > 5, but eight have Y = 5, so the single
specimen in sample CP 58 which has Y = 5 contributes 8 X ~ = 4 to U.
Each specimen in sample CP 58 having Y = 4 "finds" eight specimens of
sample CP 64 having Y > 4 and seven having Y = 4, so each specimen contributes 8 + (7 X ~) = 11.5 to U.
The 33 specimens in sample CP 58 with Y = 3 all contribute 15 + (20 X ~) =
= 25 to U, because there are 15 specimens in CP 64 having Y > 3 and 20
specimens having Y = 3. So we find:
U=lX
(8X &)+5X
(8+7X&)+33X(15+20X~)=4+57.5+825=
= 886.5.
m . n/2 = 682.5, m . n/(N2)
= 0.2493,
7 (3) = 53,7 (4) = 12,7 (5) = 9,
F (74) = 33762.5, F (53) = 12402, F (12) = 143, F (9) = 60, and
F (74) - (F (53) + F (12) + F (9)) = 21157.5.
So we get:
(886.5 - 682.5)2
X 2 (U) - ----0.2493 X 21157.5

=

7.

89

From table 15 we see that the hypothesis is rejected if a level of significance
a = 0.01 has been chosen.
From this example one might think the "Wilcoxon test corrected for ties"
is quite a laborious business. This is certainly not true about "the median
test corrected for ties", as is explained in the next section.
5.8. The median test corrected for ties
As an imaginary experiment, one might assume that all 7(B) values in
each class B can be ordered according to rank. It is clear that the class in
which the median has to fall can be indicated (in some cases it may fall just

on the border of two classes, but then the calculation of S is self-evident).
In this "median-containing"
class B' a number p of values will be below the
median, and a number q above it. It is suggested that p and q should be
raised by a half, if one value coincides with the median, which is the case
ifN is an odd number. Then it is clear that in any case p + q = 7 (B').
In reality, however, it is not possible to tell which of the 7(B') tied
values are above the median. S cannot be calculated in the straightforward
manner, described in chapter 5.5. The essential point now is that S is established by estimating the number of the values Xi of the first sample in class
B' that are above the median, on the basis of a proportional subdivision.
The total number of the values Xi of the first sample in the class B' is
referred to as 1T(B'). Then it is logical to estimate how many of these 1T(B')
values are above the median. This is ----.SL,
7 (B )
S

=

# (X,

7

also leads to a reduction

var (S) = m'
-- 2 n
N

[

(B'), and we write

q'1T(B')

> B') + ---

1

This modification

'1T

(B')

of the variance:

N - --P . q ] 1'f N IS
. an even num b er,
-4
7 (B')

var (S) = m . n [N - 1 - (p - ~) (q - ~) N2
4
7 (B')

Ai

J

if N is odd,

so the chi square statistic will be:

x2

(S)

=

(S _ ~)2
2
var (S)

Examples
The data from the pair of samples from the previous example which
illustrated the Wilcoxon test corrected for ties are repeated below.
y=

3

4

5

CP 58 33
5
1
m = 39, n = 35,
CP 64 20
7
8
N = 74 (even)
7 (3) = 53,7 (4) = 12,7 (5) = 9
The median would fall in the class Y = 3 (so B' = 3) if it were possible to
rank all 74 values.
#(xi>B'=3)=6
7(B')=7(3)=53
q = N/2 - (7 (4) + 7 (5)) = 37 - (12 + 9) = 16
P = 7 (B') - q = 53 - 16 = 37

S = 6 + 16 X 33 = 15.962
53
39X35
var (S) = -7-4-2 -

[74

4-

16X37J
-5-3-

(15.962 ~ 19.5)2
X2 (S) =-----= 6.85
1.827
The hypothesis is rejected if

Q

= 0.01.

Another example has been chosen to illustrate the case of N odd. The
samples CP 64 and CP 79 give the following scheme for the parameter Y:
Y= 3
4
5
CP 64 20
7
8
m = 35, n = 30,
CP7927
2
1
N=65(odd)
7 (3) = 47, 7 (4) = 9, 7 (5) = 9, so the median would fall in the class Y = 3 (so
B' = 3) if it were possible to rank all 65 values.
# (xi> B' = 3) = 15
7 (B') =7 (3) =47
1T (B') = 20
q = N/2 - (7 (4) + 7 (5)) = 32.5 - (9 + 9) = 14.5
P = 7 (B') - q = 47 - 14.5 = 32.5
14.5 X 20
S = 15 + ----= 21.170
47

var (S) =

35 X 30 [64 _ (32.25) X (14.25) - 0.0625J
652
4
47

= 1.547

(21.170 - 17.5)2
X2 (S) = -----= 8.71
1.547

5.9. Conclusions about the F-test, the Wilcoxon test and the median test
The Wilcoxon test and the median test, both corrected for ties, have been
applied to the parameters Y and (Y + R) for several pairs of samples from
the Potamidha 1 section (section 2.7, table 5) and from the Apostoli section
(section 3.7, table 12). In the tables values of the F-statistic are added for
comparison.
Because Y and (Y + R) have integer values, the Wilcoxon test and the
median test are considered preferable to the F-test, since they produce more
reliable results. From table 5 and table 12 it appears that the values of the
F-statistic are in general somewhat larger than the values of the other two

tests. The superiority of the corrected Wilcoxon and median tests over the
F-test is not impressive, however, judging from the data of the two table~.
The values of x2 (S) and of x2 (U), however, are so different in some
cases that the former might lead one to accept and the latter to reject the
hypothesis, or vice versa. For the pair of samples CP 41 and CP 52 for the
parameter (Y + R) for instance, the tests give X2 (S) = 6.19 and x2 (U) =
2.87. The probability level of the first value is somewhat larger than 0.01, so
the median test may lead to a rejection of the hypothesis that the population
probability distributions of (Y + R) of both samples are equal. The probability level of the second one is close to 0.10, so the Wilcoxon test may
lead to an acceptance of the hypothesis. There is a similar discrepancy in the
X2 (S) and x2 (U) values, but to a lesser extent for the pair of samples CP 3
and CP 15 for the parameter Y, and for the pair of samples CPA 42 and CP
109 for the parameter (Y + R). There are no such extreme cases in the
Apostoli data. The discrepancies of this order of magnitude may be due to
the fact that the samples were too small. Another explanation might be that
the median test is more powerful than the Wilcoxon test in recognizing
deviations from the hypothesis when the parameter distributions have long
and wide tails (Hajek, 1969). Such an explanation is not supported by the
histograms, however (fig. 3).
Although there is no basis for comparing the actual x2 (S) and x2 (U)
values, it is remarkable that in about 75 per cent of the comparisons X2 (U)
is the larger value.
Since we wanted to be on the safe side conclusions about Y and (Y + R)
differences are drawn only when two of the three statistics exceed the ex =
0.01 limit.
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Planorbulinella
nr. CH 6122.

astriki

Freudenthal.

A specimen

with Y = 3 and R = 2 (X 75). Call.

Planorbulinella
nr. CH 6123.

astriki

Freudenthal.

A specimen

with Y = 4 and R = 0 (X 75). Call.

Planorbulinella
nr. CH 6124.

astriki

Freudenthal.

A specimen

with Y = 5 and R = 0 (X 140). Call.

Planorbulinella
nr. CH 6125.

astriki

Freudenthal.

A specimen with Y = 6 and R = 0 (X 110). Call.

Planorbulinella

astriki

Freudenthal.

A specimen

astriki

Freudenthal.

with Y = 6 and R = 0 (X 130). Call.

nr. CH 6126.
Planorbulinella
6127.

A microspherie

specimen

(X 130). Call. nr. CH

PLANKTONIC FORAMINIFERA FROM SECTION POT AMIDHA 1:
TAXONOMIC AND PHYLETIC ASPECTS OF KEELED
GLOBOROTALIIDS AND SOME PALEOENVIRONMENTAL
ESTIMATES

INTRODUCTION

One of the reasons that section Potamidha was chosen as a topic within
I.G.C.P. Project 74/1/1 was that it contained the boundary between the
N. acostaensis Zone and the G. conomiozea Zone. This zonal boundary
corresponds with the first occurrence of G. conomiozea. In sections devoid
of G. conomiozea the entry of G. dalii marks the base of the G. conomiozea
Zone (Zachariasse, 1975).
In the Mediterranean the entry of G. conomiozea is considered to be one
of the most definite marker levels in Late Neogene biostratigraphy and it has
been shown to be markedly synchronous with its entry in extra-Mediterranean areas (e.g. Ryan et al., 1974). This is why this biostratigraphic event
is denoted as the G. conomiozea Datum. This datum fits into the middle part
of Zone N17 and has an extrapolated age of about 6.5 Ma (e.g. Ryan et al.,
1974; Van Couvering et al., 1976; Berggren, 1977). On the basis of the isochronous character of this datum D'Onofrio et al. (1975) have proposed that
the Tortonian/Messinian
boundary should be lowered to the level which
coincides with the entry of G. conomiozea.
Although the G. conomiozea Datum refers to a biological event on a
world-wide (antitropical) scale, the evolution of G. conomiozea from its
ancestral G. miozea stock has been recorded from relatively few places only:
in the southern hemisphere in New Zealand. and in the adjacent cool-subtropical Southwest Pacific (Kennett, 1966; Jenkins, 1971; Kennett, 1973;
Kennett & Watkins, 1974) and in the western South Atlantic (Berggren,
1977); in the northern hemisphere in the Northern Atlantic (Poore & Berggren,1975).
Notwithstanding
fairly frequent records of G. miozea (e.g. Cita et al.,
1978; Bizon & Gla<;:on, 1978) and occasional records of G. miozea conoidea
(e.g. Cita et al., 1978), which may indicate that the ancestors were present in
the Mediterranean, the evolutionary appearance of G. conomiozea has not
been firmly documented. Either such an evolution has escaped our attention
or the sudden spreading of G. conomiozea in the Mediterranean resulted

from immigration. Bizon & Bizon (1971) mention the possible evolutionary
appearance of G. conomiozea (vel G. hemisphaerica Bizon & Bizon). Their
suggestion is based on their measurements of the conical angle of keeled
globorotaliids in successive assemblages. Although their samples are few in
number and widely spaced and although they measured only a small number
of specimens per sample their conclusions may be valid. However, their
results do need confirmation from more closely sampled sections containing
a greater number of keeled globorotaliids.
In fact, we are rather ignorant about the origin of G. conomiozea in the
Mediterranean. Another puzzling feature of G. conomiozea is its patchy
geographic distribution in the Mediterranean. In several areas G. conomiozea
seems to be absent; the low-convex, keeled globorotaliids which inhabited
these areas for a long time have been labelled as G. dalii (Zachariasse, 1975).
The entry levels of G. conomiozea and G. dalii are considered to be (near-)
synchronous.
G. menardii form 5 (Tjalsma, 1971), which is the fifth and youngest
taxonomic unit distinguished by Tjalsma (1971) in successive assemblages
of keeled globorotaliids in Southern Spain, has been recognized also in Crete
and Sicily. In all these areas G. menardii form 5 stratigraphically precedes
either G. conomiozea
or G. dalii. The morphological change-over from
G. menardii form 5 to both G. conomiozea and G. dalii was said to be
discontinuous (Zachariasse, 1975).
As reported earlier (Zachariasse, 1975), section Potamidha 1 contains the
succession of G. menardii form 5 and G. dalii. By sampling this section at
50 cm intervals, we thought we could gain more insight into the change from
G. menardii form 5 to the earliest forms of G. dalii, i.e. find out whether the
succession of both taxa is really discontinuous or whether there is a gradual
transition. Detailed sampling was also expected to yield new information
about the taxonomic status of G. dalii relative to G. conomiozea. Furthermore we were looking for evidence to prove that the abrupt earliest record
of G. dalii could have been induced by a change in watermass properties, i.e.,
we hoped to register a significant faunal change approximately coinciding
with the entry of G. dalii.
Material and methods

Samples were washed through a 125 11m opening sieve. An Otto microsplitter was used to obtain a representative split of each sample for frequency counts. This subsample was distributed as evenly as possible over a circular extraction-tray and a fixed number of 200 specimens was counted for

each sample. In order to reduce the effects of sorting of the specimens over
the tray, the 200 sets were counted along cross-shaped traverses. Broken specimens, where at least half of the test was intact, were included in the
counts. For some of the taxa kummerforms were counted separately.
Prior to the counting we tried to find out whether the 63-125 11m fraction could be included in the counts. The most complete information on the
actual planktonic foraminiferal composition is derived from counts on residues that incorporate all size classes, i.e. > 63 11m (see also examples given
by Brolsma and by Zachariasse, in: Zachariasse et a1., 1978). In test-samples
the extremely high relative numbers of G. quinqueloba (30-50%) and the
high proportion of specimens which had to be labelled as "indeterminable"
(> 20%) made us decide not to count the entire 63-595 11m fraction.
Taxonomic units counted
A basic step for a reliable quantification of planktonic foraminifera is the
choice of the taxonomic units to be counted. It was considered advisable
to give the units a broad interpretation, i.e. their assemblages should cover
a wide range of morphological diversity. This approach lumps variants which
in the literature are singled out as separate species. As a consequence, the
assemblages of our taxonomic units may include mixtures of several variants.
Such assemblages are labelled in accordance with the name of the most
abundant variant. It is inevitable that with such a procedure assemblages may
change their name from one sample to another. For instance, assemblages of
the G. bulloides group include mixtures of four variants which are completely gradational to one another, but which have been described separately
as G. bulloides, G. praebulloides, G. falconensis, and G. pseudobesa. Because
of the strong convergence in the morphology of G. praebulloides and G.
bulloides towards smaller-sized specimens both forms were taken together
and counted as G. bulloides. Assigning the assemblages in accordance with
the name of the most frequent variant, means that three labels change position along the column. Plotted in the range-chart, the information on the
G. bulloides group at each sample level is given by one label only; ipso facto,
information on the presence of frequency of associated variants is lost. To
avoid such informational loss one may use different symbols in the rangechart to indicate accompanying forms or one may treat the variants as subspecies. In this study the three frequency curves of the G. bulloides, G. falconensis and G. pseudobesa variants are represented separately under the
species name with the qualifier "type". In the assemblages of other species
we had no such problems because one variant is consistently dominant over
the other( s).

One of the main reasons for the lack of precision in the frequency curves
of most taxa is the difficulty of delimiting objectively the morphological
range of the taxa. Especially, the separation between G. obliquus and G.
apertura is often very difficult.

The following taxa were counted: Globigerina bulloides group (G. bulloides, G. falconensis, G. pseudobesa), G. apertura, G. nepenthes, G. quinqueloba, Globigerinoides trilobus (G. sacculiferus), G. obliquus (G. extremus), G. ruber, G. bulloideus, Globigerinita glutinata, Globigerinella siphonifera, Orbulina universa, Neogloboquadrina
acostaensis (N. humerosa),
Globorotalia conomiozea group, G. menardii form 4, G. menardii form 5,
and G. scitula group. Names in brackets refer to variants reconcilable with
names from the literature and counted separately.
In addition, samples CP 69 and CPB 14 contained a few specimens of
Hastigerina pelagica (d'Orbigny).
Fragments
of Hastigerinella digitata
(Rhumbler) were found in samples CPB 9 and CPA 47.

DISCUSSION

OF KEELED

GLOBOROTALIIDS

The first occurrence of keeled globorotaliids was noted at sample level
CP 25. From this level upwards representatives of this category are almost
continuously present (in 79 out of 108 CP/CPA samples) and are assigned
to two different groups. In the CP/CPA series of samples group 1 is present
in sample interval CP 25 - CP 85 and includes representatives of G. menardii
forms 4 and 5; group 2 occurs from sample level CP 93 upwards and is
referred to as the G. conomiozea group.
The data from an additional set of samples coded as CPB 1-33 and taken
over the interval CP 85 - CP 96 with a vertical spacing of 10 to 25 cm
indicate that the G. conomiozea group first occurs in sample CPB 6 which
corresponds to a level directly above CP 88. It is noticeable that the last
occurrence of G. menardii form 5 (CPB 14 - CPB 17) is above the entry of
the G. conomiozea group. Obviously sample spacing must be extremely
close if the overlap in the ranges of G. menardii form 5 and the G. conomiozea group is to be traced. Hitherto no such overlap has been observed in
the Mediterranean. The qualitative distribution (i.e. presence/absence)
of
both groups together with some pertinent information on their morphology
and taxonomy (to be dealt with below) is given in fig. 1.
Despite detailed sampling G. menardii form 5 and the G. conomiozea
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labelled as: G. menardii form 4, G. menardii form 5, and the G. conomiozea group. The
presence of variants in accordance with the names in the literature is indicated separately
in the case of the G. conomiozea group. Dotted intervals in the right hand column refer to
predominantly sinistral coiling and dashed intervals to predominantly dextral coiling.

group remain morphologically quite remote, i.e. no intermediate assemblages
were found.
Some of the phylogenetic and nomenclatural aspects of both groups will
be discussed below.
G. conomiozea

group

Contrary to the opinion expressed earlier (Zachariasse, 1975), at present I
adhere to the view that G. dalii is closely related to G. conomiozea. G. dalii
was the label used for relatively low-convex forms displaying the reniform
chamber outline in spiral view, so characteristic for G. conomiozea, but
having a sinuous outline of the "shoulder" instead of a curved one. The
mutually exclusive presence of both contemporaneous forms was another
reason for separating them taxonomically.
The recently studied material from Potamidha shows that G. dalii is
completely gradational to G. conomiozea at various stratigraphic levels.
Occasional samples contain a continuous variation from G. dalii types via
G. conomiozea types to encrusted forms identical with G. saphoae. Likewise, the 4-4.5 chambered G. conomiozea and the 5-6 chambered G.
mediterranea are found to intergrade completely; they are dispersed randomly in the succession of assemblages.
These data seem to indicate that G. dalii Perconig, G. conomiozea Kennett,
G. mediterranea Catalano & Sprovieri (vel G. saheliano Catalano & Sprovieri
and G. hemisphaerica Bizon & Bizon), and G. saphoae Bizon are forms which
represent extreme variants of a highly variable group of keeled globorotaliids.
If we consider one morphological feature only, e.g. the degree of convexity, then the relatively low-convex G. dalii and the high-convex G. conomiozea occupy remote parts on a continuous scale of convexity values. The
same holds true for G. conomiozea versus G. mediterranea, and for G.
conomiozea versus G. saphoae, when the number of chambers in the final
whorl and the degree of test thickening are considered, respectively. However, many specimens cannot be reliably assigned to one or other of these
forms. This is why all these forms were lumped into one category and counted as the G. conomiozea group. The presence of variants whose names correspond to names of the literature is indicated separately in fig. 1.
In the Mediterranean the G. conomiozea group is restricted to the Upper
Miocene; in extra-Mediterranean areas it continues well into the Pliocene
(e.g. Kennett, 1973; Poore & Berggren, 1975; Berggren, 1977).
We were able to obtain some new data relating to the taxonomic position

of G. dalii within the G. conomiozea group by comparing to po types of
G. dalii and analogous forms from Crete with topotypes and typical material of G. conoidea and G. miotumida from New Zealand. The New Zealand material was kindly provided by D. G. Jenkins and G. H. Scott. Typical
G. miotumida (Waiauan Stage) and one thin-shelled specimen of the two
available topotypes of G. conoidea (type locality N98/f565) were found to
be virtually identical to the Mediterranean G. dalii forms. The remaining
specimens of G. conoidea in both collections are heavily encrusted. Generally,
G. conoidea is regarded as an encrusted variant of G. miotumida (e.g. Jenkins, 1971; Kennett & Watkins, 1974). Although the intraspecific contrast
between both taxa is not questioned, Scott (1975) puts emphasis on the
biconvex test-shape of G. miotumida and the conical architecture of G.
conoidea.
For reasons of priority, the G. dalii type in the Mediterranean G. conomiozea group should be named G. miotumida, and/or G. conoidea if the
specimens are encrusted. In accordance with our labelling procedure the
assemblages in which the G. dalii type prevails should be assigned to G.
miotumida, and, ipso facto, G. conomiozea and G. miotumida/G. conoidea
are contemporaneous in the Mediterranean (note also their overlapping
ranges in the South Atlantic and Southwest Pacific, and in New Zealand:
Berggren, 1977; Kennett, 1973; Scott, 1975).
Because a more detailed study on the taxonomy and phylogenetic relationships within the group of keeled globorotaliids in the Mediterranean
Middle/Upper Miocene is in progress it was considered advisable to keep the
assemblages of Potamidha provisionally in open nomenclature.
Three available topotypes of G. sphericomiozea
Walters (type locality
N98/f568) indicate that this species differs from G. saphoae mainly in
having a faint keel which is completely concealed by the excessive crystalline
test thickening. In the assemblages of the G. conomiozea group specimens
identical to G. sphericomiozea occur at various stratigraphic levels.
It is suggested that the various taxa distinguished within the G. conomiozea group are forms within one morphocline, i.e. the differences in
morphology within this group most probably result from environmental
differences. The excessive crystalline test thickening of some of the members
within this group is probably due to their different depth habitat relative to
that of their thin-shelled counterparts (see Be & Lott, 1964; Orr, 1967).
In this respect it is also worth mentioning the distinct and persistent differences in the frequency distribution of the G. miotumida type (vel G. dalii
type) and the G. conomiozea type over smaller areas (e.g. western Crete
versus central/eastern Crete, and possibly the "Atlantic" Guadalquivir Basin

versus the "Mediterranean" Alicante-Murcia Basin). These differences may
indicate that the geographic distribution of both morphotypes has been
environmentally controlled for a long time. For instance, from its first
occurrence in section Potamidha (some 22 metres below the top), the G.
miotumida type dominates the assemblages of the G. conomiozea group
(except for CPA 47).
G.

menard;; forms 4 and 5

On the basis of certain overall trends in successive assemblages of keeled
globorotaliids from Spain (Guadalquivir Basin), Tjalsma (1971) grouped the
assemblages into five taxonomic units, which were kept in open nomenclature because of their discontinuous record and the difficulty in labelling
these groups of assemblages in accordance with the taxa described in the
literature. To strengthen the morphological resemblance with the taxa of
the G. menardii lineage, as well as the mutual taxonomic coherence, the
succession of taxonomic units was labelled as G. menardii forms 1, 2, 3, 4,
and S.
Parts of this succession, excluding forms 1 and 2 have been recognized
elsewhere in the Mediterranean (Zachariasse, 1975). So far, the complete
succession of forms 3, 4, and 5 is known fro'm Spain, Crete, and recently
also from Sicily. In all these areas G. menardii form 5 is succeeded by the
G. conomiozea group. So far, a short overlap in the ranges of both taxa has
been observed only in section Potamidha.
The distinction between forms 3, 4, and 5 is based mainly on the overall
change in the chamber outline in spiral view in the successive assemblages:
the definite elongate outline of form 3 becomes progressively more semicircular in forms 4 and S. Simultaneously, the angles formed by the spiral
suture with the intercameral sutures of the last chambers tend to become
less acute. Generally, G. menardii form 5 has a flatter and more delicate test
than form 4.
The three successive taxa display a remarkably consistent coiling pattern
throughout the Mediterranean: forms 3 and 4 are predominantly sinistral,
as opposed to form 5 which is dextral.
Intermediates between G. menardii forms 4 and 5 have been reported by
Tjalsma (1971); so far no intermediate assemblages have been found in Crete.
According to Berggren (written comm., March, 1977) G. menardii forms
3 and 4 belong to the group of G. miozea rather than to the G. menardii
group. A special reference is made to G. menardii form 4, which he considered to be conspecific with G. miozea (Berggren, 1977). In Berggren's view

G. menardii form 5 adheres more closely to G. menardii. After examining
some of our Cretan and Spanish assemblages of G. menardii forms 3,4, and
5, Jenkins (written comm., July, 1978) arrived at essentially the same conclusion, although he considered forms 3 and 4 to be (near-)identical to
G. miotumida and/or G. conoidea.
On the basis of the data available at present I can appreciate the suggestion of Berggren and Jenkins to include the G. menardii forms 3 and 4 in the
G. miozea group. It should be noted, however, that because of the highly
complex and poorly understood variability, both in space and time, we are
left with serious phyletic and nomenclatural problems.
The significance of incorporating forms 3 and 4 in the group of G. miozea
is that the ancestors of G. conomiozea, at least on Crete and in Spain, but
possibly over wider areas too seem to be replaced and/or outnumbered by
forms which adhere more closely to G. menardii (i.e. G. menardii form 5).
Did the ancestral forms disappear from the Mediterranean to be followed by
an invasion of forms incorporated in the G. conomiozea group, or did they
linger on along with G. menardii form 5? One might also wonder whether
forms 4 and 5 represent discrete taxa in separate lineages or phenotypic units
in one single lineage.
A possible clue to a correct interpretation of the i~terrelationship between
G. menardii forms 4 and 5 unexpectedly emerged from the data obtained
from section Potamidha. Dextral G. menardii form 5 is suddenly replaced
at sample level CP 66 by a predominantly sinistrally coiled assemblage. Although rather high-convex, this assemblage is seemingly indistinguishable in
morphology from G. menardii form 4. Following an assemblage which can
be assigned to form 5 again in CP 67, the assemblage collected from CP 68
shows characteristics of both forms 4 and 5. The specimens are predominantly
dextral, but the degree of convexity and the chamber outline resemble the
configuration of either form 4 or form 5. Unless the latter assemblage is
heterogeneous, these data suggest that there is no well defined discontinuity
in morphology between G. menardii forms 4 and 5. If this is true, the morphological contrast between both forms may be of intraspecific rather than
of interspecific significance.
To test these observations, counts and measurements were made on
several external characteristics of collections of keeled globorotallids from
samples CP 65, 66, 67, and 68. Each collection consists of some 30 individuals. Experiments on measuring angles with a normal binocular microscope
equipped with a rotating substage showed the values to be unacceptably inaccurate. Therefore we decided to resort to the SEM. All specimens were

photographed in spiral and axial view on a 6 X 6 cm film from which contact
prints were made. All parameters, except the number of chambers in the
final whorl, were measured from the contact prints.
Parameters (see fig. 2)
D = maximum diameter; values in Mm.
hI and h2 = height of the n (= ultimate) and (n -1) (= penultimate) chamber,
measured perpendicular to the line which connects the anterior and
posterior ends of the chambers (A-A'; B-B'); values in Mm.
wI and w2 = width of the (n) and (n - 1) chamber, measured along the line
which connects the anterior and posterior ends of the chambers; values
in Mm.

a

=

angle formed by the lines which connect the anterior end of the (n - 1)
chamber (B) with the posterior end of the (n) chamber (A') and with
the anterior end of the (n - 2) chamber (C).
f3
angle formed by the lines which connect the anterior end of the (n - 2)
chamber (C) with the posterior end of the (n - 1) chamber (B') and
with the anterior end of the (n - 3) chamber (D).
'Y = angle forme d by the line through the keel (E- E ') and the tangent at the
umbilical shoulder (E' -F) as seen inthe projection. 'Y equals the conical
angle of Kennett (1966) and the "angle spiro-umbilical" of Bizon &
Bizon (1971).
X = number of chambers in the final whorl.

Fig. 2

Positions of the parameters measured in each individual of the collections of keeled globorotaliids from samples CP 65 - CP 68.

The parameters used here are thought to describe the main differences
between forms 4 and 5. wI/hI and w2/h2 are indicative for the chamber outline (less elongate, i.e. smaller in form 5), a and ~ are thought to be a measure
of the angles formed by the proximal part of the intercameral sutures and
the spiral suture (larger in form 5), and "I describes the degree of convexity
of the umbilical side (smaller in form 5).
The mean values for the various parameters are tabulated in table 1 and
shown again in fig. 3.
-

samples D

sem

n

wI/hI

sem

n

w2/h2

sem

n

a

sem

n

{3

sem

n

CP
CP
CP
CP

328.97
330.79

10.33
13.76
12.22
11.08

33
30
30
33

1.79
1.68
1.88
1.80

0.05
0.04
0.05
0.04

32
29
29
33

1.69
1.65
1.73
1.81

0.04
0.04
0.05
0.05

31
30
30
33

73.77
76.53
75.80
73.18

1.88
1.65
1.88
1.73

31
30
30
33

70.54
73.96
77.38
71.30

2.42
1.78
1.80
1.50

24
28
29
29

;Y

sem

n

X

sem

n

62.59
53.26
66.70
50.17

1.14
1.27
1.26
1.18

32
31
30
30

5.31
5.48

0.08
0.09
0.07
0.09

32
31
31
32

68
67
66
65

samples

CP
CP
CP
CP

68
67
66
65

Table 1

290.76
341.17

-

5.05
5.67

wI/hI

+ w2/h2
2

1.73
1.67
1.80
1.84

a+{3
sem

n

--

0.04
0.03
0.04
0.04

30
29
29
33

75.21
76.95
72.21

Mean values and standard errors of the mean of selected parameters
blages of the group of G. menardii forms 4 and 5.

2
72.48

. sem
1.99
1.46
1.50
1.44

n

24
28
29
29

in four successive assem-

Results and interpretation
The most prominent differences are shown in the mean values of "I. The
mean values of the other parameters are closer together. These parameters
give no clear evidence for the existence of two distinct groups of globorotaliids. Therefore, the analysis of the "I-values may give us a better indication
whether or not the assemblages of CP 66 represent a shift towards conical
architecture in a sequence of assemblages that we had to assign to the
G. menardii stock.
The differences between all three successive pairs of ;Y-valuesare statistically significant. The largest difference is between CP 65 and CP 66; the
values increase from 50.17 to 66.70. CP 67 and CP 68 show intermediate
values of 53.26 and 62.59, respectively. The non-significant differences
between the sample pairs CP 65 - CP 67 and CP 66 - CP 68 suggest the
presence of two distinct groups of assemblages, one with r> 60, and the
other with r < 55.

r-

If the sample suite CP 65 - CP 68 contains representatives of G. menardii
forms 4 and 5, then it is surprising that none of the w/h or a, ~ data fit the
expected diagnosis of these forms. Nowhere are the differences significant
and those which are largest often contradict the expected pattern. Since the
assemblage of CP 66 was positively recognized as form 4 the diagnostic
criteria for distinguishing forms 4 and 5 obviously are extremely subjective.
The biometric data indicate that the chamber outline and the angles formed
by the proximal part of the intercameral sutures and the spiral suture in the
assemblage of CP 66 are even more characteristic for form 5 than they are in
the preceding assemblage which has been labelled as form 5.
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Mean values of selected parameters in four successive assemblages of the group of G. menardii forms 4 and 5. The 95% confidence interval is added to each mean value.

If the intersample differences are to be explained by (rapid) changes in
variation within one single taxon, the values of the various parameters should
be normally distributed, also in the case of sample CP 68. To visualise the
data the values of'Y and wI/hI are represented in histograms (fig. 4), as these
parameters are continuous variables and their mean values show the most
staggered pattern. Although in some cases skewed, 'Y and wI/hI-values are
considered to be unimodally distributed over all four samples. There is no
indication of a mixture of two types (forms 4 and 5) in CP 68.
The absence of a correlation between 'Y and D indicates that the degree of
convexity of the umbilical side is not dependent on the ontogenetic stage
(see fig. 3).
The possible positive correlation between -;y and wI/hI and the possible
negative correlation between -;y and X (fig. 3) indicate that a change towards
more conical architecture may be accompanied by a more elongate outline
of the final chamber and a decrease in the number of chambers in the final
whorl.
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Distribution of wI/hI
dii forms 4 and 5.

and 'Y values in four successive assemblages of the group of G. menar-

The possible correlation between 'Y and wI/hI and 'Y and X and the independence of 'Y of the ontogenetic stage is of great importance. The increase in the 1-values towards 66.70 in CP 66 indicates that this assemblage
falls within the range of conical angle values appropriate to G. conomiozea
(Kennett, 1966). Other characteristics of G. conomiozea are approximated
too, such as the decrease to 5 chambers in the final whorl
= 5.05) and the
tendency towards a more elongate outline of the final chamber (wI/hI =
1.88).
An interesting question is whether the assemblage of CP 66 might have
been classified as G. conomiozea if it had been determined without the
knowledge we gained from the entire Potamidha section. The only reason
that the determination turned out to be the same is that the outline of the
last chambers is still well beyond that of the Mediterranean G. conomiozea
type. w/h-values of one New Zealand specimen of G. conomiozea, collected
from a level some 150 metres below its type locality, are much higher than
.
wI/hI + w2/h2 .
those measured III the assemblage of CP 66 (------lS
2.30 versus
2
1.88).

ex

As a working hypothesis it is postulated that the assemblages determined
as G. menardii forms 4 and 5 belong to a group of ecophenotypes which had
the genetic potential to attain the morphology of G. conomiozea.
Significant too is the coiling pattern. Coiling ratios for CP 65, CP 67, and
CP 68 are more than 90% dextral, whereas the assemblage of CP 66 is predominantly sinistral (> 90%). Thus, the most prominent change in morphology is associated with a reversal in the coiling direction.
Although G. menardii forms 4 and 5 are probably phenotypic variants of
a single taxon both names are retained here for practical stratigraphic and/or
paleoecologic reasons. The only distinctive feature in both forms, which
leaves no possibility of ambiguity, is the coiling ratio.

DISCUSSION

OF THE FREQUENCY

PATTERNS

The percentage values of thirteen taxonomic units per 200 counted
specimens are given in fig. 5. No countings were performed on the series of
CPB-samples.
Except in the case of the G. bulloides group, single types are not represented separately in fig. 5, because of their discontinuous distribution,
generally with low percentage values. For similar reasons G. ruber, G. bulloideus, and G. siphonifera are not included.
In the section as a whole the associations are dominated by G. obliquus,
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Vertical distribution of planktonic foraminiferal taxa in percentages based on 200-counts of
the> 125 Ilm fraction. In the right hand column total kummerform proportions of selected
taxa are given.

the G. bulloides group, and G. apertura, with average percentage values of
29, 21, and 16, respectively. Almost continuously present, but with mean
values of less than 10%, are G. quinqueloba, O. universa, and G. glutinata.
A distinctly discontinuous distribution, generally with mean percentage
values of less than 5, was found for G. nepenthes, N. acostaensis, G. trilobus,
and the keeled + non-keeled globorotaliids. The most conspicuous example
of such a discontinuous record is shown by the highly fluctuating frequency
pattern of G. nepenthes. Over relatively short intervals of 0.5 to 3 metres its
relative frequency may fluctuate from (almost) zero to 30-40%. To a lesser
extent, G. trilobus, N. acostaensis and the globorotaliids show analogous
patterns.
Biostratigraphically, N. acostaensis and the keeled globorotaliids are of
importance. The range of N. acostaensis prior to the first occurrence of the
G. conomiozea group defines the N. acostaensis Zone. The successive appearance of G. menardii forms 4 and 5 has been used to subdivide this zone
into a lower and an upper part. The finding of the short incursion of an
assemblage classified as G. menardii form 4 into the range of G. menardii
form 5 indicates, however, that a zonal assignment is of dubious value for
single associations. Representatives of the G. conomiozea group characterize
the subsequent G. conomiozea Zone (Zachariasse, 1975).
The average frequency of N. acostaensis is 2.5%, whereas the keeled globorotaliids occur with an average percentage value of 0.5 (0.25 for the group
of G. menardii forms 4 and 5, and 0.25 for the G. conomiozea group). Notwithstanding the low average frequency of the biostratigraphic ally important
taxa in the series of CPjCPA samples, their actual proportion in the associations is apparently sufficient to produce, on the basis of 200-counts, a
biostratigraphy that is identical to that obtained from a qualitative approach
(note the different conclusion with respect to calcareous nannoplankton;
Schmidt, this volume).
Two other taxa that are generally considered to be useful in Upper Miocene biostratigraphy are G. extremus and N. humerosa. The entry levels of
both taxa are within the interval delimited by the successive first occurrences
of N. acostaensis and of the G. conomiozea group. The Potamidha data show
an extremely discontinuous distribution for both taxa, generally with percentage values of less than 1. The G. extremus type enters the 200-counts in
sample CP 5. It shows a tendency towards a less discontinuous distribution
upwards together with a slight increase in relative frequencies. The N.
humerosa type remains extremely rare and discontinuous from CP 8 upwards. These results indicate that a more refined biozonation based on the
entries of both taxa is of little practical use.

Within the G. bulloides group, the average frequency of the G. bulloides
type (1.3%) is of minor importance relative to the mean percentage values of
the G. falconensis and G. pseudobesa types (11.2 and 8.5, respectively).
Trends and correlations
The above remarks on the average composition of the associations, and on
the frequency distribution of the biostratigraphic ally important taxa do not
seem to warrant the considerable effort expended on counting 26,800
planktonic foraminifera. However, one of the objectives of this study was to
ascertain whether the abrupt first occurrence of the G. conomiozea group
could have been induced by a change in watermass properties. The impact of
such an environmental change should be looked for in the vertical variation
in the frequency patterns of the individual taxa.
At first sight, the percentage values of the individual taxa show no coherent fluctuations, i.e. no distinct correlations could be seen between the
taxa. Likewise overall trends seem to be absent. On the other hand, the
frequency curves of G. obliquus, G. apertura, G. quinqueloba, and of the
G. falconensis and G. pseudobesa types seem to have something in common:
they all display a more or less distinct change in the upper part of the column. Although the interval over which the multiple changes take place is
not sharply delimited, it does contain the entry level of the G. conomiozea
group.
To verify these preliminary conclusions, two R-mode computer tests were
applied to the data matrix. The first test analyses the total set of data for
trends and correlations. For the second test the total set of data was subdivided into two subsets: one containing the data from the interval CPA 1 CP 89, the other comprising the remainder. It is emphasized that a subdivision of the section in this way is primarily dictated by the approximately
simultaneous occurrence of changes in the frequency patterns of several
taxa. The decision to split the data matrix at sample level CP 89, however, is
a fairly arbitrary one and is made because this level is immediately above the
entry level of the G. conomiozea group. To avoid possible "squeezing" effects of the highly fluctuating G. nepenthes on the frequency distribution of
the other taxa, its numbers are deleted in another R-mode programme for
each of the tests. With the exclusion of G. nepenthes the results did not vary.
The results of these tests with probability levels below 0.05 are tabulated in
table 2.
As can be seen from this table, correlations found for the entire section
could be confirmed only for the lower interval. Although these are statistic-

G. apertura
G. trilobus
G. pseudobesa type
G. bulloides type
G.obliquus
G. quinqueloba
G. bulloideus
G. bulloides group
N. acostaensis
G. conomiozea
group
total kummerform proportion
kummerform prop. G. obliquus
kummerform prop. G. pseudobesa
kummerform prop. G. apertura

+ P < 0.05
+ P < 0.01
+ P < 0.01
+

Results of computer
below 0.05.

< 0.05
< 0.01
< 0.01

+ P
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P
P
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< 0.05
< 0.05

+
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< 0.01
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< 0.01
< 0.01

+
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0.01

< 0.01
< 0.05
P < 0.01
P < 0.01
P < 0.01
P < 0.01

P

+ P

type

CORRELATIONS
G. scitula group ~ N. acostaensis
G. apertura - G. bulloideus
G. falconensis type - N. acostaensis
G. obliquus - G. apertura
G. trilobus - N. acostaensis
G. obliquus - G. pseudobesa type
G. obliquus - its kummerform prop.
G. pseudobesa type - its kummerform
Table 2

P
P
P

+ P < 0.01

+ P
+ P
P

< 0.01
< 0.01
< 0.01

+ P
+

P
P
P

< 0.01
< 0.01
< 0.05
< 0.01
P

+ P
+ P
prop. +

P

<
<

0.05
0.05

< 0.01
< 0.01

analyses to test for trends and correlations

with probability

levels (P)

ally significant for the entire section, it is difficult to judge whether or not
there is any causal relationship between the frequencies of the paired taxa.
The interpretation of the results depends strongly on whether similar correlations are known to occur in other sections and/or whether these correlations
can be interpreted in terms of recent distribution patterns. We are therefore
inclined to consider the positive correlation between N. acostaensis and the
G. scitula group to be the result of mere chance effects. On the other hand,
the negative correlation between the G. falconensis type and N. acostaensis
may be taken more seriously, because such an inverse frequency relation is
known from many other Cretan sections as well (e.g. Meulenkamp et al.,
in press). The positive correlation between the low and discontinuous relative numbers of G. bulloideus and those of the frequent G. apertura may
be explained in a different way. Apart from the supplementary opening in
G. bulloideus, both taxa are morphologically identical. The positive correlation between both forms strengthens the hypothesis that G. bulloideus
is a variant of G. apertura rather than a separate taxon. The negative correla-

tion between G. obliquus and G. apertura in the lower interval (CPA 1 CP 89) is in accordance with their opposite trends in the same interval.
Equally difficult to interpret are the reported overall trends in the first
test (see table 2). For the section as a whole the percentage values of G.
apertura, the G. pseudobesa type, the G. bulloides type, and G. trilobus
show an upward increas.e, whereas the values of G. obliquus and G. quinqueloba display a statistically significant, overall, upward decrease.
From figure 5 it becomes evident that the positive overall trend found in
G. trilobus and in the G. bulloides type follows from the relative sharp increase in the proportions of these rare taxa in the uppermost part of the section (in and above the laminated interval) rather than from a gradual increase
along the entire column. A similar explanation is given for the positive
partial trends in N. acostaensis and in the G. conomiozea group found in the
interval CP 89 - CPA 69. Such an explanation certainly does not account
for the overall trends in the other taxa.
The negative overall trend in G. obliquus actually results from two negative trends. From CPA 1 to CP 89 its relative frequency decreases towards a
minimum of about 20% (P < 0.01), followed by a sharp increase towards
50% in CP 93, after which the relative number becomes reduced again, upwards (P < 0.05). Average values for G. obliquus in the lower and upper
interval are the same, namely 29% (see fig. 6).
The negative overall trend in G. quinqueloba is not confirmed in either of
the subsections. Therefore the explanation should be sought in the differences between the percentage values of both intervals. Although statistically
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not significantly different, the average value for the lower interval is higher
than for the upper interval (see fig. 6). It is noted that the interval of low
percentage values of G. quinqueloba actually extends from sample CP 78
upwards. The positive overall trend in the G. pseudobesa type can be explained in a similar way. Notwithstanding the negative partial trend in the
upper interval (P < 0.01), the average value for the interval CPA 1 - CP 89 is
low compared to that of the succeeding interval. Again these differences are
statistically not significant.
The positive overall trend in G. apertura may be the result of the positive
partial trend in the lower interval (P < 0.01). Average percentage values for
both intervals are the same, namely 16. The undulating pattern of G. apertura is remarkable; four peak-frequencies (in CP 27, CP 60,CP 85 -CP 90,
and CPA 52) are more or less distinct.
Paleoenvironmental interpretation
The results of the tests discussed above indicate the following: on either
side of the entry level of the G. conomiozea group (slightly above CP 88),
trends in the frequency patterns of several taxa either cease (G. obliquus,
G. apertura, the G. falconensis type, the G. bulloides group) or start (G.
obliquus, the G. pseudobesa type). Moreover, for G. quinqueloba, the
G. falconensis type, and the G. pseudobesa type average percentage values
are different below and above this entry level.
We would emphasize that it is misleading to suggest that there is strong
statistical support for a change in environmental conditions at the level of
first occurrence of the G. conomiozea group. Ifwe were to cut the section in
two parts five or more samples lower (before the entry of the G. conomiozea
group) or higher (after the disappearance of G. menardii form 5), the statistical results would differ only very slightly or not at all.
It seems reasonable to assume, however, that part of the planktonic foraminiferal fauna really does display some change in an interval near the entry
level of the G. conomiozea group. This faunal change is visualized more
clearly in figure 7. Here, the relative numbers of individual taxa are combined in the frequency curves for four groups.
The first group encompasses taxa that show an increase in their relative
numbers over a short interval directly after the entry of the G. conomiozea
group. The average proportion of these taxa in the upper interval equals that
in the lower interval or it attains higher values. Group 1 contains G. obliquus, and the G. pseudobesa type.
The second group consists of taxa that show a decrease over the same
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interval and whose average proportions remain similar or attain lower values
above the interval. Group 2 includes G. quinqueloba, the G. falconensis type
and G. apertura.
No such distinct changes could be observed in the percentage values of the
taxa of group 2, which includes G. trilobus, G. glutinata, O. universa, N.
acostaensis, the G. bulloides type, and the keeled/non-keeled globorotaliids.
A fourth curve is based on the relative numbers of G. nepenthes.
Groups 3 and 4
The G. nepenthes curve displays a remarkable pattern. Strong fluctuations
over small intervals are absent in three larger intervals (CP 3 - CP 11; CP
20 - CP 32; CP 74 - CPA 41). The largest interval in which G. nepenthes is
nearly absent is that of CP 74 - CPA 41, which also contains the entry of
the G. conomiozea group. According to the model in which a high selective
productivity of G. nepenthes is linked to vertical water mixing and a relatively high nutrient level (Zachariasse & Spaak, in press), the (near-)absence
of G. nepenthes from CP 74 to CPA 41 suggests a more distinct water-mass
stratification and possibly a lower nutrient supply.
The cumulative values of N. acostaensis, the G. bulloides type and G.
trilobus largely contribute to the sharp rise of curve 3 in the uppermost part
of the section. A closer inspection of the frequency patterns of these three
taxa indicates that they show a succession of peak-frequencies. This remarkable pattern coincides with the only laminated interval of the entire section.
An explanation for the succession of peak-frequencies and for the lamination should be sought in particular conditions in (part of) the water column.
N. acostaensis (as a representative of the Neogloboquadrina group), and
possibly G. bulloides, can be considered to be eutrophic, i.e. they have high
and selective food requirements (e.g. Reiss et al., 1974; Be & Hutson, 1977;
Meulenkamp et al., 1978). In this respect, the combination with G. trilobus
is puzzling. As this species dominates the shallow water association down to
about 200 m in the surface sediments of the nutrient-poor Gulf ofElat (Reiss
et al., 1974) it does not seem justifiable to classify this species as eutrophic.
Because N. acostaensis and the G. bulloides type attain their highest relative frequencies in the upper part of the laminated interval and immediately
above, it can be argued that the nutrient supply increased over the same
interval. Since the benthonic foraminiferal fauna also displays a distinctly
different composition in the laminated interval (Wonders & Van der Zwaan,
this volume) it can be assumed that the change in nutritional pattern also
affected bottom life. The process which caused an enhanced nutrient supply

and which finally led to lamination is thought to have been initiated by
increased run-off rather than by upwelling. Increased run-off may have caused water stratification and stagnancy near the bottom followed by oxygen
depletion. Decay of the accumulating organic material would further the
oxygen deficiency on the bottom.
It should be noted that it cannot be decided from this section alone
whether there is a causal relationship between the peak occurrence of G.
trilobus at the base of the laminated interval and the chain of events that led
to the lamination. The results obtained from laminated intervals in the
Pliocene sections Prassa (Meulenkamp et al., 1978) and Capo Rossello
(Zachariasse et al., 1978) suggest that there is no such relationship. On the
other hand, preliminary results from some Upper Miocene sections on Crete
and on Sicily seem to indicate a similar position for peak frequencies of
G. trilobus in the laminated intervals (Van der Zwaan, pers. comm.).
The steep rise in curve 3 immediately below the entry level of the G.
conomiozea group (CP 87) is caused mainly by a peak frequency of N.
acostaensis. It is tempting to interpret this increase as a (weak) sign of another
period of increased run-off; the process, however, did not lead to the preservation of lamination.
Although increased run-off may have occurred already below the laminated interval the conditions leading to lamination became more pronounced in
the upper part of the section. This conclusion may be in line with the
postulated upward increase in the length of the intervals which show evidence of a stronger water-mass stratification.
The progressive increase in the salinity stratification upwards may have
been interrupted during periods of increased run-off which lowered the surface water salinity. As G. trilobus is a surface water dweller and seems to
have a low tolerance for high salinity (Be & Hutson, 1977), the relative enrichment of this species at the base of the laminated interval might therefore
be the result of reduced salinity. The inverse proportion of G. trilobus in the
larger part of the interval CP 74 - CPA 41 may confirm that there was
stronger stratification during this period, as was inferred from the (near- )absence of G. nepenthes.
Summarizing, we can say that the observed changes in the. curves of
groups 3 and 4 may be the ultimate result of a progressive reduction of the
water circulation.
Groups 1 and 2
The curves for groups 1 and 2 show opposite trends from the bottom to

approximately the entry level of the G. conomiozea group (slightly below
CP 88). From this level to a level slightly above the last occurrence of G.
menardii form 5 (CP 93) both groups display a sharp change in their relative
numbers. Above sample level CP 93 it is only the frequency curve of group
1 which shows a trend.
It is difficult to determine whether or not the abrupt changes in the curves
of groups 1 and 2 are connected with the upward reduction of the circulation inferred from the fluctuations in the curves of groups 3 and 4. The
changes may be the result of the impact of yet another environmental
change on the fauna, which started approximately at the level of the first
occurrence of the G. conomiozea group.
On the other hand, the abrupt and opposed changes in the curves of
groups 1 and 2 may be misleading because they are produced mainly by the
sharp changes in the frequency patterns of G. obliquus and G. apertura. Actually, the successive drops in relative numbers of G. quinqueloba, the G.
falconensis type and G. apertura over the interval CP 74 - CP 90 are followed by successive increases in the relative numbers of the G. pseudobesa type
and G. obliquus from CP 91 to CP 97. This succession of changes in the frequency curves of these five taxa may be linked with a stronger water-mass
stratification and possibly a lower nutrient supply in the interval CP 74 CPA 41, as was inferred from the (near-)absence of G. nepenthes.
Assuming that G. obliquus had a distribution pattern comparable with
that of the descendant and extant G. ruber, the peak occurrence of G.
obliquus in the samples CP 93 - CP 97 might suggest that there was a minimum nutrient supply and maximum salinity within the interval CP 74 CPA 41. If this in fact was the case G. quinqueloba would be less tolerant
to such conditions.
Some remarks on kummerforms
The reason we counted kummerforms is that much ecological significance
has been attached to fluctuations in kummerform proportions.
Kummerforms were counted for G. apertura, the G. bulloides group, G.
obliquus, G. bulloideus, N. acostaensis, and the globorotaliids.
Total kummerform proportions are generally in the range of 20 to 55%
(mean value about 35%). A minimum value of 8% is found in CPA 58.
The relative contribution made by each taxon to the total kummerform
proportion differs greatly. Table 3 shows the ranking of the four most
frequent taxa with respect to their average value of kummerform specimens.
High relative contributions to the total kummerform proportion are given by

G. apertura and the G. falconensis type. Smaller relative numbers were
counted for the most abundant species G. obliquus and for the G. pseudobesa type.
The percentage values presented in table 3 are probably characteristic for
section Potamidha only. Although no time-equivalent sections have been
counted for kummerforms, the same taxa show proportions that are markedly
different in several Pliocene sections. This indicates that none of the four
taxa is more prone to kummerform development than the others. Calculated
cumulative percentage values are more or less compatible with the total kummerform proportions in section Potamidha.
As can be seen in figure 5, percentage values display an upward increase
from the bottom to a level close to the entry of the G. conomiozea group
(CP 91), and a decrease from this level upwards (P < 0.01). For the section
as a whole, kummerform proportions of G. obliquus and the G. pseudobesa
type are positively correlated with their combined relative numbers of kummerforms plus normalforms. Kummerform proportions for the same taxa
and for G. apertura show a negative trend from CP 90 upwards (see table 2).

The interpretation of kummerforms depends entirely on the study of
recent planktonic forams. The variety of opinions which have been expressed
on this subject indicates that the cause of kummerform development is poorly understood. Berger (1969,1970) attributes the formation of diminutive
chambers to unfavourable living conditions (environmental stress model). In
contrast, Olsson (1973) believes that kummerform development is genetically controlled; it does not occur before an individual has reached the growth
limit of the species. Both effects in combination have been suggested by
Kennett (1976); unfavourable environmental conditions do not effect kummerform development unless the individual has attained full adult size. The
same author, however, could not find any relationship between kummerform
proportions of N. pachyderma and watermass fluctuations recorded in the
Late Miocene to Recent interval at DSDP Site 284.

relative frequency
forms in the taxa
G. apertura
G. falconensis type

G.obliquus
G. pseudobesa type

66%
56%
29%
25%

of kummer-

relative frequency of kummerforms + normalforms

16 %
11 %
29 %
8.5%

According to Berger (op. cit.) expatriated faunas contain a high relative
number of kummerforms. Intensification of oceanic circulation would enhance expatriation and as a result kummerform proportion would increase.
If Berger's model is strictly applied to our data, the pattern of total kummerform proportions does not fit with the model of a progressive reduction
of the circulation in the interval of section Potamidha. Assuming that our
model is correct, one might expect a rough upward decrease in total kummerform proportions. At least for the intervals that show evidence of a
stronger water-mass stratification (e.g. CP 74 - CPA 41) one would find
a drop in the relative numbers of kummerforms.
Alternatively, the positive trend in total kummerform proportions for the
interval CPA 1 - CP 89 may be attributed to the combined effects of an
upwards increase in relative number of normalforms plus kummerforms of
G. apertura and the G. falconensis type and the high mean values of kummerforms in both taxa. In addition, G. obliquus, whose relative contribution
to the total kummerform proportion is low, displays a negative trend over
the same interval.
The negative trend from CP 90 upwards is more difficult to explain. This
opposite picture may be the result of the combined effects of low relative
frequencies of G. apertura and the G. falconensis type, the negative trends
in their kummerform numbers and the increase in the proportion of taxa
with small relative numbers of kummerforms (N. acostaensis, G. trilobus
and the G. conomiozea group).
Thus, in section Potamidha, fluctuations in the total kummerform curve
can be explained by the fluctuations in the frequency patterns of individual
taxa. As long as the latter fluctuations are not understood, it seems pointless
to interpret the curve of total kummerform proportions directly in terms of
environmental stress.
If it were true that high versus low relative numbers of taxa could be
linked with more or less suitable life habitats (which is difficult to ascertain
in relative counts), the absence of any negative correlation between the proportions of individual taxa and their kummerforms would be difficult to link
with the model of kummerform development presented by Berger. The only
correlations found are positive ones between the kummerform proportion
and kummerforms plus normal forms in G. obliquus and the G. falconensis
type.

Keeled globorotaliids

and the

G. conomiozea

Datum

Results from counts and measurements on successive assemblages of keeled globorotaliids, whose morphology is either (near-)identical to G. menardii
forms 4 and 5 or shows characteristics of both in the interval CP 65 - CP 68,
strongly suggest that both taxa are phenotypic units of a single taxon. The
mean value of the conical angle of 66.70 in CP 66 is within the range of
conical angle values appropriate to G. conomiozea. The tendency to approximate other characteristics of G. conomiozea as well indicates that the
assemblage of CP 66, assigned to form 4, is close to G. conomiozea.
The implication of these results may be that G. menardii forms 4 and 5
belong to a group of ecophenotypes
which have the genetic potential to
attain the morphology of G. conomiozea, i.e. the morphological change
within this group at sample level CP 66 heralds the advent of the G. conomiozea group at a higher stratigraphic level (CPB 6).
The alternating occurrences of G. menardii form 5 and the G. conomiozea
group in the interval CP 85 - CP 93 are therefore interpreted as the repeated
occurrence of similar shifts from biconvex (menardine) to conical architecture within this group of keeled globorotaliids. Although these shifts are of
the same order of magnitude as the shift measured from CP 65 to CP 66 its
imprint seems to become definite from CP 93 upwards, i.e. no return to the
morphology of G. menardii form 5 has been observed.
As a working model to be tested in other sections I consider the successive
taxonomic units within the group of keeled globorotaliids from the Mediterranean Upper Miocene (i.e. G. menardii forms 4 and 5 and the taxa incorporated in the G. conomiozea group) to belong to one single, evolving
cline. It is still not certain with which event within this evolving cline the
Mediterranean G. conomiozea Datum should be associated.
Here the datum is assigned to the abrupt morphological shift within this
cline from G. menardii form 5 to the first occurrence of the G. conomiozea
group (CPB 6 = CP 88). According to this definition the position of the
G. conomiozea Datum differs by about 2 metres, depending on the sample
spacing, which was either 50 em (CP 93) or 10 to 25 em (CP 88).
A similar shift that occurred within this cline from biconvex towards
conical architecture well below the G. conomiozea Datum, and the poorly
understood environmental control of the geographic distribution of both the
G. conomiozea form and its supposed ancestral form G. miotumida (vel
G. dalii) indicate that care must be taken with the positioning of single

assemblages of keeled globorotaliids below or above the G. conomiozea
Datum.
On the other hand, if the G. conomiozea Datum is based on the first
specimens showing the typical morphology of G. conomiozea (i.e. it is based
on a purely typological approach) its position may correspond to sample
level CP 66. According to this definition the entry of G. conomiozea is not
a reliable tool for establishing biostratigraphic correlations.
The foregoing discussion raises doubts about the value of placing the
Tortonian/Messinian
boundary at the level which coincides with the first
occurrence of G. conomiozea (D'Onofrio et a1., 1975).
Paleoenvironment

and the G. conomiozea

Datum

All evidence obtained from the changes in the frequency patterns of G.
trilobus, G. nepenthes, N. acostaensis and the G. bulloides type strongly
suggest a progressive reduction of the vertical circulation.
The multiple changes in the curves of the taxa incorporated in group 1
and 2 take place over the interval which coincides with the longest period
of a strong water-mass stratification (CP 74 - CPA 41).
Although these multiple changes are not well understood, they are successive, and may somehow be linked with alterations in the water-mass properties. One can speculate on the possibility that the overall upward reduction
of the water circulation and the resultant water-mass stratification became
intensified. It is significant that this interval contains the first occurrence of
the G. conomiozea group, which defines the position of the G. conomiozea
Datum. The first abrupt change in the morphology of G. menardii form 5 to
the G. conomiozea group followed by a second and definitive change at a
slightly higher stratigraphic level might have come about because a Mediterranean stock became adapted to the increased water-mass stratification.
According to the above model one would expect to find an indication for
an increase in water-mass stratification over the interval CP 65 - CP 66 because of a similar shift from biconvex towards conical architecture in the
group of keeled globorotaliids. As can be seen in figs. 5 and 7 it is possible
to arrive at the opposite conclusion.
Since the G. conomiozea Datum (as defined above) is recognized over the
entire length of the Mediterranean, the postulated strong reduction in the
vertical circulation may be linked with a deteriorating connection between
the Mediterranean and the Atlantic.
It is still puzzling why an event of such amplitude is not reflected in the
calcareous nannoplankton
floras (Schmidt, this volume) or in the benthonic

foraminiferal faunas (Wonders and Van der Zwaan, this volume). Van der
Zwaan (in preparation), on the other hand, reported from section Falconara
(Sicily) that the benthonic foraminiferal faunas start to become impoverished approximately at the entry level of the G. conomiozea group.
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Variation of the Globorotalia conomiozea group in the assemblage from sample CPA
46 (X 62). From 1 to 5 the thin-shelled planoconvex G. miotumida type (vel G.
dalii type) passes into the thin-shelled conical G. conomiozea type. In sample CPA
46 the G. miotumida type dominates the assemblage of the G. conomiozea group.
Variation of the Globorotalia conomiozea group in the assemblage from sample CPA
47 (X 62). Specimens are arranged in the order of progressive wall thickening. In the
same order the keel becomes increasingly more concealed by the formation of
euhedral crystals. The thin-shelled forms are identical with G. conomiozea Kennett.
Strongly encrusted forms, such as 10 and 11, show virtually no difference with the
available topotypes of G. sphericomiozea Walters. In sample CPA 47 the G. conomiozea type dominates the assemblage of the G. conomiozea group.

Variation of the Globorotalia conomiozea group in the assemblage from sample CPA
47 (X 46). From 1 to 6 the number of chambers in the final whorl decreases from
6 to nearly 4. Five- to six-chambered forms show no significant differences with the
available topotypes of G. mediterranea Catalano & Sprovieri. Only one label, that of
G. conomiozea, seems to be realistic, to cover the total range of 6- to 4-chambered
morphotypes in assemblages of the G. conomiozea group in which the conical form
outnumbers the planoconvex forms (Le. the G. miotumida type).
Variation of the Globorotalia conomiozea group in the assemblage from sample CPA
47 (X 62). From 7 to 11 the development of the keel tends to occur on successively
earlier portions of the final whorl. This pattern either is part of the variation in
mature specimens or reflects a degree of maturity of the specimens. Forms with all
chambers unkeeled, such as fig. 7, show resemblance to high-convex representatives
of the G. scitula group (i.e. G. suturae Catalano & Sprovieri).
Details of the peripheral area of the ultimate chamber in specimen 11 and of the
penultimate chamber in specimens 9 and 7 (X 310). Specimen 7 (fig. 12) shows an
incipient imperforated
band on the peripheral area. Prior to the formation of the
im perforated band the peripheral area is perforate. A more advanced stage in the
development of the keel is shown in fig. 13 (specimen 9). Here the imperforated band
is well marked; there is a raised part located near the spiral side. Only a few small pores remain open in the peripheral area. Fig. 14 (specimen 11) shows a final stage in
the formation of the keel.

Specimens from the assemblage of Globorotalia menardii form 4 in sample CP 66,
used in the counts and measurements (1-4,6-7:
X 94; 5: X 60). The specimens are
ordered according to decreasing conical angle values ('y-values). The values range from
76° in fig. 1 to 59" in fig. 7. Most of the -y-values of the figured specimens are in the
range of the conical angle values of G. conomiozea. With respect to the chamber outline in spiral view the specimens are intermediate between the menardiform group
(i.e. G. cultrata type) and G. conomiozea. The specimens of figures 3, 4 and 6 are
closest to G. conomiozea.
Specimens from the assemblage of Globorotalia menardii form 5 in sample CP 65,
used in the counts and measurements (8,10: X 94; 9, 11-14: X 60). Conical angle
values (-y-values) decrease from 66° in figure 8 to 47° in figure 14. For the assemblage
from CP 65 the mean -y-value is significantly lower than that calculated for the
assemblage from CP 66 (50.17 versus 66.70). The outline of the final chamber in
spiral view is less elongate in the specimens of CP 65, whereas the number of chambers in the final whorl is slightly higher. In these characteristics the assemblage from
CP 65 is closer to the menardiform group (i.e. G. cultrata type) than the assemblage
from CP 66. Note the difference in coiling direction of the specimens between CP
65 and CP 66.

INTRODUCTION

The Potamidha 1 section was used for the first counting exercise in the
Correlation Project. After the problem of what to count had been settled,
the counts for the entire section were completed in the fall of 1975. Then
some questions arose about the interpretation of the results. These problems
were tackled first in the shorter section from Capo Rossello (Schmidt, in
Zachariasse et al., 1978). Thereafter a counting exercise on the Prassa section (Meulenkamp et al., 1978) was completed. In this paper we analyse the
results of the Potamidha counts in the light of what has been learned. The
experience gained from the three counting exercises gives some insight into
the extent of the problems encountered.
In retrospect, the three counting exercises were well chosen, each contributing to a better understanding of the results. By choosing sections of
different lithologic facies and different ages (from the Late Miocene to the
Middle Pliocene), we are better able to deal with the kinds of problems and
questions that arise. This time, some procedures have been refined and better
questions are formulated. Some of the still open questions about the Potamidha section have been analyzed in more detail in this paper. In completing
the first exploratory circle - Potamidha (Late Miocene) to Capo Rossello
(Early Pliocene) to Prassa (Middle Pliocene) and then back to Potamidha the author has reached his own conclusions about the successes and limitations of counts.

The Potamidha section was chosen because of its long continuous exposure in a uniform marly clay facies, in which many groups of fossils are
known to be well-represented (other papers, this volume). In this case the
uniformity of the facies was considered an advantage, since it minimized the
effect of different facies which might complicate the final analysis. The
Potamidha sediments were deposited in an open-marine environment of
moderate depth. Included in this section are some biostratigraphic events
that are used for delimiting zones. In the case of the calcareous nannofossils,
it is the first occurrence of Discoaster quinqueramus and of Amaurolithus

delicatus (of the tricorniculatus group) which warrant special attention for
the question of accuracy in correlation.
A total of 134 samples in superposition form the basis for this study.
Preparation procedures and taxonomic units counted
In quantitative studies a standardized procedure is required if results are
to be compared. Steps in the preparation, viewing, and counting procedure
represent a chain of factors, each of which, if not standardized as well as
possible, differentially affects the end results. The amount of variation that
must be accepted as "background noise" is a composite of the uncertainties
for each of the steps. In an attempt to minimize the errors a procedure for
200-counts was developed which aimed at achieving optimum results
(Schmidt, in Zachariasse et al., 1978, p. 241-245). The steps are summarized below.
Thinly prepared smear slides were viewed in the Leitz Orthoplan microscope at maximum magnification (1250 X). By means of an ocular template
to define one field, the specimens were counted from the same fixed point
for each slide along fixed traverses.
The choice of what to count is the result of a compromise. Only species
or species groups which are larger than 3 microns for most specimens are
counted. For the most part the counted categories are discrete taxonomic
units; once chosen, all specimens are counted regardless of size. Some categories such as Discoaster and Pontosphaera + Scyphosphaera are combined
so that they will consistently occur in the counts. In addition to the counted
categories, the remaining small coccoliths are estimated at a factor of 10 and
are recorded as a ratio to the 200 counted specimens. The "outside count"
small coccolith total varies greatly, depending, at least in part, upon differential dissolution effects.
RESULTS

OF THE 200-COUNTS

Nine species or genus categories figure in the 200-counts above the 1%
level. The Potamidha section is characterized by a fairly equable distribution
of the standard counted categories. In approximate order of most abundant
to less abundant the Cyclococcolithus
leptoporus group, Cyclococcolithus
rotula, and the Helicosphaera carteri group occur in average percentages
between 15 and 25%. The categories of second ranking with average percentages between 5 and 15% include Sphenolithus abies, Reticulofenestra pseudoumbilica (larger than 5.5 microns), Rhabdosphaera procera, Discoaster,
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Vertical distribution of species and genus categories based on 200-counts in the Potamidha 1
section. The means for the counted categories in the four successive computer groups (Potamidha I-IV) are indicated by a vertical line.

and Pontosphaera + Scyphosphaera. Coccolithus pelagicus has average percentages between 1 and 10%. Amaurolithus delicatus, the remaining tenth
category comprising the 200-counts, makes up less than 1% in all samples.
The percentages of the various species groups for the entire Potamidha
section are shown in figure 1. The fluctuation patterns of the nine taxonomic categories differ. Fairly regular patterns are found for Coccolithus
pelagicus and Pontosphaera + Scyphosphaera. Larger fluctuations occur in
most other groups. Some patterns seem to become more irregular in the top
part of the section (e.g., Cyclococcolithus rotula and Discoaster). The pattern of Reticulofenestra
pseudoumbilico
shows narrow peaks alternating
with broader valleys (see below).
The finely bedded interval (CP 56-59) shows irregular aberrations. Helicosphaera carteri is more abundant and Discoaster has a peak value in the
lowermost sample only. The Cyclococcolithus
leptoporus group and Cyclococcolithus rotula seem to be affected in a negative way.
For a further analysis of possible differences, the section has been subdivided into 4 successive "computer groups" (I-IV), each consisting of 33
samples. Each set of 33 samples has been analyzed by the computer to test
for correlations. For reference, the means for the counted categories are
given for each successive interval in figure 1. A linkage chart showing the
resulting correlations is presented in figure 2. No consistent correlations
C.leptoporus
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Results of computer analysis to test for correlations with probability levels below 0.10. For
the 4 consecutive computer groups (Potamidha I-IV), each consisting of 33 samples, the
correlations that are positive or negative are indicated with a + or - sign, respectively.

were found in all 4 computer groups. The strongest correlations are found in
the upper 3/4 of the section: a negative correlation between Cyclococcolithus rotula and Helicosphaera carteri and a positive correlation between
Cyclococcolithus
rotula and the Cyclococcolithus
leptoporus group. For
two of the computer groups there is a positive correlation between Discoaster and the Helicosphaera carteri group. Most, if not all of the negative
correlations are probably fortuitous, although the squeezing effect in the
closed number system has been neutralized.
Table 1 shows the mean and standard deviation values for each of the
4 computer groups. The mean for the whole section interpolates well within
± 1 standard deviation of the 4 stratigraphic intervals for every counted
category. The most striking deviations occur in the finely bedded layer
(samples CPA 56-59 on figure 1). This results in abnormally high standard
deviations in the uppermost stratigraphic interval (Potamidha IV), particularly for Discoaster, the Helicosphaera carteri group, and the Cyclococcolithus
leptoporus group. Dissolution effects on the coccoliths are more apparent in
these samples.
Also included in table 1 is the binomial standard deviation calculated for
each of the mean values and the resulting ratio of standard deviation to
standard deviation binomial. The latter ratio is used as a tool to compare the
"spreading of the noise" around the means in relation to the spread of the
noise expected for binomial distributions. With one notable exception, most
counted categories vary between 1.5 and 2.5 times the variation expected for
binomial distributions. As already mentioned, some aberrant values in the
finely bedded clays result in higher ratios for some species in the uppermost
stratigraphic interval (Potamidha IV).
Reticulofenestra pseudoumbilica
(larger than 5.5 microns) is the notable
exception, having ratios between 3.82 and 5.69. This is a result of cyclical
highs and lows far beyond those shown for the other species. This anomaly
is the topic of the special study presented in the last chapter.
Biostratigraphic considerations
The first occurrence of Discoaster quinqueramus and, at a higher level, the
first occurrence of Amaurolithus
delicatus (of the tricorniculatus group)
were the expected "datum levels" to be searched for in the Potamidha section. The total range of the index marker is used to define the Discoaster
quinqueramus Zone (NN 11) of the standard zonation (Martini, 1971). In an
attempt to define the limits of correlation, only these two taxa are significant.

The accuracy of a datum level, or the assumption that the observation of
the first representative of the taxon is close to the evolutionary appearance
or entry, will generally depend on the relative frequency of the taxon in the
samples. With calcareous nannofossils, the recognizability in less favourable
preservations will also affect the scanned numbers needed to make a positive
identification.
Biostratigraphy from the 200 and the 6,600-counts
The occurrences of Discoaster quinqueramus and Amaurolithus delicatus
that were encountered in the 200-counts are shown on figure 1. A total of
13 specimens of Discoaster quinqueramus were tallied in the 200-counts of
the 134 samples. The 200-count standard is inadequate for any biostratigraphic conclusion to be reached but it can help to document the samples
where the species were found. Another standard for biostratigraphic com-
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parison purposes is needed but such a standard is difficult to define.
In order to have sufficient numbers of specimens to treat statistically, the
composite stratigraphic intervals are analyzed (Potamidha I-IV). As a result,
some trends can be observed on the basis of the total numbers over 33
samples, or total counts of 6,600 (table 2). Because of the biostratigraphic
importance the presence of Discoaster quinqueramus in relation to the
Discoaster genus category will be discussed in more detail.
Discoaster quinqueramus is a five-rayed species characterized by a prominent stellate knob in the centre on the proximal side and by curved rays
tapering proximally to a simple point. The species is considered to be an
element in the Late Miocene development in the Discoaster brouweri group;
in this development there is a reduction from 6 to 5 rays (e.g., Prins, 1971).
The other five-rayed species is Discoaster pentaradiatus which has similar
slender rays but they end in a bifurcation. Many five-rayed specimens are
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not assignable to one or the other species, particularly those with broken
rays or small specimens with poorly developed rays. These specimens are
placed in a five-rayed species indeterminate category. Similarly, some 6-rayed specimens can be assigned to a species, but there remains a 6-rayed species
indet. category. The ratio of Discoaster species indet. to total Discoaster
number varies proportionately to the degree of overgrowth and gives some
measure of preservation. In the Potamidha section, about 1/2 of the total
Discoaster indet. category is due to overgrowth, the other 1/2 is due to the
fact that specimens lack a full development of the rays.
In Potamidha I-IV, the total Discoaster species indet. category ranges
from 33 to 42% of the total number of Discoaster. Approximately the same
proportions of 5-rayed and 6-rayed specimens are unidentifiable. There is a
gradual increase in total Discoaster numbers in the 4 stratigraphic intervals
(n = 409, 439, 532, 681, respectively), However, the 5-rayed total, which
includes the index species Discoaster quinqueramus, shows disparate numbers between stratigraphic intervals I-II and III-IV (n = 53, 59, 188, 219).
The upper two stratigraphic intervals have larger numbers of specimens of
the 5-rayed type, which means that one has a better chance to observe an
identifiable specimen of Discoaster quinqueramus. In the lower two stratigraphic intervals, the numbers of 5-rayed types are only a third to a quarter
of those higher up. Assuming that the proportion of identifiable Discoaster
quinqueramus to the 5-rayed total remains the same throughout the whole
section, one will have to look 3 or 4 times longer in the samples of the lower
intervals to observe the same number of potential candidates in order to
recover comparable numbers of Discoaster quinqueramus.
At any event, the lower two intervals have a lower number of representatives of the index species. If one specimen of the index species is enough,
then the three upper stratigraphic intervals (6,600-counts) are assignable to
the Discoaster quinqueramus Zone. The presence of one specimen ofAmaurolithus delicatus in the lowermost interval makes the entire section assignable
to the Discoaster quinqueramus Zone.
A biostratigraphic standard
The development of a standard for biostratigraphic purposes should take
into consideration some of the questions raised by the composite data from
Potamidha. The main question is: When has one looked long enough for an
index species in one sample (or interval) to be able to compare the results?
To solve this problem one needs to chose a standard for the occurrences of
rarer speCIes.

Under certain conditions, logarithmic estimates may be a useful way to
handle rarer species. When the average concentrations for a slide are calculated, traverses of known length can be searched for rarer occurrences and
these related to a total estimated nannofloral number (Schmidt, in Zachariasse
et al., 1978). The procedure is statistically attractive because it gives some'
estimate of a "true" order of abundance on a logarithmic scale, within certain confidence limits, as long as at least 10 specimens can be found on the
slide. According to my time-cost analysis the method is worth applying if
10 specimens can be found in a total of 50,000 estimated specimens. However, some index species of nannofossils occur even more rarely. In this case,
the presence of an index species is of the nature of a "sweepstake" occurrence without any statistical foundation.
Sometimes the logarithmic procedure (based on finding 10 specimens)
will have results for a given index species in some samples and not for other
samples from the same section. In the Potamidha section, the abundance
of the index species in the upper two stratigraphic intervals seems to be
enough for these species to be treated by logarithmic estimates, but it is
doubtful whether one would be successful with the lower two intervals.
Is there another approach that could be considered as a biostratigraphic
standard? For accuracy in correlation one could argue that it is not so
important to make a firm estimate of calcareous nannofossils as it is to
concentrate on a fixed number of potential candidates. In the Middle Miocene - Middle Pliocene interval under study, the discoasters and the ceratolithids are the two genus groups most important for the zonation. The
latter group almost always occurs in sweepstake abundances in the Mediterranean sections. However, Discoaster as a genus category occurs above the
level of 1% in most sections. It is this subset of the total assemblage that
contains the most biostratigraphic information.
Is it correct to give the same biostratigraphic weight to samples poor in
discoasters as to those rich in discoasters? The question can be refined to
another level if one so chooses. The Middie Miocene to Middle Pliocene
zonation for calcareous nannofossils is based on successive and exclusive
ranges of 5-rayed discoasters. The total ranges of Discoaster hamatus (NN 9)
and D. quinqueramus (NN 11) and the entry of D. asymmetricus (NN 14)
are the biostratigraphic events constantly being sought. The number of discoasters observed becomes less relevant and it is the number of the 5-rayed
discoasters that counts most. In the Potamidha section, for example, one
should search 3 or 4 times longer in the lower part of the section than in the
upper part to observe the same number of 5-rayed candidates.

In addition, a biostratigraphic standard should take into consideration
differential preservation factors. Samples in which discoasters are overgrown
will have less biostratigraphic value than better preserved ones.
The ceratolithids form another important group for nannofossil biostratigraphy. The structural changes in this group make the species excellent
markers for the Late Miocene and Early Pliocene (Amaurolithus primus or
delicatus to tricorniculatus and Ceratolithus amplificus to rugosus; Gartner
and Bukry, 1975). However, these horseshoe-shaped nannoliths are observed
mostly as sweepstake occurrences in Mediterranean sections. Although these
nannoliths enter locally in sufficient numbers to be represented in counts or
estimates, as in the upper part of the Potamidha section, their biostratigraphic value often depends on sweepstake occurrences, as in the lower part
of the Potamidha section.
With some of these lowest common denominators in mind, how would I
choose a standard to be used for biostratigraphic purposes? I would count
only those specimens of Discoaster identifiable at the species level in the
standard, or "inside counts". Unidentifiable categories, five- or six-rayed
Discoaster, would be recorded in the "outside counts". The ratio of total
Discoaster species indet./total Discoaster number would be considered a
useful preservation indicator. The Amaurolithus/Ceratolithus
category would
be related to the total Discoaster number. In addition, I would be worried
if there were not a reasonable proportion of 5-rayed discoasters.
Fortunately such biostratigraphic counts could be done on thicker smear
slides and at lower magnifications because of the larger size of the discoasters
and ceratolithids. Of course, a greater number of whatever standard chosen
will result in greater accuracy.
Conclusions
When sweepstake occurrences are used to find limits in biostratigraphy,
accuracy in correlation can only be approximative. The presence or absence
of an index species can be indicated only in relation to the standard used to
find it. Logarithmic estimates, although statistically more acceptable, will
not always be applicable in nannofossil studies. For the Middle Miocene Middle Pliocene interval, a standard involving the total number of identifiable Discoaster specimens is judged to give optimum results. At least, such
a standard will give a better basis for the biostratigraphic comparison of sections.

Whether or not 200-counts can be used effectively for biostratigraphic
correlations depends upon whether the index species occur in sufficient
abundance to be included in the counts. As far as calcareous nannofossils are
concerned this is not the case in either the Potamidha section or in most
other Neogene sections from the Mediterranean area. What is of interest is
the value of 200-counts as a means for paleoenvironmental analysis. The
underlying assumption is that the numbers counted in the death community
approach those in the living community (biocoenosis).
Background noise
In relative counts there is a certain amount of random variation which is
referred to as "background noise". How much background noise must be
considered as normal depends on several factors.
Each group of fossils presents problems as far as the counting of subjects
is concerned. The repeatability of counts and the amplitude of the random
variation depend on the way in which each operator solves these problems.
In most respects, calcareous nannofossils are good for counting. Except for
Reticulofenestra
pseudoumbilica
(see below), all species or species groups
are discrete categories that are counted regardless of size. A mixture of discrete and non-discrete categories is yet another unknown in the equation and
can only increase the amount of variation in the counts. The consistency or
precision of the method used to truncate a population will have an effect on
the background noise. Truncation of a population into size or type categories is a useful tool for paleoenvironmental analysis. But it is more advantageous if the variables of numbers and sizes or types can be separated.
In nannofossil studies it is possible to avoid mixing numbers and sizes, or
discrete and non-discrete categories. This can only have a beneficial effect on
the level of the background noise.
The preparation and counting procedure plays a primary role in the amplitude of the background noise. The simplest way to understand this role is
to make repeated counts and to compare the results of the variability (Schmidt,
in Zachariasse et al., 1978). Making a thin smear slide for calcareous nannofossils involves "sampling" a random "point" of the sediment hardly any
larger than five times the size of the full stop at the end of this sentence. The
variability of repeated counts on a single smear slide is well below the
variability expected for a binomial distribution. When repeated counts are
performed on different smear slides, the variability goes beyond that of a
binomial distribution. The amount of variability increases in samples from

sediments such as laminated, diatomaceous sediments, which are less homogeneous. In general, the level of the background noise will depend on how
homogeneous the sediment is.
Since calcareous nannofossils are roughly the same size as clay particles
they are readily affected by preservation factors which can alter the original
species composition. In general, the smaller and more delicate coccoliths
disintegrate first and provide the carbonate for overgrowth on larger coccoliths and discoasters. A systematic change in the state of preservation can
affect a given species composition in a semi-predictable way (Schmidt, in
Zachariasse et aI., 1978). As long as the preservation factors are randomly
spread over a section, this effect becomes a part of the background noise.
A systematic change in preservation in a given section or in a comparison
of two sections of distinctly different preservation may lead to false conclusions if it is not taken into consideration.
In the Potamidha section, the preservation factors of dissolution and overgrowth do not change noticeably from the bottom to the top in the homogeneous marls. Only in the samples from the finely bedded layers (samples
CPA 56-59) are there more obvious dissolution features.
The amplitude of variation around the means of the discrete categories
in the four stratigraphic intervals from the Potamidha section (fig. 1) is
considered to be fairly representative of the background noise expected. No
consistent stratigraphic changes in the counted categories can be discerned
in the homogeneous marly clay facies.
Analysis of the averaged compositions
The most promising way of using relative 200-counts is to compare the
averaged composition of two sections. Ideally these sections should be of the
same age and from different areas (horizontal or paleoecological comparisons) or long sections or composite sections of different ages from the same
area (vertical or time comparisons). In a given area, such as the Mediterranean Neogene basins under study, a long-term goal would be to sort out
paleoenvironmental changes with time and/or with facies.
Once a standard procedure has been developed for 200-counts, the next
step is to analyse differences between sections. Inherently this can be done
only relatively, and the background noise of the relative 200-count method
must be taken into account.
Histograms of the three counting exercises already completed (Potamidha,
Rossello, Prassa) are shown in figure 3. These indicate differences in the
abundances of species or species groups. The histograms include the values
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Histograms of the species and genus categories based on 200-counts for the sections Potamidha 1 (stratigraphic intervals I-IV), Capo Rossello (nonlaminated and laminated samples) and Prassa (non-laminated and laminated samples). The means and ± 1 and ± 2 standard deviations from the
counts available are illustrated.

for the means and ± 1 and ± 2 standard deviations for the counted categories
based on the total counts.
In contrast to the Capo Rossello (Lower Pliocene) and the Prassa (Middle
Pliocene) sections, the four parts of the Potamidha section show a more
equable distribution of the counted categories. For the Capo Rossello and
Prassa sections a distinction is made between the non-laminated and laminated facies. It can be seen from the histograms (fig. 3), that the differences
arising from these two facies types are less prominent in the Capo Rossello
section than in the Prassa section. Coccolithus pelagicus and the Cyclococcolithus leptoporus group dominate the counts in the Capo Rossello section
and the Helicosphaera carteri group dominates the counts in the Prassa section. The numbers of these three taxa groups are significantly higher than
those found in the Potamidha section.
Equability expressed as a weighted index
If the relative 200-count method is to be effective as a tool for paleoenvironmental analysis there must be distinct differences in the composition of
the flora. This is certainly true in the counting exercises so far. In tallying
the data matrixes for the three exercises it occurred to me that the counts
could be expressed in a weighted index. The same ten categories (Amaurolithus is the tenth) were counted in all three exercises and the sum total for
every sample was recorded and these data were treated statistically so that
an average weighted index for all samples of every section could be calculated. The extreme values of such an index would be for
equal distribution: 20,20,20,20,20,20,20,20,20,20
= 200, SD = 0;
dominance of 1 species: 200,0,0,0,0,0,0,0,0,0
= 200, SD = 63.2.
For comparison this index was plotted against a standard weighted index,
the Simpson Index:
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The extreme values, as above, would be 0.9 and 0.0, respectively.
The mean position of a section in the continuum from equably wellrepresented categories to a dominance of one of them, and its variability
expressed as ± 1 standard deviation, can be compared to the position of
other sections. Also different facies in the same section, such as laminated
and non-laminated in the cases of the Capo Rossello and Prassa sections, can
be compared (fig. 4).

The weighted indices and a plot of the sections Potamidha 1 (stratigtaphic intervals I-IV),
Capo Rossello (non-laminated
and laminated samples), and Prassa (non-laminated
and
laminated samples). Projections of the means and ± 1 standard deviation from the counts
available are illustrated. From left to right, the curve represents the continuum from equal
distribution of the 10 counted categories to a dominance of one of them.

The Potamidha section is characterized by a fairly equable distribution of
the counted categories. No species group is consistently an order of magnitude more abundant than another. The mean values for all counted categories remain statistically indistinguishable for the section as a whole. However, the variability around the means for the counted categories gradually
increases in the four stratigraphic levels of Potamidha I-IV. A summation of
such a gradual averaged shift away from evenness in the counted categories is
reflected by a gradual increase in the 4 weighted indices for the 4 stratigraphic intervals (fig. 4).
A more equable distribution of counted categories is regarded as the "normal" kind of floral distribution to be expected under a balanced set of paleooceanographic conditions. Presumably a more balanced flora would be found
in a warmer sea not greatly influenced by current or wind patterns which
might result in upwelling, and/or offshore runoff from streams. These influences are likely to disturb the floral balance by causing selective productivity in the individual species groups.
The suggested gradual increase in the nannofloral inequability of the
Potamidha section would indicate an increase in small-scale imbalances in
paleooceanographic conditions. Similar results were found by Zachariasse
(this volume) for the planktonic foraminifera. The further development of
instability in paleooceanographic conditions is more apparent in the overlying Khairetiana Formation of interbedded laminated and non-laminated
sediments. It is suggested that the trend showing a gradual increase in nannofloral variability observed in the Potamidha section represents incipient
paleooceanographic imbalances which eventually give rise to distinct alternations oflaminated and non-laminated sediment. In the case of the Potamidha
section, the alternative, namely that the increased nannofloral variability is
a result of post-sedimentary preservation factors only, is considered unlikely.
Conclusions
Assuming that the most equable distribution of counted categories represents a stable marine environment of a warmer character and that the
Potamidha section is the standard for this assumption, then the relative floral
compositions of the other two sections can be compared to it. In the other
sections the species that show a percentage deviation from the standard (fig.
3) will be of particular interest.
In the Capo Rossello Trubi facies, the percentage of Coccolithus pelagicus
is at least 4 times the percentage of that species in the Potamidha standard;
the percentage of Rhabdosphaera procera and Discoaster is 1/2 that of the

Potamidha standard. c. pelagicus is generally regarded as a cold-water species
and the latter two have a preference for warmer water. These relative
changes in composition would seem to indicate that the Capo Rossello section was deposited under the influence of a colder water-mass. The differences between the counted categories in the laminated and non-laminated
facies are statistically insignificant. Whatever the triggering effect may be
which leads to a stratified water column and lamination, it is not reflected
consistently in the relative percentages of the nannofloras.
In the Prassa section, the Helicosphaera carteri group is twice as dominant
in the non-laminated facies and 4 times as dominant in the laminated facies
as the Potamidha "base-line" percentages. The relative percentages of the
categories Coccolithus pelagicus, Discoaster and Rhabdosphaera procera are
more similar to the Potamidha standard than the imbalances observed in
the Capo Rossello section.
The Prassa sediments were deposited in a shallow fault-bounded basin
(Meulenkamp et a1., 1978). The general conditions were probably similar
to those of the Potamidha section, i.e. there was a relatively warm overlying
water-mass, but some special paleoenvironmental
factors allowed for a
greater productivity of the Helicosphaera carteri group. The average number
of the H. carteri group is twice as large in the laminated facies as it is in the
non-laminated facies. In the former the average is 77.5 per 200, in the latter
it is 146.8 per 200. Such a change in a dominating category brings with it
inherent negative correlations in all the remaining "inside count" categories,
or similarly disparate averaged values of the weighted indices (fig. 4). The
relative proportion of the "outside count" small coccolith category decreases
markedly, too, in the laminated facies. According to the "squeezing effect"
model (M. M. Drooger, in Zachariasse et a1., 1978) this can be explained by
an addition of or selective productivity of the Helicosphaera carteri group
alone. The model can be tested by calculating the number of the Helicosphaera carteri group that would have to be added to the average number in
the non-laminated facies (77.5) to reach the average number in the laminated
facies (146.8). An additional number of 260.5 of the Helicosphaera carteri
group would give the same proportions as observed in the average number of
the laminated facies. By recalculating the proportion for the "outside side
count" small coccolith
category so that it complies with this model
(200/460.5 X 646), it can be shown that the expected number of the small
coccoliths (280.6) approximates that of the average number in the laminated
facies (278), or in other words the model is 99% efficient in explaining
"squeezing" in the "outside side count" small coccolith category. A selective
productivity of the Helicosphaera carteri group (77.5 + 260.5/77.5 or 4.4

times that of the non-laminated facies) can explain the different proportions
observed in the laminated facies.
In the Prassa section, an increase in actual numbers of the Helicosphaera
carteri group is directly correlatable to lamination. Some data from presentday oceans imply that this species has its greatest relative abundance in
regions of higher fertility. It is concluded that the triggering effect for such
blooms in the shallow Prassa graben was an increased nutrient supply induced by run-off waters from the surrounding land areas (Meulenkamp et al.,
1978, p. 349).
The potential of relative 200-counts for paleoenvironmental analysis for
the given sections is confirmed. All interpretations based on them are subject
to error, but "best fit" comparisons do give encouraging results.
RETICULOFENESTRA

PSEUDOUMBILICA;

THE PROBLEM

OF TRUNCATION

Contrary to foraminifera most of the nannofossil species groups counted
represent distinct structural taxonomic units. Each counted category has a
unique combination of patterns when viewed in normal light and in polarized light. In coccoliths, this is related to the underlying construction of the
components of the shields and the central tube. These structurally related
criteria are used to identify species or species groups regardless of size and
state of preservation. The units are discrete and can be counted without the
problem of truncation of part of the population. There is one exception,
in which there is a size truncation in one structural taxonomic unit. This
is the plexus of types which I refer to Reticulofenestra pseudoumbilica
for
specimens larger than 5.5 microns, and to "Coccolithus"
minutula for
specimens smaller than 5.5 microns.
Why did I choose to make such an exception? In looking at samples from
the upper part of the Potamidha section, I thought I could recognize
bimodality in the size-frequency distributions, the modes being separated by
a low between 4 and 5.5 microns (fig. 5a). The result was that the operational definition for Reticulofenestra pseudoumbilica included the specimens
above 5.5 microns. The other group which comprises at least 95% of the
"outside count" small coccolith category occurs in abundances betweeen
102 and 103 times as large as the "inside count" of the category larger than
5.5 micron. This operational definition was carried over in the counts from
Capo Rossello and Prassa so that all 3 counting exercises are consistent. It
was considered best to include Reticulofenestra
pseudoumbilica
in the
counts and at the same time record the great "floods" of the minutula fraction in the outside count category.

To have done otherwise would have resulted in 99% "minutula" and 1%
for the remainder. This was considered the best compromise.
But now some questions arise. What if the position of these peaks shifts
in a section and/or particularly with time? What if the whole group represents one wide-ranging continuum? Maybe there is no natural pseudoumbilica peak (fig. Sb). In some samples it was less readily apparent.
The Reticulofenestra pseudoumbilica reshuffle
The plexus that will be called the Reticulofenestra pseudoumbilica group
(which species name has priority is not considered at this time) contains a
bewildering amount of variation on a simple building plan. The same kind
of types can be found in all size fractions from 2 microns to ± 9 microns for
the maximum length of the distal shield. Some scanning electron microscope
studies in progress show no basic differences between the small specimens
and the large specimens.
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Schematic diagram showing two models of population dynamics for the Reticulofenestra
pseudoumbilica
plexus in relation to the truncation size (5.5 microns). Sa. Bimodal model
for the Reticulofenestra
pseudoumbilica
plexus. sb. Lateral shifting model of the minutula
fraction to larger sizes (periodically and/or stratigraphically).

From the outside inwards, the coccoliths of this group show three structurally different units. The proximal and distal shields are composed of 60 to
70 radially arranged elements which show straight gyres in cross-polarized
light. The central tube, or "wall", connecting the proximal and distal shields
is lined by curved, strongly imbricating plates that are reflected in polarized
light by thin, dextrally curved gyres. On the curved plates secondary irregular crystals are found which do not affect the underlying gyre patterns in
polarized light. This phenomenon can be observed in occasional damaged
specimens in which the secondary irregular crystals are missing in part of the
coccolith and the gyre patterns continue. The central area may be filled
by a very thin, perforated plate of calcite, which is observed only occasionally
in exceptionally well-preserved specimens. This infilling of the central area
remains uniformly dark in polarized light, indicating that the C-axis of the
calcite infilling is perpendicular to the plane of the coccolith. Generally this
thin central infilling is missing (dissolution?) and the central area is represented by a hole.
In polarized light the gyre patterns permit quick recognition of the three
structurally distinct components: the distal and proximal shields, the central
tube or wall, and the central infilling almost always represented by a hole.
All three components have different proportions. The problem was: how
to develop a simple key to distinguish informal types regardless of size.
After much consideration, a 3-fold dichotomous key was used to separate
5 types (fig. 6):
1. Central area closed or with a narrow slit, or open;
2. Width of central area less than 1/3, or 1/3 or more of the total width of
the distal shield, when viewed along the minor axis of the ellipsoid coccolith;
3. Width of wall 1/2 or more, or less than 1/2 of the width of the distal
shield.
These proportions are observable irrespective of size. The abrupt change in
the gyre pattern from curved to linear delineates the wall and shield components. The preferred viewing method is with polarized light and the insertion
of the accessory gypsum plate.
Potamidha, one more time
A series of minor questions about Reticulofenestra pseudoumbilica made
me concerned about the authenticity of the Potamidha counts. Why was it
only Reticulofenestra
pseudoumbilica,
as defined, which showed so much
variation? In some cases the values vary from nearly 0 to about 30% and

then back again with a periodicity of 5 to 10 samples. Were these periodic
peaks real? The fluctuations appeared not to be due to random variations
but the values are grouped in a quasi-regular cyclicity. Originally, the Potamidha samples had been studied in a random order. In doing this I had
hoped to balance bias that might have affected the counts. However, this
was the first counting exercise and "operator error" might have altered the
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results. Also, I was concerned that some specimens of Reticulofenestra
Pseudoumbilica with closed centres (type A) might have been placed in
Coccolithus pelagicus.
The trigger effect came with some service work on some Middle Miocene
samples that showed definite shifts of the so-called minutula fraction to
larger sizes. If my operational definition was used, the counts would be
dominated by Reticulofenestra
pseudoumbilica.
Could the peaks in the
Potamidha section be related to periodic shifts in the size fractionation, or
to abundances of a certain type?
All the Potamidha samples were restudied along the same standard traverses. This time, an extra ocular micrometer subdivided into units, each of
0.93 microns, was used as a scale to measure the maximum diameter along
the major axis of the ellipsoid coccolith. All specimens of Coccolithus
pelagicus and those specimens of the Reticulofenestra pseudoumbilica plexus
larger than 6 units (5.5 microns) were counted and measured. The relative
proportions of Coccolithus pelagicus and Reticulofenestra
pseudoumbilica
were recalculated and compared to the original observations.
Results
Fortunately, the proportions were similar to those obtained the first time
round and were well within what could be expected for repeated counts of
the same slide. The quasi-regular cyclic peaks of Reticulofenestra pseudoumbilica (larger than 5.5 microns) were confirmed. The results have been tallied
for each of the four groups of 33 samples (Potamidha 1- Potamidha IV). A
composite of the counts into 4 stratigraphic intervals provides sufficient
numbers to be handled statistically.
Normalized size-frequency diagrams of Reticulofenestra pseudoumbilica
(larger than 5.5 microns) and Coccolithus pelagicus for each of the four
composite sample intervals are shown in figure 7. All specimens of Coccolithus pelagicus were counted and show a range of between 5.5 and 11 microns. The modes are consistently at 8 microns for the four stratigraphic
intervals.
The peaks for Reticulofenestra pseudoumbilica which are larger than 5.5
microns show a systematic change. For the lower stratigraphic intervals
(Potamidha I en II) the peak is at 6 microns (6-7 units); and for the upper
stratigraphic intervals (Potamidha III and IV) at 7 microns (7 -8 units). The
total number of counted specimens decreases upwards, most drastically
between the 2nd and 3rd stratigraphic intervals (n = 809, 680, 366, 371,
respectively) .

Normalized size-frequency diagrams for Reticulofenestra
pseudoumbilica
(larger than 5.5
microns) and Coccolithus pelagicus in the four stratigraphic intervals (Potamidha I-IV).
Types of Reticulofenestra
pseudoumbilica
(A-E) are indicated in each size category.

Some additional observations can be made on the 5 types of Reticulofenestra pseudoumbilica in the size-frequency diagrams. Types in which the
width of the central area is less than 1/3 of the total width of the distal
shield (types A, B, and C) dominate in all size categories. However, the type
with a closed centre (type A) is present above the 5.5 micron truncation
scale (6 units) only in the two lower stratigraphic intervals. Specimens of
type A are also present in the upper part of the section but do not reach the
size of 5.5 microns. In addition, the type in with a large central opening and
a narrow wall (type E, Reticulofenestra
pseudoumbilica
s.s.) does show a
noticeable increase in the lowermost stratigraphic interval (Potamidha I).
This is reflected in the histogram for Potamidha I, particularly in the peak at
6 microns (6 -7 units).
How are we to explain these results? Firstly, separation of a "pseudoumbilica" peak from the "minutula" peak by the artificial truncation at 5.5
microns is suspect. This separation might be valid for the upper two stratigraphic intervals but it is not valid for the lower two. The greater total
pseudoumbilica
numbers in the lower two stratigraphic intervals could be
explained by a larger proportion of specimens of the minutula fraction
attaining a size larger than 5.5 microns.
Conclusions
The structural taxonomic unit that contains Reticulofenestra pseudoumbilica is the most difficult group to handle when one is trying to find a solution that can be used in quantitative studies. In terms of abundance, size
variation, and importance in biostratigraphy, this group is of prime importance for Neogene studies. The extinction of the larger variety known as
Reticulofenestra pseudoumbilica and the gradual evolution of Pseudoemiliania
lacunosa in the Middle Pliocene are important factors affecting the standard
zonation. Also the species of Gephyrocapsa and Emiliania huxleyi, the last
evolved coccolith species, belong to this structural group (e.g., Sachs and
Skinner, 1975, p. 95, table 2). It is not so much that typical specimens are
difficult to recognize but one is faced with the problem of establishing
ephemeral boundaries to obtain an "operational definition". Without an
operational definition one cannot begin to count. And in the final analysis
the counting results are affected by how closely the operational definitions
approach a "natural" species concept which is difficult to determine.
Questions about the structural taxonomic group that contains Reticulofenestra pseudoumbilica
are numerous. This plexus has a remarkable variation in size and types in the Middle Miocene - Middle Pliocene sections that

have been studied. If this plexus is treated in a qualitative way, it poses no
problems. The small coccolith fraction is passed over while unequivocallarger specimens of Reticulofenestra
pseudoumbilica
such as the holotype
are being sought (type E). However, the quantitative approach requires that
every specimen be placed in some category.
The operational definition that I chose is as good as any other, but it
almost certainly involves a truncation of part of a population. A mixture of
discrete and non-discrete units (fortunately, only one) forms part of the
"standard" in the 200-counts. A better solution is to remove the Reticulofenestra pseudoumbilica category from the standard "inside counts" as was
done for the minutula category and treat it also as a proportion of the other
discrete categories.
The population dynamics of the whole plexus including Reticulofenestra
pseudoumbilica
is complicated. Do certain types, or size ranges, have preferences for certain paleoenvironmental conditions? In samples with a larger
proportion of Coccolithus pelagicus in the 200-counts (such as from Middle
Miocene samples and the Lower Pliocene Capo Rossello samples, both from
Sicily), there is a greater proportion of specimens with a closed centre (type
A). It seems inherent in the nature of quantitative studies that one ends up
with more questions than answers.
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AN ATTEMPT TO CORRELATE TWO ADJACENT TORTONIAN
MARINE CLAY SECTIONS IN WESTERN CRETE USING
MAGNETOSTRATIGRAPHIC METHODS

In conjunction with the paleontology and stratigraphy department of the
University of Utrecht and as part of the IGCP project "Accuracy in time" a
start has been made with an investigation into the potentialities and restrictions of magnetostratigraphy.
Two pilot sections were sampled at 4 metre intervals in Tortonian marine
clays on the island of Crete (Greece). One section is situated near the village
of Apostoli (Meulenkamp, this volume) in the province of Rethymnon, the
other section near the village of Potamida (Meulenkamp, this volume) in the
province of Khania. Although both sections may partly overlap in time, the
Apostoli section showed only normal (probably secondary) remanent magnetizations, whereas the Potamida section contained four polarity intervals.
The Potamida (1) section was resampled at a closer spacing of 50 em, and
a second Potamida (2) section 700 m away from the first one was sampled
at the same close spacing for comparison.
The two Potamida sections can be correlated biostratigraphic ally by the
G. conomiozea entry (Zachariasse, this volume). A lithostratigraphic correlation can be made by means of the finely bedded clay, which overlies both
the massive clay sections, and by means of at least one ("Fe III") of the thin,
iron-rich and sandy layers. In the Potamida 1 section initially four of such
iron-rich layers were discerned ("Fe I - Fe IV"; see figure 1). In the Potamida 2 section the lower two layers had not been noticed, whereas the Fe III
layer was very evident. Another iron-rich layer (Fe IV?) was found in Potamide 2 near the top of the section (figure 2).
The stratigraphic columns of figure 1 (Potamida 1) and figure 2 (Potamida
2) indicate the positions of the iron-rich layers (Fe I - Fe IV) and the biostratigraphic entries or exits (CP-numbers), which are used for lithostratigraphic and biostratigraphic correlation. The finely bedded clay on top of
the sections could not be sampled.
In this paper, units corresponding to the SI (Systeme International) are
used. The relation to the electromagnetic units in the CGS system is given
in table 1.
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Sampling method
In both

Potamida sections the sampling intervals were kept to about 50
em. As the clay was rather hard, cores could be taken by means of an electrical drilling machine with a portable generator as power supply. The
coolant water for the core barrel was supplied under pressure in the
customary way from a garden insecticide sprayer container. The drilling
machine was mounted on a frame, which could be fixed to the clay. A frame
was considered essential because of the friability of the hard clay. An advantage of using the frame is that all cores of one sampling site have the same
orientation, i.e. parallel to the frame axis. A disadvantage is the time-consuming and cumbersome process of fixing of the frame to the clay, especially
in steep and less accessible gullies. Now, however, it turns out that the clay
cores can be drilled without a frame.
At each site three or four cores with a diameter of 25 mm were drilled
with brass core barrels, having a sintered-diamond
cutting edge. The cores
were marked and oriented with a special orientation device. Since this device
is equipped with an ordinary compass, the frame and other iron parts had to
be removed before orientation.
Because the sampling sites were very close their stratigraphic distance had
to be determined accurately. Therefore the difference in height (v) and the
horizontal distance (h) as well as the azimuth ('I') between the successive
sampling sites were measured. The stratigraphic distance (d) between one
sampling site and the next can be calculated according to
d

=

v . cos ~ + h . sin ('I' - 0') . sin ~

in which 0' and ~ are strike and dip of the strata, respectively. These strikes
and dips were determined by measuring the azimuth and dip of the lines of
outcrop of a number of distinct stratigraphic levels (e.g. the iron-rich layers)
in the sections and, to a lesser extent, by direct measurements. For a
comparison of the methods used for the determination of the stratigraphic
distance between the magnetostratigraphic
and the biostratigraphic sites, see
Langereis and Meulenkamp (this volume).

In the laboratory cores were cut into specimens which were 22 mm long.
For the magnetostratigraphic
study one specimen of each of the three or
four cores per sampling site was used. The initial measurements were carried
out with astatic magnetometers, which yielded not only the total natural
remanent magnetization (total NRM), but also the induced magnetization in
the ambient geomagnetic field in the laboratory (As, 1960). The induced
magnetization
gives the magnetic (low-field) susceptibility, which might
give some additional information that can be used for correlating the two
Potamida sections.
For the Potamida 1 section the directions of the total NRM already show
some signs of polarity intervals (fig. 1). From bottom to top one can recognize: 1) a reversed interval, 2) a normal interval with notably constant
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Declination and inclination of the total NRM versus stratigraphie position in Potamida 1.
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directions, 3) a presumably reversed interval and 4) a normal interval. Such
different polarity intervals are less evident in the NRM directions of the
Potamida 2 section (fig. 2), but there is a similar normal interval with rather
constant declination and inclination.
The intensities of the total NRM and the magnetic susceptibilities of the
clay specimens will be discussed in a subsequent chapter.
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Progressive and partial progressive alternating magnetic field demagnetization
To find out whether or not the initially measured total natural remanent
magnetizations were composite, pilot specimens were demagnetized progressively in alternating magnetic fields up to 300 mT (peak value). Some
examples of the progressive alternating magnetic field demagnetization
results are depicted as orthogonal projection diagrams (Zijderveld, 1967) in
figures 3,4 and 5. The progressive demagnetizations of the specimens, shown
in figure 3 (Potamida 1) and figure 4 (Potamida 2), reveal that the total

Fig. 3

Alternating magnetic field demagnetization
diagrams of two specimens with a reversed
original remanent magnetization of Potamida 1. The plotted points denote projection of the
end points of the changing resultant remanent'magnetization
vector on the vertical plane
(circles) and on the horizontal plane (dots). The numbers are alternating magnetic field
intensities in mT.
A. Secondary remanent magnetization is removed at 75 mT.
B. Secondary remanent magnetization is removed at 100 mT.

NRM in these specimens was composed of a soft remanence with a normal
polarity and a direction close to that of the present geomagnetic field, and a
relatively hard remanence with a different direction and reversed polarity.
The soft, normal remanent magnetization is obviously a secondary, and
probably viscous magnetization. The relatively hard remanent magnetization
with reversed polarity must be appreciably older ("reversals test", McElhinny,
1973). Since it can be shown that this remanence resides in magnetite, we
consider that this part of the natural remanent magnetization represents
the original and primary remanence of the Tortonian marine clay. In order
to determine the direction of this original remanent magnetization in all
specimens, they all have to be partially demagnetized, i.e. with an alternating
magnetic field-strength that will entirely remove the secondary magnetization, but will leave a substantial part of the original remanence. It can be
seen in figures 3 and 4 that this can be achieved in alternating magnetic

Fig. 4

Alternating magnetic field demagnetization
diagrams of two specimens with a reversed
original remanent magnetization
of Potamida 2. Secondary remanent magnetization
is
removed at 75 mT in both specimens.

Alternating magnetic field demagnetization
original remanent magnetization.
A. From Potamida l;B. From Potamida 2.

diagrams

of two specimens

with a normal

fields of 75 mT or slightly higher. Figure 3B shows an example where alternating magnetic fields of about 100 mT were necessary to eliminate the
secondary magnetization. The examples given in figures 3B and 4B are
especially interesting, because they show specimens whose original reversed
remanent magnetization was entirely dominated by the secondary normal
remanence so that the total NRM, obtained by the initial measurement,
had a normal polarity.
In the case of an original remanent magnetization with reversed polarity
a distinction between this remanence and the (always normal) secondary
magnetization was evident. It was practically impossible to make such a
distinction in clay samples which had an original natural remanent magnetization with normal polarity (fig. 5). A slight change in the direction of the
resultant remanent magnetization remaining after treatment with the lowest
alternating magnetic fields shows that a soft and differently directed remanent magnetization was present in these specimens too. It was assumed
that this remanence was identical to the secondary remanent magnetization
observed in the specimens with an original reversed remanence and that
consequently this secondary remanent magnetization could be entirely
removed by alternating magnetic fields of 75 to 100 mT.
After we had studied the composition of the natural remanent magnetization of the pilot specimens by means of a large number of progressive
demagnetizations in alternating magnetic fields, we were able to separate
the secondary and original remanances in the other specimens by treating
them with alternating magnetic fields of appropriate strength. Since we were
interested in the original remanent magnetization, a large number of specimens were treated by partial, progressive demagnetization in a restricted
number of steps between 50 and 300 mT.
Although this alternating magnetic field demagnetization method revealed
unmistakably the polarity of the original natural remanent magnetization,
the direction of this remanence could not be determined with sufficient accuracy because of the introduction of small disturbing remanences during treatment with higher alternating fields. This phenomenon shows up in the demagnetization diagrams: during demagnetization in the higher alternating fields the
remaining total remanence does not decrease to zero, but changes direction
as if a small, hard remanence remains, even after treatment with our highest
alternating field. Such behaviour can be seen in the demagnetization diagrams of figures 3A,4A and SA. The partial progressive demagnetization
shown in figure 6A is a particularly clear case. Although it was be expected
that after treatment with an alternating field strength of 200 mT the remanent magnetization would be completely removed, it looked as if a

Partial alternating magnetic field demagnetization diagrams of two specimens of Potamida 1.
A. The decreasing resultant remanent magnetization vector bypasses the origin of the axis
system because of the introduction
of disturbing remanences in the alternating magnetic
field. At the 225 and 300 mT steps these disturbing remanences have been avoided by a
special method (see text).
B. Special method applied to all demagnetization steps.

distinct natural remanent magnetization remained. However, this was not
so, as became obvious when the specimen was placed in different orientations in the demagnetization coil, and in each orientation was treated with
the same field strength and measured after each treatment. The results show
widely different remanent magnetizations, which had obviously been introduced during the demagnetization treatment. An example is given in figure
7, where the specimen of figure 6A was treated three times with 225 mT and
again three times with 300 mT. Three orthogonal components (vertical,
north-south and east-west) of the remanence were measured after each of the
six treatments. As can be seen in figure 7, the values obtained for the same
component differ strongly (even have opposite sign) with different orientation of the specimen in the demagnetization coil. However, the same orientation gives similar values for each of the three components. As we expected
the natural remanent magnetization to be entirely removed, it is important
to notice that the measurements gave indeed very low values for each of

the three components when the specimen was placed with this component
parallel to the demagnetization coil axis. Such observations led us to conclude that the direction of the disturbing remanence, introduced during the
alternating field treatment, lies in the plane perpendicular to the demagnetization coil axis (Zijderveld, 1975). The special direction of the disturbing
remanence could be used to avoid its interference with the demagnetization
results of the clay specimens. At each demagnetization step the specimen
was treated three times with the same field strength, each time with another
of the three orthogonal components parallel to the coil axis, and after each
treatment only that component was measured. The three successively obtained components are combined to give the direction of the natural remanence after treatment with the alternating field strength used. The result
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Values obtained for the three orthogonal components of the remaining remanent magnetization after demagnetization with 225 mT and 300 mT in specimen KP 23 IB (cf. figure 6A)
appear to be dependent on the orientation of the specimen in the alternating field coil. At
each of the two demagnetization steps the specimen was treated in three different orientations in the coil. Triangles are values obtained when the specimen was placed with its "vertical" component (or z component) parallel to the coil axis during demagnetization, circles
when the "north-south"
component (y component) was parallel to the coil axis and squares
when the "east-west" component (x component) was parallel to the coil axis.

of a partial progressive demagnetization according to this method is shown
in figure 6B.
Fortunately the described introduction of disturbing remanences in higher
alternating fields very rarely occurs in paleomagnetic research. The marine
Tortonian clays of Potamida, however, proved to be very susceptible to this
phenomenon. A preliminary investigation into the fundamental cause has
not yet been successful. The phenomenon is probably connected with the
easy magnetization directions of the magnetic minerals in the rocks and is
likely to occur when there is a certain degree of orientation of these minerals.
Thermal demagnetization
Initially it was assumed that the marine clays, which dissolve readily in
water, could not be heated without exploding, crumbling or at least severe
alteration. Later it appeared that not only was progressive thermal demagnetization of the clay specimens very possible, but also the results were more
consistent than those obtained with alternating magnetic field demagnetization. During thermal demagnetization the decay of the remanent magnetizations is caused by the random dispersal of the domain moments by thermal
energy as well as by the alteration of the magnetic minerals. Although alteration accelerates the decay and does not usually harm the paleomagnetic
results, one generally tries to prevent such alterations so that the decay is
purely thermal. Since alteration processes in big furnaces are generally due
to oxydation, routine heat treatments in the Utrecht laboratory are performed in argon atmosphere. Pairs of specimens from a number of cores
were heated with and without argon gas to investigate whether the use of
argon gas during heating had any influence on the decay of the natural
remanent magnetization of the clay (fig. 8). Although some consistent
differences can be noticed in the detail, the heat treatment with argon gas
did not give notably better results.
In general very good results were obtained with thermal demagnetization
(fig. 9). The clearly recognizable secondary magnetization in specimens with
a reversed original natural remanent magnetization proved to be entirely
removed at 200°C (figs. 9A and lOB). Again, in the specimens with only
normal magnetizations it was usually impossible to distinguish between the
low-temperature secondary magnetization and the relatively high-temperature original magnetization (e.g. fig. 10). Nevertheless in some cases (e.g.
fig. 9B) the presence of a slightly differently directed secondary magnetization is evident. Even its elimination at about 200°C is visible.
In most clay specimens the total NRM was virtually removed at 600°C
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Normalized decay curves of the original remanent magnetization intensity
specimens,showing the effect of the use of argon gas during heating.
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Comparison of the original remanent magnetization directions derived from thermal and
partial alternating magnetic field demagnetization
for specimens from the same sampling
site. A and B. Specimens with a reversed original remanent magnetization (Potamida 1).
C and D. Specimens with a normal original remanent magnetization (Potamida 1).

(figs. 8, 9 and 10), which indicates that the natural remanent magnetization
of the clays resides mainly in magnetite.
The directions of the original remanent magnetization derived from
thermal and (partial) alternating magnetic field demagnetization of specimens from a single sampling site agree very well, as can be seen for instance
in the comparative thermal and alternating field demagnetization diagrams
in figure 1O.
Since alternating magnetic field demagnetization is rather laborious because of the disturbing magnetization phenomenon and therefore the results
are less consistent than those obtained from thermal demagnetization, the
latter method proved more suitable for the analysis of the natural remanent
magnetization of the marine Tortonian clays of Potamida. We reached this
conclusion only when the majority of the samples used in the present study
had already been demagnetized with alternating magnetic fields.
Natural remanent magnetization intensity, magnetic susceptibility,
tion remanence and remanent coercive force

satura-

The initial measurements with astatic magnetometers yielded the total
NRM intensities as well as the magnetic susceptibilities of all specimens
studied. When two or more, differently directed natural remanent magnetizations are present (as in the Potamida clays) the total NRM intensity represents the vectorial resultant of various remanences and thus has no clear
meaning. Therefore the intensities of the part of the original remanent
magnetization that remained after treatment with 50 mT were plotted
(fig. 15). In these data the influence of the secondary magnetization is absent anyway. These intensities are directly comparable and more suitable for
correlation purposes.
Many of the samples which had been demagnetized in alternating fields
were saturated in a direct field of 2 T and the saturation remanence and the
remanent coercive force were determined. These magnetic properties are
dependent on the nature, the amount and the grain sizes of the magnetic
minerals in the clays. If these parameters changed in the course of time, they
would enable us to correlate sections at different places. Moreover, data
concerning the variations of the magnetic properties of the minerals in the
clays provide a background to which we can relate changes in the intensities
of the natural remanent magnetization. However, the sampling distance used
was probably too large to obtain patterns on which to base a reliable correlation.

Up till now at least three specimens per sampling site of Potamida 1 have
been demagnetized and at least two for the sites of Potamida 2. This means
that there are now sufficient data for us to be sure of the polarity of the
original natural remanent magnetizations. But data are as yet insufficient to
use the directions for correlation purposes.
The Potamida 1 section (fig. 11) contains four polarity intervals, two
reversed and two normal ones, as was already indicated by the directions of
the total NRM. In general the individual specimen directions within the
polarity intervals are rather consistent, except in the case of the upper normal interval, where they are more scattered. The intensities of the natural
remanent magnetizations are notably lower in this upper interval, especially
that part of the magnetization which remained after the secondary magnetization had been removed with partial alternating field demagnetization in a
field of 50 mT (figure 15). Furthermore it appears that the declinations
deviate somewhat to the west, both for normal and reversed polarities (figure
11). The transition from the lower reversed interval to the central normal in-

I
I

"J
~
OX'

o oeD

m'W

~

CD

880

~D

oo~

0

0

0

o i£?P

co

o

0

0

8JDO 0
o
o

0

~~o~o

'/,0
cfD

a'F~

$O

6v
00

0",,0

o ~o

W

{;

00

~o
o

~

W

~

~o

0

W

00
00

0

o

0

0
00

0

~o

Fig. 11

Declination and inclination of the original remanent magnetization versus stratigraphic position in Potamida 1. In the magnetostratigraphic
column black intervals denote normal polarities, white denote reversed polarities.

terval shows intermediate directions, especially in the declinations.
The Potamida 2 section (fig. 12) shows seven polarity intervals. The directions of the original natural remanent magnetizations in the individual
specimens are more dispersed than those in Potamida 1. The declinations in
Potamide 2 again have a somewhat westerly deviation. The transition from
the lower reversed interval to the central normal interval shows some intermediate declinations as in Potamida 1.
When the two sections are compared (fig. 13), there is an excellen t correlation with respect to the entry of the G. conomiozea group (solid line), the
Fe III layer and the original natural remanence polarities from below the
level of Fe II up to slightly above the level of Fe IV. The entry (lower dashed
line) and the exit (upper dashed line) of the G. menardii form 5 do not correlate equally well. This might be due to the fact that the Potamida 1 section
has been sampled biostratigraphically in more detail than the Potamida 2 section.
The lower reversed interval of the Potamida 1 section is longer and extends further downwards than it does in the Potamida 2 section. The lowest

Fig. 12

Declination and inclination
tion in Potamida 2.

of the original remanent magnetization

versus stratigraphic

posi-

part of the Potamida 2 section reveals only natural remanent magnetizations
with normal polarity (sampling sites KP 101 and 102).
Even more problematical is the difference between both sections above
the reversed interval containing the G. conomiozea entry. This reversed interval is followed by one normal interval in Potamida 1, whereas in Potamida 2
it is followed by three polarity intervals. The overlying finely bedded clay
in both sections is correlated on the basis of lithostratigraphic details and
benthonic faunas (Wonders and Van der Zwaan, this volume). Therefore it
is unlikely that the Potamida 2 section contains younger sediments below
the finely bedded clay intercalation than the Potamida 1 section. The magnetostratigraphic difference between the upper parts of both sections above
the G. conomiozea entry may be taken as an indication for the presence of a
fault in Potamida 2, as denoted in figure 13. The possible existence of this
fault will be discussed in the next chapter.

Fig. 13

Correlation of the two Potamida sections. Denoted are the thin sandy layers (Fe I - IV),
entry (lower dashed line) and exit (upper dashed line) of G. menardii 5, entry (solid line) of
G. conomiozea, and the finely bedded clay in the top part of both sections (dashed interval). For the assumed fault (f) in Potamida 2 see text.
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Correlation of the NRM intensities after alternating magnetic field demagnetization
mT, i.e. after removal of the secondary remanent magnetization.
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Correlation of the saturation
in both Potamida sections.
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Comparison of the intensities of the total NRM (fig. 14) shows a distinct
correlation for the central normal interval, which shows relatively very high
intensities. However, the initial intensity of the total NRM gives ambiguous
information, as was discussed in the previous chapter. Better information is
obtained by comparing the intensities after treatment with an alternating
field strength of 50 mT (fig. 15). The correlation for the central normal interval is still present, but the high values are less pronounced. The spectrum of
the remaining intensities after treatment with 50 mT shows low intensi~y
values that coincide with the polarity transitions, although similar low values
are found at other levels as well. Both sections show a decrease in intensity
in the lowest reversed interval at about the same level (4 m below the transition to the central normal interval). The clay near the top of both sections
shows very low intensities.
Comparison of the susceptibilities (fig. 16) does not reveal a distinct correlation, but there is a more or less general decrease from bottom to top.
This trend seems to be somewhat stronger in the case of Potamida 1. Similar

Correlation
sections.

of the remanent

coercive forces (averaged per sampling site) in both Potamida

patterns are found for the saturation remanence (fig. 17). Both the susceptibility and the saturation remanence are directly proportional to the
amount of the magnetic minerals. Since the intensity of the natural remanent magnetization is proportional to the amount of the magnetic minerals,
as well as to the intensity of the geomagnetic field which caused this natural
remanence, the magnetic susceptibility and the saturation remanence can be
used to interpret the causes of the variations in intensity of the natural
remanent magnetization. And because the susceptibility and the saturation
remanence do not decrease notably at the polarity transitions, the low
values of the intensity (after 50 mT) are presumably largely due to a lower
intensity of the geomagnetic field during such a polarity transition.
The coercive forces in both sections (fig. 18) are rather constant, having
an average value of about 50 X 103 Aim (630 Oe in emuCGS). This points
to very fine grained magnetite being the magnetic mineral in the Potamida
clays (Dankers, 1978). Both sections show an increase in the remanent
coercive force in the upper parts. This may be due to oxydation caused by
weathering in the top part of the sections. In Potamida 2 there are very high
values for the remanent coercive force at the first two sampling levels (KP
101 and 102). This supports the assumption that the normal polarity here
might be due to recent magnetizations. Very high remanent coercive force
values coincide with some of the Fe levels. Evidently the specimens contain
weathered oxydation products of the original Fe minerals.

The closer sampling of the Potamida 1 section yielded the same four
polarity intervals as the sampling at 4 metre intervals the year before. The
sample set with the closer sampling is used for the investigation of correlation possibilities.
Comparison of the two Potamida sections (fig. 13) shows a perfect correlation in the interval in which there is the biostratigraphic control of the
G. conomiozea entry.
Above as well as below this interval there are distinct differences, especially in the upper parts of both sections. The lowermost part of the Potamid a 2 section shows normal polarity (KP 101 and 102), which has no counterpart in the Potamida 1 section. This lowermost normal polarity interval of
only two sites might have been caused by recent remagnetization. The
notably higher remanent coercive forces in KP 101 and 102 (fig. 18) might
indicate oxydation of the magnetic minerals, causing the overprinting. It is
equally feasible that there is a fault between sampling sites KP 102 and KP

103 (horizontal distance 2.30 m) causing considerable vertical displacement
of 8 metres or more. The presence of a fault plane is supported by the fact
that the clay between both sampling sites contained several joints. A combination of faulting and remagnetization is also possible.
The discrepancy between both upper parts is based on large numbers of
samples over relatively large intervals which seems to rule out the possibility
of recent overprinting for the extra normal interval in Potamida 2. The
magnetic properties do not point to remagnetization either. The existence
of a fault would provide a more likely explanation.
If the lithostratigraphic correlations of Fe III and the finely bedded intercalation are correct, the much greater thickness in between in Potamida 2
suggests a doubling for part of the interval. A much higher sedimentation
rate at Potamida 2 seems unlikely because none of the other recognizable
units shows notably different thicknesses between Potamida 1 and 2.
Further support for the assumption of identical sedimentation rates can
be found in the Fe layer in the upper normal interval in Potamida 2. This
layer is the same distance away from the finely bedded intercalation as the
Fe IV layer in Potamida 1 and thus is very likely to be the same. In both
sections this layer is also the same distance from the polarity transition
(from reversed to normal) just underneath. However, one would expect
this Fe layer to be present in the normal interval below the assumed fault
as well. Although we did not observe the Fe (IV) level itself during the
sampling, its presence may be concluded from the higher coercive forces
(fig. 18) at the 25 m level in Potamida 2 (i.e. sample KP 146), where one
would expect it. These higher coercive forces correlate well with the higher
coercive forces of the samples near the Fe IV layer in Potamida 1. Finally,
it can be seen that the saturation remanence (fig. 17) has lower values in the
uppermost normal interval in both sections as well as in the normal interval
below the assumed fault.
Summarizing, the presence of a fault cutting the section immediately
above the anomalous normal interval in Potamida 2 would permit a better
correlation of both sections above the Fe III level. The doubling would
amount to some 6 metres. An argument against this assumption is that all
ten collaborators who participated in the reconnaisance and sampling trips
overlooked a fault of such magnitude. No trace of sliding phenomena was
observed in the sampling tract.

Conclusions
When we revisited the Potamida 2 section we found the magnetostratigraphically presumed fault after some digging. The fault runs parallel to the
general topographic slope and cuts the gully containing the sampling tract
at right angles. The fault is evidently of tectonic origin. The stratigraphic
throw, which can easily be deduced from the magnetostratigraphic data, was
confirmed by the throw of an iron-rich layer which could be recognized
on both sides of the fault.
Thus we may conclude that the two adjacent Potamida sections can be
correlated in further detail by means of the polarity of the original remanent magnetization of the clay. A magnetostratigraphic study of more
distant, coeval sections is in progress to establish whether this conclusion is
valid for the correlation of sections that are further apart.
Whereas the intensity of the original remanent magnetization allowed us
to make a more general correlation, data found for the magnetic susceptibility,
the saturation remanence and its coercive force did not permit any independent correlation of the two Potamida sections.
The lesson to be learned from this study is that with magnetostratigraphy,
which goes into appreciably more detail than the biostratigraphy, one has to
guard against the doubling of intervals because of faults which are often
hardly noticeable in massive clay sections.
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THE CORRELATION OF BOTH POT AMIDHA SECTIONS; RETROSPECT
AND FINAL CONCLUSIONS

After the manuscripts of the foregoing papers had been completed some
major problems called for a renewed field survey. The discrepancies in the
magnetostratigraphic correlation between the sections Potamidha 1 and 2
raised a number of problems which, we thought, might be solved if we
took a closer look at the sections themselves. E. Nickel of the Utrecht Sedimentology Laboratory had carried out grain size analyses and determinations
of the ferro-content of several critical samples from the clays in the upper
parts of both sections, but these had revealed no differences which might
explain the problem of the upper extra normal polarity interval in Potamidha 2 by assuming recent remagnetization.
Towards the end of March 1979 the above-mentioned group of four collaborators spent two days in both sections trying to get a definite answer to
two major groups of questions. One group is obvious: can the assumed faults
in Potamidha 2 (Langereis, this volume) be substantiated? The other group
of questions concerns the continuity of the sedimentation: is there any
reason to expect breaks? In other words, can we exclude the possibility that
the so-called Fe levels correspond to periods of non-sedimentation rather
than to turbidites.
The Fe levels
Since it was very early in the season the layering of the clays was more
clearly visible than ever before because of the higher water content. The
large outcrop of Potamidha 1 showed perfect continuity of the layers; there
are no faults and the few slides are easily discernible. The Fe levels are sharp,
but otherwise there are only vague transitions between the layers. Larger
units are characterized by stronger reddish-violet colours - caused by
weathering products from the hinterland - or by a more compact appearance
due to greater lime content. Joints are present; most of them have an irregular course at the surface of the outcrop, especially in the lower half of the
section. They fail to show any relative displacement or weathering along the
planes.
Some of the Fe layers which were formerly found to be discontinuous

were now thought to be fairly continuous. There is one layer (Fe 0) 3.35
metres below Fe I, there are two more (Fe IA and Fe IB) at 0.60 and 0.90
metres above Fe I, and yet another one (Fe V) was observed between Fe IV
and the finely bedded interval at 2.30 metres above Fe IV. They are shown
in the columns in Meulenkamp's paper.
It was known already that Fe III is combined with a more permeable layer
of 5 to 10 cm thickness in which the sand components and the skeletal
debris appeared to show distinct and repeated grading. Although the thickness is one centimetre or less, coarser components and grading could be
ascertained for Fe IV and Fe V as well. Therefore, all three upper Fe layers
may be said to correspond to turbidites and there is no reason to expect
gaps in the sedimentary record at these levels.
Along the sampling tract of Potamidha 1 no grading of coarser components could be observed for any of the lower Fe levels Fe 0 - Fe II, although
such components had been found in some of the wash residues. The visible
iron oxide flakes appeared to be the superficial weathering products of
discontinuous pyrite crusts, one to three mm thick, in the clays. Scattered
pyrite concretions were found in the lower and middle clays as well and
many of them seem to be connected with remains of organisms, such as
burrows, echinids and in one case with a dubious larger wood fragment. One
might assume that the pyrite crusts resulted from the most distal sedimentation from turbidity currents in which mainly the lighter plant material was
left. Counting of the benthonic foraminiferal fauna in the special samples
taken across the original Fe I - IV levels, carried out by Wonders and Van
der Zwaan, revealed that some of them contained allochthonous elements
such as corroded large Elphidium, but all appeared to have fairly high peak
values of the epiphytic taxa. These observations seem to support the assumption that fair quantities of plant material were added, assisting in time the
formation of pyrite crusts. One may now wonder whether other peak values
of the epiphytic taxa elsewhere in the column also correspond to mass
transport from a vegetated area.
Further support for the turbidite origin of the lower Fe layers was found
in an exposure some 100 metres from the sampling tract. A two cm thick
seam containing grading and iron minerals was found to pinch out over some
tens of metres in the direction of the sampling sites. The level could not be
followed unambiguously but it may correspond to one of the levels Fe I, IA
or IB.
These observations seem to indicate that all Fe levels correspond to distal
turbidites, even if no grading could be seen in the exposure. There is no
reason to suppose that there was any break in the sedimentation in the section Potamidha 1.

Considering the small distance of 700 metres between both Potamidha
sections a similar continuous sedimentation may be expected for Potamidha
2. Large differences in the thickness of corresponding units in both sections
seem unlikely. The example of pinching out of an Fe layer near Potamidha
1 shows that we need not expect to find all Fe layers of Potamidha 1 in the
other section as well, or vice versa. It has been argued already by Langereis
(this volume) that Fe III and Fe IV could well be continuous between both
sections.
The upper fault
The problems of the assumed faults in Potamidha 2 could be solved
satisfactorily. In contrast with the wide exposure of Potamidha 1, the
outcrops of Potamidha 2 consist of a set of narrow gullies, in the best one of
which the sampling tract had been laid.
The sampling points of the magnetostratigraphic party of 1976 could
still be retraced very well. The position of the supposed upper fault could
be located in the 3.00 metres horizontal stretch between their sampling
sites KP 150 and KP 151. At this place the southern side of the gully is
entirely covered by slid clay and vegetation. The other side, along which
the sampling had taken place, was not so bad. It is in the side of a narrow
nose between the gully and the head of the adjoining gully which was
covered by clay and scree. Apart from some clean patches of good clay in
the lower part of the gully wall and the superficial creep zone of about
half a metre thickness at the top, the sampled side of the nose was covered
by a thick clay crust. If there was a fault it would be covered and end in
the creep zone in which the Fe IV layer above was found to descend in small
pieces over a vertical distance of about one metre.
After some hours of digging in the side wall of the gully we uncovered the
fault running from the creep zone downwards and made visible over a vertical distance of more than two metres (fig. 1). The fault becomes more
easily visible downwards from slickensides in the compact clay. The Fe IV
layer was found in the down thrown block; it is the lower Fe layer above the
Fe III layer described by Meulenkamp from the frontal part of the nose. The
Fe IV layer in the lower block is nearly continuous with the hidden Fe III
layer across the fault in the upper block. The stratigraphic displacement
along the fault is 6.00 metres. The strike of the fault is 30° (average measurement 31°) and the dip is 70° East (68° average), i.e. towards the valley, tending to become steeper lower down. We are evidently dealing with a structural
fault and not with one connected with a landslide of subrecent date.

Above the nose the layers are seen to be continuous in both sides of the
gully, and below the nose the Fe III level is seen to be continuous as well.
The fault must continue under the thick cover of the southern wall of the
gully. Actually the Fe III level in the upper block was already observed in
1978 but thought to be the extra layer (Meulenkamp, this volume). After
digging in the thickly covered opposite southern wall the 1978 party found
the traces of an Fe layer which was taken for the continuation of the extra
layer instead of the Fe III and Fe IV.
The supposed continuity of all layers on both sides of the gully and the
poor surface expression of the fault in the creep zone of the northern nose
have fooled all reconnaissance and sampling parties since 1976. The rapid

Fig. 1

The upper fault uncovered in the northern wall of the gully ofPotamidha
2. The right hand
photograph shows the fault in greater detail; the hammer is in the major fault plane.

survey of the planktonic foraminifera did not reveal any discrepancy because
the entry of the G. conomiozea group is below the double interval.
The suggestion of a higher sedimentation rate for the clays immediately
below the finely bedded interval in Potamidha 2 (Wonders and Van der
Zwaan, this volume) is either due to patchiness of the faunas at each time
level or to unfortunate sampling from a rapidly changing faunal composition.
Accidental effects due to the statistical errors in the 200-counts cannot be
excluded either and wishful thinking may have given further weight to the
presentation.
The lower fault
In the lower half of the Potamidha 2 section some additional discontinuous Fe levels were discerned, as well as joints with a 40° _70° dip either
in eastern or western directions. The displacements of 10 to 50 cm of the Fe
layers along some of these joints are usually of normal character.
At the location of the assumed lower fault (Langereis, this volume) of
Potamidha 2, some eastward inclined joints between KP 102 and KP 103
show downward displacements of an Fe layer with a total throw of about
one metre. The sampling sites KP 101 and KP 102, which had a very small
horizontal shift in between, could no longer be found, but re-Iocation
measured from KP 103 showed that they must have been situated close to
a westward dipping joint, which we uncovered after continued digging. Displacement along the joint could not be ascertained; it was probably small
as the joint has no slickensided zone such as the upper fault has. A fault
displacement of 8 metres or more to account for the magnetostratigraphic
discrepancy, seems unlikely.
Fortunately the joint could be followed to the well-exposed platform
some three metres above the sampling site near the bottom of the gully. At
the surface the joint is seen to be accompanied by a zone of yellowish
oxidized clay of 20 to 30 cm on either side. Such weathering phenomena
along the joints in the lower and flatter part of the exposure, stratigraphically below the measured section, had already been observed in 1976 (fig. 2).
They were our main reason for not using this lower part. Tension, probably
caused by creep towards the valley, may have allowed phreatic water to
penetrate more easily along the joints in the lower part of the slope than
higher up where the yellowish zones become very rare.
Evidently the anomalous lowermost normal polarity interval of two sites
in Potamidha 2 is not the result of considerable displacement along a fault,
but it is the consequence of recent remagnetization along a joint. Oxidation

The oxidized zone along some Jom ts visible on the ex posed surface above the lower part
of the Potamidha 2 gully. The curvature of the joints suggested in the right hand photograph is mainly due to irregularities in the topography of the surface.

of the clay was not obvious at the sampling sites in the lower wall of the
gully, but the clay did look less compact than usual.
It is up to the reader to decide whether the members of the various
sampling teams can be excused for not observing a fault displacement of six
metres in their section. It should be emphasized that the magnetic properties
of the clay samples and the firm belief in a fairly constant sedimentation rate
for the clays over such a small horizontal distance led to the solution of the
problem.

/
Fig. 3

The corrected polarity intervals of both Potamidha sections. The arrows indicate the approximate position of the major set-backs in Planorbulinella
evolution.

In figure 3 the correlation of both Potamidha sections is shown once
more. The Potamidha 2 section is cut into two, and the lowermost two
samples are left out. The figure confirms the supposed, near-equal sedimentation rates for the overlapping parts of both Potamidha sections.

The polarity reversals and evolutionary changes
Since the position of three polarity reversals in Potamidha 1 has now been
confirmed beyond doubt, it is worthwhile to check whether the reversals
coincide with abrupt faunal changes. Especially the aberrations in the Planorbulinella evolution and the changes in Globorotalia deserve attention. All
other faunal and floral changes seem to be of compositional character.
The result is entirely negative. The three reversals are close to the sampling
points CP 53, CP 79 and CP 99, respectively. The major negative (increase)
Y changes in Planorbulinella (Drooger, Raju and Doeven, this volume) occur
from CP 3 to CP 15, and close to CP 39, to CP 64 and to CPA 43. A rapid
fluctuation pattern of Y is seen in the interval CPA 50 to CPA 53. None of
these changes can be brought in causal relation with the polarity reversals.
The same is true for the few fundamental changes in the evolution of Globorotalia (Zachariasse, this volume). The rapid alternation of G. menardii
forms 4 and 5 occurs in the interval CP 65 - CP 68, and the rise of the G.
conomiozea group taking over from G. menardii form 5 is found in the interval from CP 85 to CP 93. Both changes are well away from the position of
the polarity reversals.
The comparison of the data suggests that the evolutionary phenomena we
observed cannot have been influenced by the reversals of the magnetic field.
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